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I Project Background 
 
 

The present SERDP funded project (CP 1256) responds directly to the original SERDP 
research solicitation on “Environmental Fate and Transport of the New Energetic Material, CL-
20” (CPSON-02-01) under the Broad Agency Announcement (BAA). This SON identified the 
need to determine the transport, fate and environmental effects of CL–20 (2,4,6,8,10,12–
hexanitro–2,4,6,8,10,12–hexaazaisowurtzitane) (Figure 1). 

CL–20, which was initially synthesized by Nielsen et al. (1987, 1990) and later adopted 
by Thiokol for pilot scale production (Wardle et al., 1996), is a high-density polynitro compound 
that is currently under consideration for military application. Indeed CL-20 is envisaged to 
deliver 10 to 20% higher performance than octahydro–1,3,5,7–tetranitro–1,3,5,7–tetrazocine 
(HMX) and better performance than hexahydro–1,3,5–trinitro–1,3,5–triazine (RDX) (Nielsen et 
al. 1998; Geetha et al. 2003, Giles et al 2004) (Figure 1).  However, it is recognized that the 
potential environmental fate and impact of this compound must be understood prior to its 
adoption as a commonly used energetic material. The provision of scientifically sound 
environmental data on the chemical and microbial reactivities of CL–20 and its interactions with 
soil and potential receptors is important because it will help understand and predict the fate and 
environmental impact of this powerful energetic compound. 

Previous practices involving explosives such as RDX and HMX including manufacturing, 
waste discharge, testing and training, demilitarization and open burning/open detonation 
(OB/OD) have resulted in severe soil and groundwater contamination (Haas et al., 1990; Myler 
and Sisk, 1991). Thus, in spite of their low solubility in water, the monocyclic nitramines RDX 
(45 mg/L at 25°C) and HMX (5 mg/L, at 25°C) (Talmage et al., 1999) have exhibited an ability 
to migrate through subsurface soil and cause groundwater contamination. CL-20 being a cyclic 
nitramine might also migrate from surface soil to groundwater. Since both RDX and HMX are 
toxic to aquatic organisms (Sunahara et al., 1999, 2001; Talmage et al., 1999), earthworms 
(Robidoux et al., 2000, 2001), and indigenous soil microorganisms (Gong et al., 2001; Sunahara 
et al., 2001), it is important to limit the potential adverse environmental consequences of the 
widespread usage of CL-20 by thoroughly investigating its transport, transformation and impact 
in soil.  

While both RDX and HMX are cyclic oligomers of methylenenitramine, CH2-N-NO2, 
((CH2NNO2)3 for RDX and (CH2NNO2)4 for HMX), CL-20 contains the repeating unit CH-
NNO2 (Wardle et al., 1996; Nielsen et al., 1998). The presence of C-bonded nitramine groups in 
all three chemicals could result in similarities in the chemical and enzymatic reactions and 
reactivities. However, in contrast to RDX and HMX, which are monocyclic nitramines, CL-20 is 
a rigid polycyclic nitramine characterized by having a three dimensional cage structure. This 
structural difference could result in drastic differences in the course of the chemical and 
biochemical reactions and the type of breakdown products. In particular, the presence of a 
relatively long (weak) C-C bond in CL-20 (bond denoted a in Figure 1) could play a significant 
role in differentiating its degradation pathway(s) from those of the two monocyclic nitramines 
RDX and HMX. 

McCormick et al. (1981) first reported the transformation of RDX to nitroso derivatives 
prior to ring cleavage to produce hydrazines, dimethyl nitrosamines and methanol. Subsequent 
work in our laboratory demonstrated that initial denitration of these nitramines is also an 
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important step that can easily lead to ring cleavage and decomposition to nitrous oxide, nitrogen, 
formaldehyde and carbon dioxide (Hawari et al., 2000a,b; Hawari, 2000; Halasz et al., 2002; 
Fournier et al., 2002). It would thus be worthwhile to ascertain whether our hypotheses drawn for 
the (bio)degradation of RDX and HMX are applicable to CL-20. 
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Figure 1  Structures of cyclic nitramine explosives RDX, HMX and CL-20. The three heterocyclic 
nitramines contain characteristic N-NO2 functional groups that may determine their physicochemical, 
microbial and toxic properties. 

 
 

 We believe that the knowledge we discovered earlier on the chemical and microbial 
transformation of the two cyclic nitramines RDX and HMX (Hawari, 2000) and on their 
interactions with soils (Sheremata and Hawari, 2000a; Monteil-Rivera et al., 2003) will be very 
helpful in designing laboratory experiments to determine transport and transformation of CL-20 
in various soil/water systems.  
 The following chapters thus summarize laboratory findings of a comprehensive research 
strategy that was undertaken to determine environmental fate and impact of CL-20 in response to 
SERDP needs (ER 1256). We first measured important physicochemical parameters of CL-20 
including water solubility (S), water/octanol partition coefficient (Kow) and sorption (Kd) onto 
various types of soil. Then we determined its stability in aged soil under different conditions (pH, 
organic matter, micro flora) and degradability with zero valent iron (ZVI)), and towards light. 
Other laboratory experiments were conducted to determine biotic (microbial and enzymatic) 
degradation of CL-20 in water / soil systems using soil indigenous microorganisms or specific 
isolates (Pseudomonas sp., Clostridium sp., Phanerochaete chrysosporium, Irpex lacteus) and 
enzymes (dehydrogenase, nitroreductase). In parallel we conducted several biological 
biochemical and biological assays to determine toxicity of the explosive towards various 
terrestrial, aquatic and avian receptors (see Project Overview, page 9).  The knowledge gained on 
the transport and transformation routes and toxicity of CL-20 can then be used to help understand 
and predict fate and impact (toxicity mechanisms) of the chemical.     

a 
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II Global Objectives 

 
 
 The present project addresses the objectives set forth in CPSON-02-0 to determine 
environmental fate and impact of the emerging high energetic chemical CL-20.  The objectives 
were specifically outlined to:  

1. Develop analytical methods to measure CL-20 as well as its potential intermediate and 
end degradation products. 

2. Determine physicochemical properties (S, Kow, Kd, Koc) of CL-20.  
3. Determine aerobic and anaerobic biodegradation of CL- 20 in soil/water.    
4. Determine enzymes responsible for initiating the degradation of CL-20. 
5. Conduct a battery of ecotoxicological tests to determine the toxic effects of CL-20 on 

selected ecological receptors, e.g. terrestrial plants, soil invertebrates, soil 
microorganisms, and avian and aquatic species. 

6. Determine sorption of CL-20 onto soil and its effect on biodegradation kinetics and 
toxicity mechanisms.    

 
 

III Summary of Accomplishments  
 
 
We first developed an SOP (Standard Operating Procedure) HPLC method for the 

analysis of CL-20 in soil and water and forwarded the method to the two PIs of the other two 
projects on CL-20 (ER 1254, ER1255). During the year 2003, an interlaboratory study was 
conducted between the three laboratories involved in the CL-20 projects (ER 1254, ER1255) to 
validate the HPLC method for the analysis of CL-20 in water and soil. Reasonably low RSD 
values were observed among the three laboratories (10 � %), indicating reliability of the method 
in evaluating CL-20 concentrations in soil/water systems.  
 To provide insight on the fate (transport) of CL-20 in the environment (sorption and 
migration through subsurface soil) we determined the solubility of the chemical in water at 
different temperatures (5 to 60 °C). Also we measured its octanol/water partition coefficient (Kow 
= 82.6). Subsequently we determined the sorption behavior of the chemical in several soils 
differing in pH, mineral phases and organic content. We found that CL-20 was highly retained by 
the organic fraction of soils, and that the sorption was governed more by the type of organic 
matter rather than its amount.  Also the chemical exhibits a higher affinity for more condensed 
and/or reduced organic matter than for soil humic acids.  In general sorption onto soils was found 
to be reversible and did not prevent abiotic or biotic transformations, or transport through 
subsurface soils.  
 The stability of CL-20 was investigated in aqueous solutions under a range of pH 
conditions. The chemical hydrolyzes readily under alkaline conditions with initial denitration 
followed by ring cleavage and decomposition to nitrite, nitrous oxide, ammonia, formic acid and 
glyoxal. When the chemical is subjected to light (300 nm and using solar irradiation) it also 
decomposes with the concurrent formation of nitrite to produce nitrous oxide, ammonia, formic 
acid and glyoxal.  Similarity in product distribution of both hydrolysis and photolysis lead us to 
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conclude that following denitration the resulting intermediate(s) decompose spontaneously in 
water.  Interestingly, when CL-20 was treated with Fe0 in water the chemical degraded via at 
least two initial routes: one involving denitration and the second involving sequential reduction 
of the N-NO2 groups to the corresponding nitroso (N-NO) derivatives prior to denitration and 
ring cleavage. Also the reaction mixture CL-20/Fe0 produced glyoxal, glycolic acid, formic acid, 
nitrous oxide and ammonium.  The resemblance of product distribution in all tested abiotic 
reactions support the hypothesis that initial denitration of CL-20 leads to the spontaneous 
decomposition of the molecule in water.      

Under biotic conditions CL-20 was found to degrade under both aerobic and anaerobic 
conditions.  We found that the aerobic soil isolate, Pseudomonas sp. FA1, was capable of 
utilizing CL-20 as sole nitrogen source. Subsequent work showed that an NADH-dependent, 
membrane-associated flavoenzyme was responsible for CL-20 biotransformation. Also we 
isolated an obligate anaerobic bacterium, Clostridium sp. EDB2, from sediment obtained from 
Halifax Harbour for its ability to degrade CL-20 and demonstrated a chemotactic response 
towards the nitramine.  Several fungi were also found capable of degrading the chemical, with P. 
Chrysosporium being the most efficient degrader.  Once again we identified that disappearance 
of the energetic chemical was accompanied with the liberation of nitrite in most cases.  The 
product distribution basically indicated the formation of NO2, N2O, NH3, HCHO, (COOH)2 and 
CO2.  Using LC/MS with UL ring labeled [15N]-CL-20 and UL NO2 labeled [15NO2-CL-20] we 
were able to identify several initial intermediates from the (bio)decomposition of CL-20 and thus 
were able to discover several initial degradation routes leading to its decomposition, most 
notably denitration, denitrohydrogenation and reduction of the N-NO2 to the corresponding N-
NO group(s).   
 Finally, we obtained definitive data on the toxicity of the energetic chemical towards 
various aquatic (algae, microorganisms), terrestrial (earthworms, plants, microbes) and avian 
(Japanese quail) receptors.   For the aquatic toxicity, CL-20 showed no adverse effects on the 
marine bacteria Vibrio fischeri and the freshwater green algae Selenastrum capricornutum, up to 
its water solubility (ca. 3.6 mg L-1).  In the case of terrestrial toxicity,  CL-20 was not acutely 
toxic to the plants tested (alfalfa (Medicago sativa) and perennial ryegrass (Lolium perenne)), 
and had no statistically significant effects on microbial communities measured as DHA or on the 
ammonium oxidizing bacteria determined as PNA in two soil types, but definitive toxicity tests 
of three soil invertebrates (earthworm Eisenia andrei, and enchytraeids Enchytraeus albidus and 
Enchytraeus crypticus)  showed the chemical to act as a reproductive toxicant to the earthworm 
and enchytraeids, with lethal effects observed at higher concentrations. We investigated the 
toxicity of CL-20 on an avian species, the Japanese quail (Coturnix coturnix japonica) using test 
methods modified from standard toxicity test guidelines. Several physiological parameters were 
monitored in both studies. In the acute dosing studies, CL-20 caused no overt toxicity to the birds 
and elicited few effects in treated adult individuals. Treatment-related effects were on the liver as 
evidenced by increased liver weight and elevated enzyme activity. In the subchronic study we 
also observed treatment-related effects suggesting possible reproductive and developmental 
effects. In an effort to understand the mechanism of CL-20 toxicity, we purified and identified a 
hepatic enzyme capable of biotransforming CL-20. Subsequently, we identified possible 
conjugated metabolites that could explain the adverse effects we observed. 
 Experimental findings of this project (SERDP ER1256) are discussed in the following 
chapters and in the publications (22) that are annexed at the end of the report.  
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IV Analytical methods for the determination of CL-20 in water and soil 
 
Research conducted under this task was published in: 
1. Groom CA, Halasz A, Paquet L, D’Cruz P, Hawari J. (2003) Cyclodextrin assisted capillary 

electrophoresis for determination of the cyclic nitramine explosives RDX, HMX and CL-20: a 
comparison with high performance liquid chromatography (HPLC). J. Chromatogr. A 999:17-22. 

2. Monteil-Rivera F, Paquet L, Deschamps S, Balakrishnan VK, Beaulieu C, Hawari J. (2004) Physico-
chemical measurements of CL-20 towards environmental applications: comparison with RDX and 
HMX.  J. Chromatogr. A 1025:125-132. 

3. Groom C, Halasz A, Paquet L, Thiboutot S, Ampleman G, Hawari J. (2005) Detection of 
nitroaromatic and cyclic nitramine compounds by cyclodextrin assisted electrophoresis quadrupole 
ion trap mass spectrometry. J. Chromatogr. A 1072: 73-82. 

 
 

 
Introduction 

 
An SOP (standard operating procedure) HPLC method describing the analysis of CL-20 

in water and soil was first developed and shared with the other two labs working on projects ER 
1254 and ER1255. This method (preparation of soil and water samples, extraction, recovery, 
detection limits, accuracy and precision) is described in a paper published in J Chromatogr. A 
(Monteil-Rivera et al., 2003) attached at the end of the report. In addition a capillary 
electrophoresis / mass spectrometry methods were developed to rapidly resolve and detect CL-
20, HMX and RDX and their related degradation intermediates in environmental samples and 
published in J. Chromatogr. A (Groom et al., 2003 and 2005).   

 
 
Material and Methods 
 
Chemicals and sample preparation.  CL-20 was obtained from A.T.K. Thiokol Propulsion 
(Brigham City, UT, USA) with a purity of 99.3 % (determined by HPLC). IR showed that 95 % 
of the chemical was present in the ε-form. Acetonitrile (CH3CN, HPLC grade) and methanol 
(CH3OH, HPLC grade) were from J.T. Baker, acetone (CH3COCH3, HPLC grade) was from 
Fisher. 
 Aqueous samples were diluted with acidified (250 µL conc. H2SO4 L-1) CH3CN to give a 
50:50 (v:v) CH3CN:H2O mixture. If analysis could not be performed on the day of preparation, 
samples were stored at 4°C away from light.   

For soil samples, U.S. EPA SW-846 method 8330 (USEPA, 1997) was used with a slight 
modification. Dried soil (2.0 g) was weighed into 16-mL glass tubes with PTFE-lined caps. 
Samples and associated quality-control samples were spiked with surrogate (RDX) and CL-20 
solutions in acetone to obtain concentrations of CL-20 in soil ranging from 1 to 10,000 mg kg-1. 
The solvent was allowed to evaporate overnight in a fume-hood before subsequent extraction by 
CH3CN (10 mL / tube) using sonication at 20 °C for 18 h. After centrifugation at 1170 × g for 30 
min, a volume of supernatant (5 mL) was combined with 5 mL of a CaCl2/NaHSO4 aqueous 
solution (5 and 0.2 g L-1, respectively) instead of the usual solution of calcium chloride. The 
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resulting sample was shaken, allowed to stand for 30 min and filtered through a 0.45 µm-
Millipore PTFE filter. After discarding the first 3 mL, the filtrate was analyzed by HPLC. In 
order to assess the effect of water on the extraction efficiency, some samples were supplemented 
with water (15 % or 50 % wt/wt water) following acetone evaporation. One third of the samples 
were extracted immediately, a second third after being stored at 10 °C and in the dark for 7 days, 
and the final third after being stored for 21 days under similar conditions. 

 
Analytical methods. The CL-20 concentration was analysed by HPLC using a chromatographic 
system (ThermoFinningan, San Jose, CA) composed of a Model P4000 pump, a Model AS3000 
injector, including temperature control for the column, and a Model UV6000LP Photodiode-
Array Detector. The separation was completed on a Supelcosil LC-CN column (25 cm, 4.6 mm, 
5µm; Supelco, Oakville, ON) maintained at 35° C. The mobile phase (70 % aqueous methanol) 
was run isocratically at 1 mL/min for the entire run time of 14 min. The detector was set to scan 
from 200 to 350 nm. Chromatograms were extracted at a wavelength of 230 nm with 
quantification taken from peak areas of external standards. Peaks were identified by comparison 
with elution times for external standards and UV spectra. The injection volume was 50 �L. 
Calibration standards (0.05 – 25 mg of CL-20 L-1) were prepared by diluting (50:50 (v:v)) 
intermediate acetonitrile solutions in acidified water (0.2 g L-1 sodium bisulfate). 

 
Accomplishments 
 

Because explosives are often applied as mixtures, it was important to establish analytical 
conditions that permit a good separation amongst CL-20 and other energetic chemicals. Analysis 
by HPLC of a mixture containing RDX, HMX and CL-20 using the previously mentioned 
conditions gave a well-resolved chromatogram with retention times of 4.8 min, 5.9 min and 8.3 
min, respectively (Figure 2). Peak areas were used to quantify chromatographic signals and 
excellent linearity was obtained over the entire range of CL-20 concentrations used (0.05 – 25 
mg L-1) (y = 6.4864 × 105 x; R2 = 0.99996). The instrumental detection limit (IDL) and the 
instrumental quantification limit (IQL) were found to be 3 and 9 µg L-1, respectively (RSD = 3.8 
% n = 10). 
 

Larson et al. (2002) recently published an HPLC method for analyses of CL-20 in water 
and soil samples but the susceptibility of CL-20 to decomposition was not reported. We found 
that CL-20 degrades significantly in aqueous acetonitrile media and that degradation was more 
rapid at 21°C (65 % after 7 days) than at 10°C (8 % after 7 days) (Figure 3). We also found that 
decomposition can be avoided by acidifying the medium to pH 3 (Figure 3).  Therefore, in order 
to avoid a possible degradation of CL-20, all aqueous samples should be analyzed after a 50:50 
(v:v) dilution with acidified CH3CN. CL-20 is a weak acid that, upon losing one of its labile 
protons, can undergo decomposition. It hydrolyses in water under rather mild alkaline conditions. 
Since acetonitrile is known to be a more powerful proton acceptor than water (Buncel and Dust, 
2003), it may favor the initial deprotonation of CL-20 and hence cause decomposition even in 
neutral media. Acidification of the media prevents the removal of the labile proton from CL-20, 
thereby stabilizing the chemical. 
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Figure 2  A typical HPLC chromatogram showing separation of CL-20 from RDX and HMX (column: 
LC-CN; mobile phase: 30 % water-70% methanol; Flow rate: 1 mL/min; Detector: PDA (λ = 230 nm)). 

 
 

 As a consequence of the instability of CL-20 observed in aqueous acetonitrile media, the 
U.S. EPA SW-846 method 8330 (USEPA, 1997) was slightly modified and the extract was 
added to a solution of CaCl2 containing 0.2 g L-1 of sodium bisulfate to bring the solution pH to 
3. The method detection limit (MDL) and the method quantification limit (MQL) were 
determined and found to be 0.06 and 0.20 mg kg-1, respectively (n=10; RSD = 10.7 %,). CL-20 
recoveries were found to stand within the interval: 83 % < R <113 % (n=20, SD = 4.9 %, average 
= 97.9 %). 
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Figure 3  Effect of acidification and temperature on the stability of CL-20 in water/acetonitrile media.  
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Table 1  Single laboratory study: recovery data for soil samples spiked with different concentrations of 
CL-20 at BRI. 

Nominal Conc. 
(mg kg-1) 

% 
water 

Meas. Conc. 
(mg kg-1) 

SDa 
(n=3) 

% RSDb Mean 
% Recovery 

1.00 
 
 
 

5.00 
 
 
 

10.00 
 
 
 

100.00 
 
 
 

1,000.00 
 
 
 

10,000.00 
 

0 
15 
50 

 
0 

15 
50 

 
0 

15 
50 

 
0 

15 
50 

 
0 

15 
50 

 
0 

15 
50 

1.040 
1.015 
1.000 

 
5.107 
5.166 
5.300 

 
10.373 
10.156 
10.400 

 
99.247 
99.354 

101.656 
 

978.733 
994.578 

1,001.720 
 

10,261.667 
9,669.702 
9,978.400 

0.156 
0.021 
0.028 

 
0.535 
0.062 
0.080 

 
0.211 
0.188 
0.126 

 
1.385 
1.078 
0.321 

 
6.481 

11.404 
15.574 

 
137.114 
394.638 
334.422 

14.99 
2.041 
2.771 

 
10.477 
1.202 
1.508 

 
2.037 
1.855 
1.212 

 
1.396 
1.085 
0.315 

 
0.662 
1.147 
1.555 

 
1.336 
4.081 
3.351 

104.0 
101.5 
100.0 

 
102.1 
103.3 
106.0 

 
103.7 
101.6 
104.0 

 
99.2 

104.0 
101.7 

 
97.9 
99.5 

100.2 
 

102.6 
96.7 
99.8 

a SD = Standard Deviation; b RSD = Relative Standard Deviation. 
 

Single laboratory precision method and data recoveries are gathered in Table 1 for soil 
samples spiked with different concentrations of CL-20. Precision was good for replicate analyses 
and excellent recoveries (96-106 %) were obtained over a wide range of concentrations. The 
addition of water (0, 0.353, or 2 mL of water, corresponding to soils containing 0, 15 or 50 % 
moisture, respectively) did not affect the extracted amounts of CL-20. No degradation of CL-20 
occurred when 2 mL of water were added to the 10 mL of acetonitrile and sonicated for 18 h at 
20 °C, thus demonstrating the applicability of the method to both dry and wet samples. Aging (21 
days) of spiked samples with 0 or 15 % water showed that CL-20 extractability was not affected 
and that irreversible binding did not occur within this period of time.  
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V QC/QA Interlaboratory study 

 
 
 
 In order to validate the SOP method developed in our laboratory, a QC/QA study was 
conducted between the three groups involved in the CL-20 SERDP projects: CP 1254, 1255, 
1256. Dried SSL soil (Sassafras Sandy Loam sampled in uncontaminated open grassland on the 
property of US Army Aberdeen Proving Ground, (Edgewood, MD)) was spiked at the ECBC 
(Edgewood Chemical Biological Center, Edgewood, MD) with four different concentrations of 
CL-20. The four samples were then shipped to the two other groups (PNNL (Pacific Northwest 
National Laboratory and BRI) in coolers containing ice blocks. Samples were received at BRI, 
around 10 days after shipment.  The method described above was then applied in triplicate at BRI 
to determine the concentration in each sample. Results were sent to ECBC for compilation. The 
results obtained in the three different laboratories are gathered in Table 2. The reasonably low 
RSD values observed among the three labs (10 � %) are indicative of a reliable analytical method 
to evaluate CL-20 concentrations in soil. Moreover, the 10 days spent at room temperature during 
the shipping does not seem to have caused degradation. 
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Table 2  Recovery data for SSL soil samples spiked with CL-20: Interlaboratory study. 

 
 ECBCa BRIb PNNLc  Results from the 3 laboratories 

Target Conc. 

(µg/g) 

Conc. in soil 

( ± SDd)(µg/g) 

Conc. in soil 

( ± SDd)(µg/g) 

Conc. in soil 

( ± SDe)(µg/g) 

 Mean Conc. 

in soil (µg/g) 

SD Conc. 

in soil (µg/g) 
% RSD Mean 

%Recovery 
 

0.10 
0.50 
1.00 
10.00 

 
N.d. 

0.483 (0.032) 
0.996 (0.105) 
9.387 (1.333) 

 
0.112 (0.005) 
0.525 (0.014) 
1.129 (0.055) 
10.381 (0.498) 

 
0.129 (0.013) 
0.448 (0.071) 
1.130 (0.094) 
10.89 (0.401) 

  
0.120 
0.486 
1.085 
10.219 

 
0.012 
0.039 
0.077 
0.0765 

 
10.09 
7.97 
7.07 
7.48 

 
120.41 
97.11 
108.50 
102.19 

a ECBC = Edgewood Chemical Biological Center; b BRI = Biotechnology Research Institute; c PNNL = Pacific Northwest National Laboratory; d n=3; e n=2. 
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VI Physico-chemical measurements of CL-20  
 
 
Results obtained in this task have been published in:  
Monteil-Rivera F, Paquet L, Deschamps S, Balakrishnan VK, Beaulieu C, Hawari J. (2003)  Physico-
chemical measurements of CL-20 towards environmental applications:  comparison with RDX and HMX.  
J. Chromatogr. A. 1025: 125-132 
   
Introduction   
 
To be able to understand the environmental fate of the emerging explosive CL-20 we must first 
determine essential physico-chemical parameters (aqueous solubility, octanol-water partition 
coefficient, stability in water under stirring) for the chemical.   Aqueous solubility (S) and octan-
1-ol/water partition coefficient (Kow) values are needed to predict potential migration of CL-20 
through subsurface soil.   The aqueous solubility (S) and the octanol/water partition coefficient 
(Kow) of CL-20 have been determined at various temperatures and at room temperature, 
respectively. Since CL-20 is a cyclic nitramine, both S and Kow have also been measured for the 
two other known cyclic nitramines RDX and HMX under similar conditions for comparative 
purposes.  Soil adsorption/desorption parameters were also determined, and are presented and 
discussed latter in the present report. 
 
Material and Methods 

  
Characterization.  CL-20 (purity 99.3 % determined by HPLC) was obtained from Thiokol 
Propulsion (Thiokol Utah 84302 USA), as an ε-form with  ≥ 95 % as determined by IR. 
Elemental composition was determined on a Carlo Erba EA 1108 analyzer and was found to be C 
16.84 %, N 37.52 %, H 1.06 % (calculated values for C6H6N12O12: C 16.45 %, N 38.36 %, H 
1.38 %).   

Nuclear magnetic resonance (NMR) spectra were collected in deuterated acetone: 1H 
NMR (600.13 MHz, CD3COCD3) δ 8.34 (s, 4H), 8.20 (s, 2H), 13C NMR (150.91 MHz, 
CD3COCD3) δ 75.16 (s, 2C), 72.18 (s, 4C), 15N NMR (60.84 MHz, CD3COCD3) δ 339.5 (s, 4N) 
336.4 (s, 2N), 200.3 (s, 4N), 180.8 (s, 2N). 
Unidentified impurities were detected during 1H NMR analysis (δ 7.9, 7.7, 3.3, 2.9, 1.3), but no 
such impurities were detected in the 13C-NMR spectrum, suggesting that their concentrations are 
low. The impurities are most probably low molecular weight compounds. 

 

Determination of aqueous solubility (S) of CL-20.  The solubility (S) of CL-20 was determined 
in water at temperatures (T) of 5, 10, 15, 20, 25, 40 and 60 °C.  An excess amount of CL-20 
(0.015 g) was added to 100 mL of deionized water in a glass bottle. The samples were stirred at 
the required temperature in a thermostated bath. After a 24 h stirring period, the suspension was 
allowed to set for 1h and an aliquot of supernatant was taken from the middle of the solution 
(without filtration) and diluted 1:1 in methanol. The resulting solution was analyzed by HPLC. 
 
Octanol/water partition coefficient (Kow) of CL-20.  The octan-1-ol/water partition coefficient, 
Kow, of CL-20 was determined at room temperature (21 ± 1 °C) according to OECD guideline 
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107 (OECD, 1981) with slight modifications. OECD guideline requires the use of solvents 
saturated with each other, but due to the low solubility of CL-20 in water it was not possible to 
use octan-1-ol-saturated water. Experiments were thus performed with non-saturated water and 
octan-1-ol solutions. Known volumes of a filtered aqueous solution of CL-20 (3.5 mg/L) were 
added to octan-1-ol in a 16-mL PTFE-lined capped glass tube. The resulting mixtures were 
equilibrated by periodical shaking (4 cycles of 10 min) and centrifuged (2700 rpm). Each phase 
was analyzed for its content of CL-20 using HPLC. However, the octanol phase was diluted (1:3) 
with a solution containing 70 % methanol in water prior to analysis. Experiments were run in 
triplicate using different ratios of octanol to water and different amounts of CL-20. Kow was 
calculated as the ratio (CL-20 concentration in the aqueous phase / CL-20 concentration in the 
octanol phase). 
 
 
Accomplishments  
 

Solubility of CL-20 in water is presented in Figure 4 as a function of temperature. We 
found that a slight change in temperature can drastically affect solubility of CL-20 in water. In 
general, water solubility of CL-20 at room temperature (20°C) was found to be around 3.5 mg/L.    
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Figure 4  Solubility of CL-20 in water as a function of temperature. 

 
For ideal solutions, the amount of a compound present in solution at saturation can be estimated 
using equation (1). 

ln xB = - �
�

�
�
�

� −�
�

�
�
�

� ∆
*TTR

Hfus 11
      (1) 

where xB = mole fraction of solute, ∆fusH = enthalpy of fusion of solute, R = ideal gas constant, T 
= temperature at which equilibrium is considered, T* =  melting temperature of solute. Aqueous 
solutions of explosives are not ideal, but the S-T relationship can follow equation (2) as 
described by Lynch et al. (2001). 

ln S = A - 
T
B

      (2) 

Where S = solubility and A and B = arbitrary constants. 
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Data were plotted as lnS vs. 1/T (K) and linear regression was performed as shown in Figure 5. 
For comparison, solubility data measured under similar conditions for RDX and HMX were also 
plotted (Figure 5). The solubility of CL-20 was found to follow equation (2) (with A and B equal 
to 13.54 and 3578, respectively). Figure 5 clearly demonstrates that the solubility of CL-20 is 
much lower than that of RDX. The comparison with the solubility of HMX is more complex 
since CL-20 is more soluble than HMX at lower temperatures but the trend is reversed at 
temperatures above 20°C. 
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Figure 5  Compared solubilities of RDX, HMX and CL-20 in water. 

 
In an effort to enhance the solubility of CL-20 in water, we used cyclodextrins (CDs) and 
measured their binding constants. Two CDs were used: Hydroxypropyl-β-cyclodextrin (HP-β-
CD) and heptakis-2,6-di-O-methyl-β-cyclodextrin (DM-β-CD). An excess of CL-20 (300 mg/L) 
was combined with increasing concentrations of CD (0 – 5 % w/v), CL-20 solubility was 
measured after 18 hours of equilibration at room temperature (21 ± 1 °C) and the value was 
compared to the solubility measured without cyclodextrine ([CL-20]0) (Figure 6).  

As with RDX and HMX, the aqueous solubility of CL-20 increases with temperature, but 
to a lesser extent. The solubility of CL-20 is much lower than that of RDX, whereas the 
comparison with HMX is more complex: CL-20 is more soluble than HMX at lower 
temperatures but the trend is reversed at temperatures above 20°C.  
 Three different sets of conditions were used for each explosive and each set was run in 
triplicate. The average of the nine measurements is reported in Table 3. Regardless of the 
octanol/water ratios used, Kow values remained basically constant and a value of 82.6 ± 0.9 (Log 
Kow = 1.92 ± 0.02) was obtained for CL-20, significantly higher than the partition coefficients for 
RDX (8.0 ± 0.6) and HMX (1.46 ± 0.02). This finding suggests that CL-20 will sorb onto soils 
more strongly than RDX and HMX and that this hydrophobic interaction will be particularly 
important in soils containing high amounts of organic matter.  
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Figure 6  Solubility of CL-20 in water in presence of cyclodextrines. 

 
 

Table 3  Aqueous solubilities (S) of RDX, HMX and CL-20 as a function of temperature and log Kow 
values measured at ambient temperature. 

 

Aqueous Solubility (mg L-1) (±±±± SD; n=3)  
T (°°°°C) 

RDX HMX CL-20 
5 

10 
15 
20 
25 
30 
40 
50 
60 

16.01 (0.16) 
22.19 (0.12) 
29.67 (0.57) 
42.58 (1.32) 
56.35 (1.79) 

n.d.a 

122.94 (0.94) 
n.d. 

342.71 (3.25) 

1.32 (0.16) 
1.67 (0.14) 
2.27 (0.09) 
3.34 (0.12) 
4.46 (0.03) 

n.d. 
11.83 (0.09) 

n.d. 
39.69 (2.24) 

1.97 (0.08) 
2.12 (0.04) 
2.48 (0.02) 
3.16 (0.04) 
3.65 (0.04) 
4.89 (0.03) 
7.39 (0.06) 

11.62 (0.01) 
18.48 (0.80) 

Log Kow (±±±± SD; n=9)  
T (°°°°C) 

RDX HMX CL-20 

21 0.90 (0.03) 0.165 (0.006) 1.92 (0.02) 
a n.d.: Non determined. 
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VII Hydrolysis of CL-20 in aqueous solution  

 
This work was published in:  
Balakrishnan VK, Halasz A, Hawari J. (2003) Alkaline hydrolysis of the cyclic nitramine explosives 
RDX, HMX and CL-20: New insights into degradation pathways obtained by the observation of novel 
intermediates. Environ. Sci. Technol. 37: 1838-1843. 
 
 
Introduction  
 

Since the end products of the mono cyclic nitramine RDX decomposition during 
enzymatic biodegradation with strain DN22 (Fournier et al., 2002) were similar to those obtained 
via both alkaline hydrolysis (Hoffsommer et al., 1997; Heilmann et al., 1996) and 
photodenitration (Hawari et al., 2002), we hypothesize that following initial denitration of the 
cyclic nitramine, ring cleavage and subsequent decomposition is largely dictated by the aqueous 
chemistry of the resulting intermediates. Therefore, if other cyclic nitramines such as CL-20 
produce end products similar to those of RDX, then one may assume that their decomposition 
mechanisms resemble those described for RDX. Hence, our objectives in the present study were: 
1) to determine whether CL-20 hydrolyzes in aqueous, alkaline (pH 10) solutions; 2) to identify 
end products and compare them to RDX and HMX end-products; and 3) to increase CL-20 
concentrations in aqueous acetonitrile solutions to observe and identify early intermediates that 
could give insight into initial steps involved into the hydrolysis mechanism.  
 
 Material and Methods 
 
Hydrolysis in aqueous solution.  To a series of dry 20 mL vials (each wrapped in Aluminum 
foil) was added an aliquot (100 µL) of CL-20 stock solution prepared in acetone (10,000 mg/L). 
The acetone was evaporated in a fume hood, followed by the addition of 10 mL of a NaOH 
solution (pH 10) to give a final CL-20 concentration of 100 mg L-1. The initial concentration was 
kept well in excess of the maximum solubility of CL-20 in water (ca. 3.5 mg L-1) in an attempt to 
generate sufficient amounts of intermediates to allow detection. The vials were sealed with 
Teflon coated serum caps and placed in a thermostated benchtop shaker at 30°C and 200 rpm. 
Some vials were sparged with argon for 2 hours to allow analysis for N2. We used a gas-tight 
syringe to measure gaseous products (N2O and N2) in the head space but for the analysis of the 
liquid medium we first quenched the reaction by adding HCl in a CH3CN solution (10 mL) (pH 
4.5). Acetonitrile was used to solubilize unreacted starting material for subsequent analysis. The 
quenched vials were then stored in a refrigerator at 4°C until analyzed. 
 
Hydrolysis in aqueous acetonitrile.  A dry 100-mL vial (wrapped in Aluminum foil) was 
charged with approximately 0.5 g (1.14 mmol) CL-20, 50 mL HPLC grade acetonitrile, and 0.1 
N NaOH (50 mL). The resulting solution had an initial CL-20 concentration of 50 mg L-1 and a 
pH of 12.7. The vial was sealed with a Teflon coated serum cap, and placed in a thermostated 
benchtop shaker at 30°C and 200 rpm. The reaction was quenched by bubbling CO2 (an acid) 
into the solution until the pH decreased to 6 (approximately 3 minutes of bubbling time 
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required).  The mixture was then concentrated under reduced pressure (18 mm Hg), and 
lyophilized for subsequent analysis (see below).  

Analytical Procedures.  The concentration of CL-20 was determined using HPLC as described in 
section V. Formaldehyde (HCHO) (Summers, 1990) and nitrous oxide (N2O) (Sheremata and 
Hawari, 2000b) were analyzed as described previously. Nitrate (NO3

-), formate (HCOO-) and 
ammonium (NH4

+) were performed by capillary electrophoresis on a Hewlett-Packard 3D-CE 
equipped with a Model 1600 photodiode array detector and a HP capillary part number 1600-
61232. The total capillary length was 64.5 cm, with an effective length of 56 cm and an internal 
diameter of 50 µm. For nitrite, nitrate and formate, analyses were performed using sodium borate 
(25 mM) and hexamethonium bromide (25 mM) electrolytic solution at pH 9.2 (Okemgbo et al., 
1999).  The ammonium cation was analyzed using a formic acid (5 mM), imidazole (10 mM) and 
18-crown-6 (50 mM) electrolytic solution at pH 5. In all cases, UV detection was performed at 
215 nm (Beck, 1994). 
 A Micromass bench-top single quadrupole mass detector attached to a Hewlett Packard 
1100 Series HPLC system equipped with a PDA detector was used to analyze for CL-20 ring 
cleavage intermediates. The samples were injected into a 4 µm-pore size Supelcosil CN column 
(4.6 mm ID by 25 cm; Phenomenex, Torrance, Ca) at 35°C. The solvent system was composed of 
20% acetonitrile: 80 % water (v/v). For mass analysis, ionization was performed in a negative 
electrospray ionization mode, ES(-), producing mainly the deprotonated molecular mass ions [M-
H]. The mass range was scanned from 30 to 400 Da with a cycle time of 1.6 s, and the resolution 
was set to 1 Da (width at half height). 
 
 Accomplishments 
 

Briefly, we hydrolyzed CL-20 in aqueous solution and the resulting time profile of CL-20 
disappearance and products appearance is shown in Figure 7. We found that the removal of the 
nitramine was accompanied by the formation of two molar equivalents of nitrite and the 
formation of nitrous oxide, formate and ammonium (Table 4). 4-nitro-2,4-diazabutanal (4-
NDAB), an important end-product detected with RDX and HMX, was not formed here due to the 
presence of C-C bonds (elongated) in the rigid caged polycyclic CL-20 that are absent in the case 
of RDX and HMX  (see structures Figure 1). 
 
 
 

Table 4  Normalized molar yields for the products obtained upon alkaline hydrolysis (pH 10) of CL-20.a  

NO2
- N2O NH4

+ HCHO HCOO- 
1.91 ± 0.09 0.91 ± 0.10 0.79 ± 0.05 Not formed 0.493 ± 0.007 

a Stoichiometries are calculated based on the number of moles of product observed for each mole of CL-20 
consumed. Standard deviations result from duplicate measurements. 
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CL-20 disappeared at a faster rate (1.09 × 10-2 h-1) than did either RDX (7.21 × 10-3 h-1) 

or HMX (~1 × 10-4 h-1) under similar conditions. Our findings indicate that, as we observed with 
RDX and HMX, initial denitration appears to play a critical role in initiating the decomposition 
of this polycyclic nitramine.  
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Figure 7  Time course for the alkaline hydrolysis (pH 10) of CL-20 at 30oC and formation of nitrite 
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VIII Photodegradation of CL-20 in aqueous solutions 

 
The work conducted under this task was published in:  

Hawari J, Deschamps S, Beaulieu C, Paquet L, Halasz A. (2004)  Photodegradation of CL-20: insights 
into the mechanisms of initial reactions and environmental fate. Water Res. 38: 4055-4064. 

 
Introduction  
 

The understanding of the photodegradation mechanisms of a chemical is a necessary step 
to predict its fate and its impact in natural environment. As far as we are aware little information 
is available on the photodegradation of CL-20 in solution. Pace and Kalyanaraman (1993) 
reported the cleavage of an N-NO2 bond during CL-20 photolysis by trapping the generated .NO2 
radical in DMSO and detecting the spin adduct using ESR spectroscopy. No other information on 
the identity of the degradation products was provided. On the other hand, solid-state 
photochemistry of the energetic chemical has been reported by Pace (1991) and Ryzhkov and 
McBride (1996) and was suggested to proceed via the initial cleavage of an N-NO2 bond. 
Recently we discovered that initial denitration of RDX by photolysis (Hawari et al., 2002) led to 
ring cleavage and effective decomposition with a product distribution including HCHO, 
HCOOH, NH2CHO, NH3, NO2

-, NO3
-, and N2O. Since CL-20 is also a cyclic nitramine with C-

N-NO2 linkages, we assumed that it could undergo decomposition following a similar initial 
denitration reaction in water. Our objective in the present study was thus to test this hypothesis. 
In order to do so, we photolyzed CL-20 in aqueous and CH3CN/H2O solutions using a Rayonet 
photoreactor (254 - 350 nm) and sunlight and attempted to identify intermediate products that 
could provide insight into the initial photodegradation step mechanism. 
 
 
Material and Methods 
 
Chemicals. Acetonitrile, formic acid, formaldehyde, D2O, H2

18O and 18O2 were obtained from 
Aldrich, Canada.   
 
Irradiation Experiments. A Rayonet RPR-100 photoreactor fitted with a merry-go-round 
apparatus (Southern New England Co, Hamden, CT) equipped with either sixteen 254 nm (35 
watts), 300 nm (21 watts) or 350 nm (24 watts) fluorescent lamps were used as light sources.  In 
some experiments photolysis was conducted using sunlight.  Photolysis was conducted in 20 mL 
quartz tubes each charged with a 10 mL of aqueous or aqueous acetonitrile solutions (50 % v/v) 
of CL-20 (3.5 mg/L and 50 mg/L, respectively). Acetonitrile was used to increase solubility of 
CL-20 in an attempt to generate sufficient amounts of intermediates to allow detection.     

Photolysis was carried out in either degassed (Ar bubbling) or non-degassed (with O2 or 
18O2 bubbling) tubes sealed with Teflon coated mininert valves. Controls containing CL-20 were 
kept in the dark during the course of the experiment. To determine the role of water in the 
photolysis process we photolyzed CL-20 (3.5 mg/L) in the presence of D2O and H2

18O.  The 
temperature of the reactor was maintained at 25 oC.  
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Analytical methods.  A Bruker bench-top ion trap mass detector attached to a Hewlett Packard 
1100 Series HPLC system equipped with a PDA detector was used to analyze for CL-20 and its 
intermediates. The samples were injected into a 5 µm-pore size Zorbax SB-C18 capillary column 
(0.5 mm ID by 150 mm; Agilent, CA) at 25°C. The solvent system was composed of a 
CH3CN/Water gradient (30 % v/v to 70 % v/v) at a flow rate of 15 µL/min. For mass analysis, 
ionization was performed in a negative electrospray ionization mode, ES(-), producing mainly 
the deprotonated molecular mass ions [M-H]. The mass range was scanned from 40 to 550 Da.  

The concentration of CL-20 was followed by HPLC as described earlier. Formic acid 
(HCOOH), nitrite (NO2

-) and nitrate (NO3
-) were measured using an HPLC from Waters (pump 

model 600 and auto-sampler model 717 plus) equipped with a conductivity detector (model 430). 
The acetonitrile content of the sample was removed under a high flow of helium before injection. 
The separation was made on a Dionex IonPac AS15 column (2 x 250 mm). The mobile phase 
was 30 mM KOH at a flow rate of 0.4 mL/min and 40°C. The detection of anions was enhanced 
by reducing the background with an autosuppressor from Altech (model DS-Plus). Detection 
limits were 100 ppb for formate and nitrate and 250 ppb for nitrite. Ammonium cation was 
analyzed using a SP 8100 HPLC system equipped with a Waters 431 conductivity detector and a 
Hamilton PRP-X200 (250 mm x 4.6 mm x 10 µm) analytical cation exchange column as 
described earlier (Hawari et al., 2001). Analysis of N2 and N2O was carried as previously 
described (Fournier et al., 2002).  Formaldehyde (HCHO) was analyzed as described by 
Summers (1990) and Hawari et al. (2002).  
 
 
Accomplishments 
 
Photodegradation of CL-20 in aqueous solutions.  We found that photolysis of CL-20 in 
aqueous (3.5 mg/L) or CH3CN/water (50 mg/L) solutions (50 % v/v) at 300 nm led to the 
disappearance of the energetic chemical, but the presence of CH3CN increased solubility of the 
energetic chemical and consequently led to the accumulation of sufficient amounts of products 
that facilitated detection. The removal of CL-20 at 300 nm was accompanied with the concurrent 
formation and accumulation of nitrite (NO2

-), nitrate (NO3
-), ammonia (NH3) and formic acid 

(HCOOH) (Figure 8).  Nitrogen (N2) and nitrous oxide (N2O) were detected in trace amounts. 
Apparently NO3

- was produced from photo-oxidation of NO2
-. Bose et al. (1998) reported that 

photo-oxidation of the cyclic nitramine RDX with ozone at 230 nm also produced nitrate.  
Photolysis of CL-20 at either 350 nm or with sunlight gave a similar product distribution 

but at rates much lower than those observed using the Rayonet photoreactor at shorter 
wavelengths. In dark controls containing CL-20 in either water or CH3CN/water, no appreciable 
reduction in the concentration of the energetic chemical was observed within the time course of 
the experiment.    
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Figure 8  A time course study for the photolysis of CL-20  (1.20 µmole) at 300 nm and 25 oC in 
CH3CN/water solutions (50 % v/v) showing formation of nitrite (NO2

-), nitrate (NO3
-), ammonium 

(NH4
+) and formic acid (HCOOH).  

 
In general we found that the present photodegradation of the caged structure polycyclic 

nitramine CL-20 was much more rapid than RDX (Hawari et al., 2002). The extreme reactivity 
of CL-20 as compared to monocyclic nitramines has also been noted during their thermal 
decomposition (Oxley et al., 1994, Korsounskii et al., 2000). Korsounskii et al. (2000) found that 
the thermal decomposition of HMX and CL-20 in solution proceeded via N-NO2 cleavage with 
first order rate constants (k) of 1.6 × 10-5 and 4.4 × 10-3 s-1, respectively. The increased ring strain 
in CL-20 was suggested to accelerate the decomposition of the energetic chemical as compared 
to the less strained monocyclic nitramines   (Oxley et al., 1994).  
 
Intermediates and insight into the mechanisms of initial reactions. Figure 9A is a typical 
LC/UV chromatogram of a photolyzed mixture of CL-20 in acetonitrile/water solution taken after 
30 s of photolysis at 254 nm, and Figures 9 B-E represent the extracted ion chromatogram of CL-
20 (I) and various suspected intermediates (II to VI) detected as their adduct mass ([M + NO3

-]-) 
or deprotonated molecular ([M – H]-) mass ions. The LC/MS (ES-) spectra of CL-20 (I) and its 
initial intermediates (II to VI) are presented in Figures 10 I-VI, respectively. 
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Figure 9  LC/UV (230 nm) (A) and LC/MS (ES-) extracted ion chromatograms of CL-20 and its 
products after 30 s of photolysis at 254 nm.  Extracted mass ion adducts [M + NO3

-] were 500 Da (B, I), 
484 Da (C, II) and deprotonated mass ion [M – H] were 408 Da (D, III and IV) and 345 Da (E, V and 
VI). 
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Figure 10  LC/MS (ES-) spectra of CL-20 (I) and its initial intermediates (II to VI) observed during 
photolysis at 254 nm in MeCN/H2O (50 % v/v), (a) from non-labeled and (b) from uniformly ring labeled 
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Photorearranged product. Peak I with a retention time (r.t.) of 18.2 min was that of CL-20 
which appeared as a nitrate adduct [M + NO3

-] at 500 Da (Figures 9 B and 10-Ia).  Such adducts 
have been detected during the LC/MS (ES-) analysis of RDX (Zhao and Yinon, 2002), while 
peaks II to VI represented the intermediate products of I. Peak II, appearing at 18 min., was only 
detected in trace amounts and showed a [M – H] molecular mass ion at 421 Da, matching a 
molecular formula of C6H6N11O11. The mass spectrum of II showed another characteristic mass 
ion at 484 Da representing the nitrated mass ion adducts [M + NO3

-].  Using the ring labeled 15N-
CL-20 the previously detected mass ions (421 and 484 Da) for II were observed at 427 and 490 
Da (an increase of 6 amu), respectively, suggesting the involvement of the 6 ring 15N atoms in 
the intermediate (Figure 10-b). We tentatively identified II as the mononitroso derivative of CL-
20 (Fig. 9C and 10-IIa, and b). It has been reported that thermolysis (Shu et al., 2002) and 
photolysis (Peyton et al., 1999) of RDX can lead to the formation of the nitroso product via 
homolysis of an N–NO2 bond followed by a secondary reaction that involved the generated N 
centered species and nitric oxide (NO).  Also RDX  (Zuckermann et al., 1987; Capellos et al., 
1989) and HMX (Zuckermann et al., 1987) have been reported to photodissociate to produce .OH 
radical via a five membered ring intermediate formed by a transfer of H from a α-CH to one of 
the two oxygens in a N-NO2 (1,5-H shift) bond in the molecule. The subsequent loss of OH from 
the five membered ring would yield a product with a nitroso functionality.  

We presume that both rearrangements described above for monocyclic nitramines RDX 
and HMX might also be applicable to polycyclic nitramines such as CL-20.   

The other two small peaks III and IV, which appeared at r.t. of 16.2 and 15.3 min, 
respectively, each showed a [M – H] at 408 Da matching a molecular formula of C6H7N11O11 
(Figures 9 D and 10-IIIa,IVa). Also a characteristic mass ion at 471 Da appeared for each of the 
two products (III and IV), representing a nitrate molecular mass ion adducts [M + NO3

-].  When 
we photolyzed the ring labeled 15N-[CL-20] the previously detected mass ions for III and IV were 
observed at 414 Da (an increase of 6 amu), suggesting once again the presence of the 6 15N ring 
atoms in each of the two intermediates (Figure 10b). We tentatively identified the intermediates 
as either a photorearranged carbinol (III) or a rearranged ketone (IV) formed via initial loss of 
1NO from CL-20 and the gain of 1H from water (Figure 11). Bulusu et al. (1970) reported 
similar rearrangements during electron impact - spectrometric analysis of cyclic nitramines.      
When photolysis was conducted in either H2

18O or D2O the 408 Da intermediate was observed at 
408 and 409 Da, respectively, suggesting that water acted as H (or D) donor during its reaction 
with CL-20 (Figure 11).  The presence of 18O2 during photolysis did not affect the detected mass 
ions, but we detected the labeled 18O in nitrate (N18O16O2

-) only.  
 
Cleavage of N-NO2.  The two LC/MS peaks V and VI, with retention times at 9.0 and 9.9 min, 
respectively, showed the same [M – H]- at 345 Da and matched a molecular formula of 
C6H6N10O8  (Figures 9 E and 10-V,VI). Once again when we photolyzed the ring labeled 15N-
[CL-20] the two intermediates V and VI showed their [M-H] at 351 Da (an increase of 6 amu), 
suggesting the involvement of 6 15N atoms in the formation of each product (Figure 10b).  We 
tentatively identified V and VI as a pair of isomers of the diene products formed after the 
successive loss of two nitro groups from CL-20 (Figure 12).   
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Figure 11  Postulated photorearrangement route of CL-20 at 300 nm in CH3CN/water (50 % v/v). 
Bracketed compounds were not observed. 
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Figure 12  Postulated photodenitration route of CL-20 at 300 nm in an aqueous acetonitrile solution. 
Bracketed compounds were not observed. 

 
 

We also detected an intermediate with a r.t. at 2.0 min. and a [M – H]- at 381 Da with a 
characteristic mass ion fragment at 190 Da, matching a molecular formula of C6H10N10O10. 
When conducting photolysis of CL-20 in either H2

18O or D2O the 381 Da products appeared at 
385 Da and its mass ion fragment appeared at 192 Da, suggesting that 2 H2O molecules reacted 
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with the former product (V) (Figure 13). We presume that both rearrangements described above 
for monocyclic nitramines RDX and HMX might also be applicable to polycyclic nitramines 
such as CL-20.   
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Figure 13  Postulated secondary decomposition routes following initial denitration of CL-20. Bracketed 
compounds were not observed. 

 
When photolysis was repeated in the presence of 18O2 no 18O was detected in either 

intermediate. The intermediate was tentatively identified as the hydrolytic ring cleavage product 
(VII) of the diene V (or VI) (Figure 13). Previously we found that following RDX 
photodenitration H2O reacts with the generated enamine bond (-C=N-) to produce an unstable 
carbinol that dissociates rapidly in water to HCHO, N2O and 4-nitro-2,4-diazabutanal (Hawari et 
al., 2002).  We thus suggest that a similar pathway might be responsible for the formation of VII 
during the photolysis of the polycyclic nitramine CL-20 (Figure 13).    
 
Reaction stoichiometry and regioselectivity of denitration.  Figure 8 shows that the initial 
disappearance of the energetic chemical at 300 nm (0.168 µmol.min-1) was accompanied with the 
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formation of NO2
-
 (0.237 µmol.min-1), HCOOH (0.219 µmol.min-1) and NH3 (0.011 µmol.min-1). 

The formation of NO2
-
 and HCOOH was concurrent with the disappearance of CL-20, but NH3 

seemed to appear only after 5 min of photolysis. The delay in the detection of NH3 as shown in 
Figure 8 suggested the involvement of an inner aza N in its formation which first necessitated 
ring cleavage following denitration.   

After 16 h, the reaction stoichiometry for the reacted CL-20 (1.2 µmol) was 6.11 µmole 
for NO2

- and NO3
-, 1.65 µmole for NH3 and 6.34 µmole for HCOOH, suggesting that 

approximately 5 of 6 peripheral NO2
 and 5.3 carbon atoms in CL-20 were detected in the form of 

NO2
- and HCOOH, respectively. The remaining nitrogen (mainly ring aza) was involved in the 

production of N2O (0.267 µmol), N2 (trace) and unidentified products.   
The rapid initial formation of nitrite and most importantly HCOOH was more likely 

attributed to an initial denitration step followed by a rapid ring cleavage possibly at the elongated 
C-C bond bridging the two cyclopentane rings (Figure 12). We suggested that following 
homolysis of an N-NO2 bond, the resulting N-centered free radical would undergo a rapid 
rearrangement to get rid of the strained rigid structure with the loss of another .NO2 radical to 
give the diene V (or its isomer VI) (Figure 12). Patil and Brill (1991) reported that following N-
NO2 homolytic cleavage of CL-20 the molecule could undergo rapid ring opening to rid itself 
from the strained rigid structure. The diene V (Figure 12) has two reactive allylic N-NO2 bonds 
that might also undergo rapid homolytic cleavage with light, supporting the rapid release of 4 
NO2

- as nitrite ion during the first 10 min of photolysis (Figure 8). Several researchers studied the 
regioselectivity of cleaving the N-NO2 bond during photolysis of CL-20 in the solid phase (Pace, 
1991; Ryzhkov and  McBride, 1996) and concluded that one of the N-NO2 bonds located at one 
of the two five-member rings in CL-20 are preferentially cleaved. The formation of NO2

- during 
photolysis of CL-20 can be achieved by either concerted elimination of HONO or direct 
homolysis of an N-NO2 bond. Such reactions have been frequently reported to occur during 
photolysis of RDX and HMX (Zuckermann et al., 1987; Capellos et al., 1989; Peyton et al., 
1999; Hawari et al., 2002). The energy associated with 254 and 300 nm is 472 and 400 kJ mol-1, 
respectively, and therefore either wavelength should be sufficient to cleave the N-NO2 bond(s) 
(BDE 204.9 kJ mol-1; Behrens and Bulusu, 1991) in CL-20.  

The secondary reactions responsible for the formation of products such as HCOOH, NH3 

and N2 are not clear yet.  However, we presumed that the decomposition of the unstable diols 
(VII) (Figure 13) of the diene V (or its isomer VI) would lead to their formation. Likewise the 
hydrolytic decomposition of either intermediate III or IV (Figure 11) could lead to HCOOH, NH3 
and NO2

-. Interestingly, when we hydrolyzed CL-20 at pH 10 we found that the removal of the 
nitramine was accompanied by the formation of 2, 1 and 0.5 molar equivalents of NO2

-, NH3 and 
HCOOH, respectively (Balakrishnan et al., 2003). We also showed that a denitrifying bacterium 
(Pseudomonas strain FA1) could degrade the energetic chemical via initial enzymatic denitration 
to produce nitrite, nitrous oxide and HCOOH (Bhushan et al., 2003a). The striking similarity in 
the product distribution of the present photolysis study and those of the alkaline hydrolysis and 
biodegradation of CL-20 suggests that initial denitration whether chemical, photochemical or 
enzymatic is sufficient to decompose the energetic chemical to produce almost similar products. 
 
Photodegradation of CL-20 with sunlight.  Quartz tubes (20 mL) charged with 15 mL of an 
aqueous solution of CL-20 (2.8 mg/L) were placed perpendicular to soil and exposed to sunlight 
during daytime and kept inside overnight. At the end of each exposure day, the number of 
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exposure hours was reported along with the average temperature and the UV index of the day, 
and an aliquot of solution was collected for analysis of CL-20 by HPLC. Two of the tubes were 
covered with white paper and subjected to same exposure periods, for controls. Experiments 
were conducted in duplicate. 

Photolysis of CL-20 with sunlight was tested in October, in Montreal (QC, Canada), 
when temperatures do not exceed 15°C to avoid thermal decomposition (Monteil-Rivera et al., 
2004). Data presented in Figure 14 clearly indicate degradability of CL-20 upon exposure to 
sunlight.  
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Figure 14  Photolysis of aqueous solutions of CL-20 with sunlight. Error bars represent standard 
deviation of duplicate experiment. Average temperature and average UV index are also reported for each 
day of exposure to interpret the variation of rates in the degradation. 

 
While a loss of 8 % was measured in the covered controls after almost 80 h of exposure, 

93 % of CL-20 disappeared in the uncovered tubes during the same period. A decrease of the 
degradation rate was noticed at the end of days 3 (21 h) and 6 (42 h). The decrease in degradation 
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rate coincided with a lower mean UV index. Variations of both the temperature and the UV 
index over the exposure time prevented us from applying a kinetics model to the data. However, 
the initial degradation rate was calculated and CL-20 was found to decompose at a rate of 2.1 µg 
h-1 (4.8 nmol h-1). With the aim to limit thermal decomposition, the period of the year selected to 
run this experiment gave rise to low UV indexes (1 to 3) on a scale that can exceed 11. We 
demonstrated degradability of CL-20 despite prevailing cloudy days in October. We thus expect 
that during summer and/or in regions that are more UV-exposed than Montreal, photolysis of 
CL-20 would occur at a higher rate.   
 
Conclusion 
 

Photolysis of CL-20 at 300 nm led to rapid decomposition and to the formation of nitrite 
and HCOOH in almost stoichiometric amounts after 16 h. Reaction at shorter wavelengths (λ254 
nm) was much more rapid, but reaction at longer wavelengths (λ350 nm or sunlight) was much 
slower. Following the detection of several transient intermediates we suggested that initial 
photorearrangement and homolysis of one of the N-NO2 bond(s) might have been responsible for 
the decomposition of CL-20. However, we were unable to quantify the relative importance of 
each route in the decomposition process. The discovery of several CL-20 intermediates and the 
knowledge gained on their reactions should provide insight into the mechanism of CL-20 
photodecomposition and thus help predict the environmental fate and impact of the energetic 
chemical. Future experiments conducted with 15N-labeled CL-20 will be very useful to 
understand the secondary reactions routes leading to HCOOH and NH3.  
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IX Degradation of CL-20 by iron (0) 

 
This work was published in; 
Balakrishnan VK, Monteil-Rivera F, Halasz A, Corbeanu A, Hawari J. (2004)  Decomposition of the 
polycyclic nitramine explosive, CL-20, by Fe0. Environ. Sci. Technol.  38: 6861-6866, attached at the 
end of the present report. 
 
 
Introduction 
 

 With the anticipated wide use of the emerging explosive CL-20 and the recent 
demonstration of its toxicity towards certain soil invertebrates (Robidoux et al., 2004) there is 
the potential for soil and groundwater contamination. In this context, applying cost effective 
remediation technologies to remove the chemical from contaminated environments may become 
necessary. Earlier we showed that CL-20 was highly unstable in alkaline solutions (Balakrishnan 
et al., 2003) but applying alkaline hydrolysis on site by changing soil pH may disturb local 
populations and therefore cause some damages. We thus decided to investigate a different 
technology that could be applied in a contaminated site without generating excessive adverse 
effects. 

Zerovalent iron has been widely used to degrade a variety of oxidized chemicals. For 
instance, Fe0 was found to degrade inorganic compounds like nitrate ion (Alowitz and Scherer, 
2002; Westerhoff and James, 2003; Su and Puls, 2004), chlorinated solvents such as 
perchloroethylene (PCE) and carbon tetrachloride (CCl4) (Helland et al., 1995; Scherer et al., 
2000; Rosenthal et al., 2004), emerging contaminants in drinking water like N-
Nitrosodimethylamine (NDMA) (Gui et al., 2000; Odziemkowski et al., 2000), and munitions 
wastes such as trinitrotoluene (TNT) (Hundal et al., 1997). Recent studies showed that the 
monocyclic nitramine explosive, RDX, could be readily degraded by Fe0 (Hundal et al., 1997; 
Singh et al., 1998, Oh et al., 2001) or FeII (Gregory et al., 2004), and that permeable reactive 
barriers containing zerovalent iron may be effective for remediation of RDX-contaminated sites 
(Hundal et al, 1997; Singh et al., 1998, Comfort et al., 2003). With six N-NO2 groups, CL-20 is 
also a good candidate for transformation via reductive processes and zerovalent iron could be 
seen as a potential treatment technology applicable to the energetic chemical.  In the present 
study, Fe0 was employed to degrade CL-20 and LC/MS was used to detect new degradation 
products and therefore gain insight into its degradation routes. Understanding the degradation 
pathways of CL-20 will contribute to the development of effective remediation strategies.    
 
Material and Methods 
 
Chemicals. ε-CL-20, [15N]-amino labeled CL-20, and [15N]-nitro labeled CL-20 were provided 
by A.T.K. Thiokol Propulsion (Brigham City, UT). Fe0 powder (100 mesh) having a surface area 
of 0.9821 m2/g (determined by BET analysis, Micromeritics, Norcross, GA, USA) and oxygen 
and carbon contents of 0.54 and 0.28 %, respectively, was obtained from Anachemia Chemicals 
(Montreal, QC, Canada), as was glycolic acid. Glyoxal (ethanedial), O-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA), ferrozine (3-(2-pyridyl)-5,6-
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diphenyl-1,2,4-triazine-p,p’-disulfonic acid, monosodium salt), and iron (II) sulfate were 
obtained from Aldrich Chemicals. All other chemicals used in this study were of reagent grade, 
and used without further purification. 

 
Degradation of CL-20 by Fe0.  A series of 20 mL vials wrapped in aluminum foil and containing 
10 mL of deionized water and 0.1 g Fe0 powder were sealed with Teflon coated serum caps and 
sparged with argon for 20 minutes. The redox potential of the solution was occasionally 
measured after sparging and found to be –225 mV, demonstrating the anaerobic atmosphere of 
the medium. An aliquot of CL-20 stock solution (1 % w/v) prepared in acetonitrile was then 
added to the vials, giving an initial amount of CL-20 of 2.4 µmol. The initial CL-20 
concentration (100 mg L-1) was kept well in excess of its maximum water solubility (ca. 3.6 mg 
L-1 at 25 oC (Monteil-Rivera et al., 2004)) in an attempt to generate sufficient amounts of 
reaction intermediates to allow detection. The vials were agitated at 50 rpm in a rotary shaker. 

The following eight controls were prepared as described above:  1) Fe0, CL-20, water, in 
air; 2) Fe0, CL-20, dry acetonitrile, under argon; 3) Fe0, CL-20, dry acetonitrile and H2 gas; 4) 
Fe(SO4), CL-20, water, under argon; 5) Fe0, HCOO-, water, under argon; 6) Fe0, glyoxal, water, 
under argon; and 7) Fe0, NO2

-, water, under argon; 8) Fe0, N2O, water, under argon.   
 
Abiotic degradation of CL-20 in SAC soil (pH 8.1). Gamma-irradiated SAC soil (1.5 g) was 
added to 10 mL of an aqueous solution of CL-20 (500 µg or 1.14 µmol) in a 60-mL serum 
bottles. The bottles were sealed with Teflon coated septa and aluminum caps and covered with 
aluminum foil. The soil slurries were then shaken (400 rpm) at room temperature. At a given 
time, three samples were sacrificed and 10 mL of acetonitrile were added to the whole reaction 
mixture to solubilize any undissolved CL-20. The resulting solution was filtered through a 0.45-
µm syringe filter and CL-20 was analyzed by HPLC connected to a photodiode array (PDA) 
detector as described previously (Monteil-Rivera et al., 2004). Degradation products were 
analyzed as described in section VI. 
 
Analytical Techniques. A gas-tight syringe was used to sample gaseous products from the 
headspace for subsequent analysis of nitrous oxide by GC-ECD as described by Sheremata and 
Hawari (2000b).  Meanwhile, at the end of each reaction 10 mL of acetonitrile (CH3CN) were 
added to the whole reaction mixture to solubilize any undissolved CL-20. The resulting solution 
was filtered through a 0.45-µm syringe filter and CL-20 was analyzed by HPLC connected to a 
photodiode array (PDA) detector as described previously (Annual report 2002; Monteil-Rivera et 
al., 2004).   

Analyses of nitrite (NO2
-), nitrate (NO3

-), formate (HCOO-), and glycolate (HOCH2COO-) 
were performed by ion chromatography (IC) equipped with a conductivity detector after 
evaporating acetonitrile and removing the glyoxal by precipitation with O-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA). The Waters IC system consisted of a 
Model 600 Pump, a Model 717 Autosampler Plus, and a Model 430 Conductivity Detector. 
Separation was performed on a DIONEX IonPac AS15 column (2 × 250 mm). The mobile phase 
was 30 mM KOH for nitrite and nitrate and 5 mM KOH for formate and glycolate, at a flow rate 
of 0.4 mL/min and 40 oC. The detection of anions was enhanced by reducing the background 
with a Model DS-Plus autosuppressor from ALTECH (Guelph, ON, Canada). Ammonia was 
determined by ion chromatography (IC). The IC system consisted of a resin based Hamilton 



 34 

PRP-X200 cation chromatography column (250 mm × 2.1 mm), a TSP Model P4000 pump, an 
AS3000 Autosampler, and a Waters Millipore Model 431 conductivity detector. The mobile 
phase was 4 mM nitric acid with 30% methanol at a flow rate of 0.75 mL/min at 40oC. 

In order to provide insight into the role of iron in catalyzing CL-20 degradation, the 
presence of Fe2+ and Fe3+ was determined using Stookey’s Ferrozine method (Stookey, 1970).  
Briefly, 100 µL of a 0.05 M solution of ferrozine was added to 2 mL of the filtered CL-20 / Fe0 
reaction mixture, and heated to ca. 80oC for 10 min.  The solution was cooled to 2 oC and 
ammonium hydroxide/ammonium acetate buffer (pH 9) was added to achieve a solution pH of 6. 
The absorbance of the resulting magenta colored solution of FeII complex was measured at 562 
nm, and the concentration of FeII in the sample was determined by comparison against a standard 
curve prepared using ferrous ammonium sulfate. To determine FeIII, hydroxylamine 
hydrochloride (10 % v/v) was added to the filtered CL-20/Fe0 reaction mixture in order to reduce 
FeIII to FeII. The converted FeII was then determined by the same procedure, and [FeIII] was 
calculated by subtracting the amount of FeII found in the CL-20/Fe0 reaction mixture prior to the 
addition of hydroxylamine hydrochloride from the amount of FeII found after the addition of the 
amine.  

Glyoxal (CHO-CHO) was determined as its derivatized product with PFBHA (Bao et al., 
1998). A solution of PFBHA (15 g L-1; 20 µL) was added to 0.5 mL of aqueous sample and the 
pH was adjusted to 3 with 5% HCl. After 1 h of reaction in the dark and at room temperature, 1 
mL of acetonitrile was added to the mixture, and the resulting solution was analyzed by 
HPLC/UV-MS. The derivatized compound was analyzed in the positive electrospray mode (ES+) 
using a Micromass bench-top single quadrupole mass detector attached to a Hewlett Packard 
1100 Series HPLC system equipped with a DAD detector. Separation was performed on a 
Supelcosil C8 column (25 cm × 4.6 mm, 5 µm) at 35oC using 1 mL/min of acetonitrile/water 
gradient (60 % of acetonitrile to 90 %, 10 min, 90% to 60%, 2 min, and 60 %, 6 min). The 
identity of the derivatized compound was confirmed by comparing the mass spectrum obtained 
with that obtained with glyoxal and quantification was done by UV at 250 nm. 

 Intermediate products of CL-20 were analyzed by LC/MS using a Bruker bench-top ion 
trap mass detector attached to a Hewlett Packard 1100 Series HPLC system equipped with a 
DAD detector. The samples were injected into a 5 µm-pore size Zorbax SB-C18 capillary 
column (0.5 mm ID by 150 mm; Agilent, CA) at 25°C. The solvent system was composed of a 
CH3CN/H2O gradient (30 to 70 % v/v) at a flow rate of 15 µL/min. For mass analysis, negative 
electrospray ionization was used to produce deprotonated molecular ions [M–H]� or nitrate 
adducts ions [M+NO3]�. The mass range was scanned from 40 to 550 Da. The identity of the 
intermediates was confirmed using [15N]-amino and [15N]-nitro labeled CL-20. 
 Nitrogen gas (15N14N and 15N15N) and nitrous oxide (15N14NO and 15N15NO) were 
analyzed using a Hewlett-Packard 6890 GC (Mississauga, ON, Canada), coupled with a 5973 
quadrupole mass spectrometer. A GS-gas Pro capillary column (30 m × 0.32 mm) (J & W 
Scientific, Folsom, CA) was used under splitless condition. The injector and mass spectrometer 
interface (MSD) were maintained at 150oC and 250oC, respectively. The column was set at –
25oC for 1.5 min and then raised to –10oC at a rate of 10oC/min which was held for 5 min. The 
MSD was used in the scan mode (electron impact) between 10 to 50 Da.  
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Accomplishments 
 
Degradation of CL-20 with iron. Figure 15 shows that CL-20 (2.4 µmol) completely degraded 
within 10 h of reaction with Fe0 (under anaerobic conditions) to form HCOO-, NO2

-, NH4
+, and 

N2O.  These products are the same as those reported in previous studies on the alkaline 
hydrolysis (Balakhishnan et al., 2003), photolysis (Hawari et al., 2004), and microbial 
degradation (Bhushan et al., 2003a) of CL-20. Formaldehyde, which is a common degradation 
product of RDX and HMX, was not detected here. However, while RDX and HMX are cyclic 
oligomers of methylene nitramine, CH2-NNO2, CL-20 contains the repeating unit CH-NNO2 
where each carbon atom is bound to another carbon (Figure 1). Moreover, whereas RDX and 
HMX are both synthesized from formaldehyde, glyoxal (CHO-CHO) is used as the starting 
material in the synthesis of CL-20 (Wardle et al., 1996; Sikder et al., 2002). We thus investigated 
the presence of glyoxal as a possible degradation product of CL-20. 
 
 

0 10 20 30 40 50
0

1

2

3

4

 CL-20
 HCOO-

 CHO-CHO
 CH

2
OH-COO-

A

 

 

C
L-

20
 a

nd
 p

ro
du

ct
s 

(µ
m

ol
)

0 10 20 30 40 50
0

2

4

6

8

 CL-20
 N

2
O

 NH
4

+

 NO
2

-

B

 

 

C
L-

20
 a

nd
 p

ro
du

ct
s 

(µ
m

ol
)

Time (h)  
Figure 15  Time course of the Fe0-mediated anaerobic degradation of CL-20 in water. (A) Carbon-
containing compounds.  (B) Nitrogen-containing compounds. Data points are the mean and error bars the 
average deviation (n = 2). 
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Figure 16 shows the chromatograms obtained upon separately derivatizing the reaction 

mixture and a reference standard of glyoxal with PFBHA. The exact match between the sample 
and the standard conclusively proved that glyoxal was a product of CL-20 degradation, and to the 
best of our knowledge, this is the first such report. Glyoxal was analyzed throughout the reaction 
(Figure 15A) as the derivatized product of PFBHA.  

 
 

 
 
Figure 16  LC/UV chromatograms at 250 nm showing the detection of glyoxal. (A) CL-20/Fe0 reaction 
solution after derivatization.  (B) Glyoxal standard solution after derivatization with 
pentafluorobenzylhydroxylamine.  (C) MS (ES+) obtained for both the standard and the sample. 

 
Since Figure 15A clearly shows that glyoxal (CHOCHO) was a transient species, we 

analyzed for its potential decomposition product(s). It has been reported that glyoxal in the 
presence of multivalent metal ions including FeII can be transformed into glycolic acid (Kiyoura 
and Kogure, 1997). A control containing glyoxal (2.67 µmol) and iron (0.1 g) led to the 
production of glycolic acid (CH2OHCOOH) (1.16 µmol), demonstrating the transformation of 
glyoxal into glycolic acid under the present conditions. As a consequence, glycolic acid was also 
measured in the reaction medium (Figure 15A). Unlike glyoxal, formate did not react with iron 
under the current conditions. 

 
Figure 15B summarizes the nitrogen-containing products of CL-20. Of the nitrogen-

containing products N2O and ammonia (detected as NH4
+) appeared to be stable as demonstrated 

by stirring Fe0 (0.1 g) with 2 µmol of NH4Cl or 0.11 µmol of N2O. The transformation of nitrite 
after 16 h is consistent with the findings of other researchers who observed that Fe0 could 
chemically reduce nitrite to ammonium (Scherer et al., 2000; Kielemoes et al., 2000; Alowitz 
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and Scherer, 2002). An experiment was specifically designed to evaluate the transformation of 
nitrite with iron under the present conditions. After contacting Fe0 (0.1 g) with an aqueous 
solution of nitrite (2.4 µmol) for 16 h, NH4

+ (0.6 µmol), N2O (0.12 µmol), and N2 (not 
quantified) were observed along with unreacted nitrite (0.9 µmol). A fraction of the ammonium 
and nitrous oxide detected at the end of the reaction likely resulted from the reduction of nitrite 
ions, as supported by the detection of 15N15NO (46 Da) when using 15N-nitro labeled CL-20. 

After 4 h of reaction, 83 % of CL-20 was transformed to give a carbon mass balance of 
46.5 % that was distributed between HCOO- (formate, 4.9 %) and CHO-CHO (glyoxal, 41.6 %). 
Analysis of the reaction medium by LC/MS at this time confirmed the presence of several 
intermediates in the system (see next section).  At the end of the reaction (48 h) the carbon mass 
balance decreased to 32.4 % and was distributed as follows:  HCOO- (formate, 6.8 %), CHO-
CHO (glyoxal, 12.1 %), and CH2OH-COO- (glycolate, 13.5 %). The amount of glyoxal 
significantly decreased between 4 and 48 h to produce glycolate. However, the decrease in total 
C mass balance shows that glycolate was not the only product of glyoxal. The latter is a highly 
reactive dialdehyde (Vyas et al., 2001) that can readily condense with alcohols and amines, 
which are suspected products in the system. 

As for the nitrogen mass balance, it was 60.7 % after 4 h, distributed amongst NO2
- (19.6 

%), N2O (35.5 %), and NH3 (5.6 %). The use of [15N]-amino labeled CL-20 led to the detection 
of a mass ion of 29 Da corresponding to 15N-14N, confirming that N2 was a product of CL-20, but 
we were unable to quantify it.         
 
Insights into the role of Fe0 in initiating the decomposition of CL-20.  Oxidation of Fe0 to FeII 
in water is concomitant with a release of hydroxide ions in solution (Equation 1), so that one 
might expect a pH increase as the reaction evolves. Since hydrolysis of CL-20 has been observed 
under alkaline conditions (Balakrishnan et al., 2003), a possible initiator for CL-20 
decomposition was the OH- resulting from oxidation of iron. The pH was thus measured at the 
end of each reaction and was found to remain constant at approximately 5.5, even after 120 h of 
reaction. The formation of formic and glycolic acids as products of CL-20 may be responsible for 
the pH stabilization. Hydrolysis of CL-20 was therefore excluded as a potential degradation 
route.  

 
2 H2O Fe2+ H2 2 OH-Fe0

+ + + (1)
 

 
In the Fe0-H2O system, there are three main reductants present upon the anaerobic 

corrosion of the metal:  Fe0, FeII, and H2 (Matheson and Tratnyek, 1994). Neither iron powder in 
dry CH3CN nor iron powder in dry CH3CN in the presence of H2 were able to degrade CL-20 
(data not shown), suggesting that Fe0 or H2 would not be responsible for CL-20 decomposition. 
This observations added to the formation of FeIII upon reduction of CL-20 led us to attribute the 
reductive process to FeII. For instance, we found that after 6 h of contact between CL-20 and Fe0 
approximately 5 ppm (0.89 µmol) of FeIII was detected. By contrast, an oxygen-free control 
solution containing only Fe0 and water (i.e. no CL-20) produced a negligible quantity of FeIII ion 
in the same time span. When CL-20 (2.3 µmol) was mixed with FeSO4 (3.56 µmol, 200 ppm in 
FeII as measured by Stookey’s method) degradation did not occur, indicating that Fe2+ ions in 
solution were not responsible for the degradation of CL-20. Since dissolved Fe2+ ion had no 
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impact on CL-20 degradation, the e- transfer to the energetic chemical that caused its degradation 
must have involved surface-bound Fe2+. The involvement of surface bound Fe2+ was noted 
earlier for the destruction of a wide variety of environmental organic contaminants including 
CCl4 (Helland et al., 1995; Scherer et al., 2000), trifluralin (Klupinski and Chin, 2003), 
nitrobenzenes (Klausen et al., 1995; Charlet et al., 1998) and the nitramine, RDX (Gregory et al., 
2004).   

Note that in the presence of oxygen, Fe0 can still form Fe2+ (equation 2), but the electrons 
generated from Fe2+ oxidation are trapped by triplet oxygen, TO2 (a diradical in the ground state), 
instead of initiating CL-20 destruction. As a result, CL-20 degradation was not observed when 
the experiment was conducted in air. 

O2 2 H2O 2 Fe2+ 4 OH-2 Fe0 + + + (2)
 

Thus, in the absence of air, the oxidation of surface-bound FeII to FeIII and the subsequent 
transfer of a single electron to CL-20 were likely responsible for the degradation of the energetic 
chemical. The resulting CL-20 anion radical is expected to rapidly denitrate to undergo 
spontaneous decomposition as observed by Bhushan et al. (2004b) when challenging CL-20 with 
salicylate 1-monooxygenase (see section XI). According to the crystal structure analysis of CL-20 
(Zhao and Shi, 1996), the elongated C-C bond at the top of the molecule (bond denoted a in 
Figure 1) is the weakest bond and should cleave first.    

 
Potential initial decomposition routes of CL-20 
 
Note: Throughout the present report, structures of CL-20 intermediates are tentatively identified based 
on LC/MS data and our previous experience in analyzing nitramines compounds. However, isomeric 
structures could also be possible. 

    
Several intermediates were observed during biodegradation (Bhushan et al., 2004a & 

2004b) and photolysis (Hawari et al., 2004) of CL-20. Among them, the imine (Ia) and its 
dicarbinol (II) intermediates with retention times of 8.6 and 14.0 min, respectively (Figure 17A), 
and [M-H]- ions at 345 and 381 Da, respectively (Figure 17B), also appeared when reacting CL-
20 with Fe0. Imine Ia can be readily hydrated in water (March, 1985) and form the α-
hydroxyalkylnitramine II. The resulting α-hydroxynitramines are unstable (March, 1985), and 
are expected to undergo a rapid ring cleavage (across the O2NN-COH bond) to ultimately 
produce formate from the elongated C-C bond and glyoxal from the remaining two C-C bonds in 
CL-20. 

We were also able to detect two new intermediates (III and IV) with retention times at 
16.8 and 16.3 min, respectively (Figure 18A). The two intermediates had their [M-H]- at 421 and 
405 Da each matching an empirical formula of C6H6N12O11 or C6H6N12O10, respectively (Figure 
18B). The corresponding nitrate adduct ions [M+NO3

-]- were detected at 484 and 468 Da, 
respectively. Using 15N ring labeled and 15NO2 labeled CL-20, III and IV were detected at 427 
and 411 Da, respectively, representing an increase of 6 amu in each case due to the presence of 
six 15N atoms. In the case of 15N-amino labeled CL-20 the adduct mass ions of the III and IV 
appeared at 490 and 474 Da, respectively also showing an increase of 6 amu.   However, in the 
case of 15NO2 labeled CL-20, the adduct mass ions of III and IV appeared at 491 and 475 Da, 
respectively, representing an increase of 7 amu.  
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Figure 17  Typical LC/MS chromatograms of intermediates Ia and II formed upon the double denitration 
of CL-20 in the Fe0-mediated reaction. (A) Extracted Ion Chromatogram (EIC) of m/z = 345 Da (Ia and 
Ib) and 381 Da (II). (B) Mass spectra and structures of Ia and II.  

 
The extra 1 amu was attributed to the involvement of 15NO3

- originated from the 15NO2 
labeled CL-20. A similar nitrate adduct was detected during LC/MS analysis of CL-20 (500 Da) 
(Hawari et al., 2004). We tentatively identified III and IV as the mononitroso and the dinitroso 
derivatives of CL-20 (Figure 18B). As far as we are aware this is the first observation of nitroso 
products of CL-20. The transient observation of initially reduced nitroso products III and IV 
highlights the potential occurrence of second initial degradation route for CL-20, i.e. the 
sequential reduction of N-NO2 groups to the corresponding N-NO derivatives. Similar reduction 
has been reported for RDX with iron (Oh et al., 2001; Gregory et al., 2004), but no such 
reactions were known with CL-20.    
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Figure 18  Typical LC/MS chromatograms of early intermediates III and IV in the Fe0-mediated 
decomposition of CL-20. (A) Extracted Ion Chromatogram (EIC) of m/z = 484 Da (III) and 468 Da (IV). 
(B) Mass spectra and structures of III and IV.  

 
 
Finally, Figure 19 shows the presence of two other key intermediates (V and VI) of CL-20 with 
their LC/MS peaks appearing at retention times of 13.9 and 13.4 min and their deprotonated 
molecular mass ions at 392 Da and 376 Da, respectively. The two intermediates showed their 
nitrate adduct ions [M+NO3

-]- at 455 and 439 Da, respectively (Figure 19B). The use of 15NO2 
labeled CL-20 led to the observation of V and VI at 397 and 381 Da, respectively, suggesting the 
loss of one NO2 from CL-20. Intermediate V (Figure 19B) was tentatively identified as the 
denitrohydrogenated intermediate while intermediate VI (Figure 19B) was tentatively identified 
as its denitrohydrogenated mononitroso product of CL-20. The formation of the last two 
intermediates resembles the known pathway of the reductive dechlorination of polychlorinated 
compounds by zerovalent iron (dehalohydrogenation) (Helland et al., 1995; Scherer et al., 2000) 
where there is an apparent substitution of hydride for the leaving group (Cl- or NO2

-). While the 
finding that CL-20 can degrade via multiple pathways is important, the absence of reference 
standards for these newly-detected intermediates prevented us from determining the quantitative 
contribution of each route in the decomposition of CL-20.    
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Figure 19  Typical LC/MS chromatograms of intermediates V and VI in the Fe0-mediated decomposition 
of CL-20. (A) Extracted Ion Chromatogram (EIC) of m/z = 455 Da (V) and 376 Da (VI). (B) Mass 
spectra and structures of V and VI.   

 
 

Conclusion 
 
 This study demonstrates that elevated concentrations of CL-20 (100 mg/L) can be 
efficiently decomposed within a few hours in the presence of zerovalent iron in water in the 
absence of oxygen. The technology of permeable reactive barriers composed of Fe0 therefore 
holds great promise to rapidly remediate this potential emerging contaminant from anaerobic 
subsurface soils. While nitrous oxide and ammonium constitute the major nitrogen-containing 
products, formate, glyoxal and glycolic acid were discovered as important products contributing 
to the carbon mass balance. Glyoxal is a known toxic chemical (Shangari et al., 2003) and its 
formation as a product of CL-20 will require investigating its fate under natural conditions. 
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X Sorption-desorption of CL-20 on soil 

 
This work was published in: 
Balakrishnan VK, Monteil-Rivera F, Gautier MA, Hawari J. (2004) Sorption and Stability of the 
polycyclic nitramine explosive CL-20 in soil. J. Environ. Qual. 33: 1362-1368. 
.    

 
Introduction 
 

Sorption of organic chemicals to soil is a major process that can affect their mobility, 
degradation and toxicity by reducing their availability. A fundamental understanding of sorption 
and desorption mechanisms is therefore essential for the accurate prediction of the fate and 
impact of organic contaminants in soils and groundwater. Previous studies performed with the 
monocyclic nitramine RDX (Leggett, 1985; Sheremata et al., 2001) and HMX (Brannon et al., 
2002; Monteil-Rivera et al., 2003) revealed that both nitramines had a very low tendency to 
sorption and that this sorption was governed by the clay rather than the organic content of soil. 
To our knowledge, the sorption/desorption behavior of CL-20 in soils has never been reported in 
the literature. We therefore measured sorption/desorption isotherms for CL-20 with five slightly 
acidic soils of varying organic content and then measured the extent of sorption on minerals to 
evaluate the respective contribution of organic matter and minerals in immobilizing the 
explosive. Since we showed that CL-20 readily undergoes denitration under alkaline conditions 
in water (pH 10) (see section VII), we also found it useful to investigate the role of 
sorption/desorption on CL-20 hydrolysis in alkaline soils. In particular, one issue needed to be 
addressed: does sorption of CL-20 onto soil affect its hydrolysis kinetics? 

Further work was conducted to (1) determine whether the high affinity of CL-20 towards 
certain soils was attributable to the physical structure or to the chemical composition of the 
organic matter and to study the effect of aging on CL-20 availability; and (2) determine CL-20 
degradation products in soil under both biotic and abiotic conditions and (3). The results of this 
research are presented in this section. To distinguish between the affinity of CL-20 with the 
amorphous or the more condensed organic matter in soil, three of the above soils (VT, FSB and 
FS, Table 5) were washed several times with 0.1 M NaOH. The extracted organic matter was 
precipitated using HCl. Both the alkali-washed residue (adjusted to pH ~ 5) and the extracted 
organic matter were analyzed for CHNS and O, and subjected to sorption experiments to assess 
their respective affinity for CL-20. 
 
Material and Methods 
 
Chemicals.  Silica (grade 60, 60-200 mesh), Iron (III) oxide (5 µm, > 99 % pure), Kaolinite and 
Montmorillonite K10 were obtained from Aldrich and used as received. Monoclinic illite shale 
{(K, H3O)(Al, Mg, Fe)2 (Si, Al)4 O10 [(OH)2, H2O]} was obtained from Ward’s Natural Science 
Establishment, Inc. (Rochester, NY), ground and passed through a 2-mm sieve. The pH of the 
powdered illite (initially 8.60) was adjusted to 5.4 using HCl in the sorption experiments. All 
other chemicals were of reagent grade and used without purification. CL-20 (in ε-form) and 
[14C]-CL-20 were provided by A.T.K. Thiokol Propulsion (Brigham City, UT). A standard soil 
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humic acid was obtained from the International Humic Substances Society (IHSS) 
(http://www.ihss.gatech.edu/) and sterilized by gamma irradiation. All other chemicals used in this 
study were of reagent grade. 

 
Soil characteristics.  Seven soils were used in this study: 1) a Sassafras sandy loam (SSL) 
sampled in an uncontaminated open grassland on the property of US Army Aberdeen Proving 
Ground, (Edgewood, MD); vegetation and the organic horizon were removed to just below the 
root zone and the top 15 cm of the A-horizon was collected; 2) a sandy agricultural topsoil (VT) 
originating from Varennes (QC, Canada) with a total nitrogen and phosphorus of 1100 and 400 
mg.kg-1, respectively; 3) a sandy forest soil from Boucherville, QC, Canada (FSB); 4) a sandy 
forest soil provided by a local supplier (FS), 5) a sandy garden soil (GS) obtained from a local 
supplier; 6) a clay soil from St. Sulpice, QC, Canada (CSS); and, 7) a sandy soil provided by 
agriculture Canada (SAC).  Soils were passed through a 2 mm sieve and air dried prior to use. 
The soils differ with respect to total organic carbon, pH levels, and sand, silt and clay content 
(Table 5). A portion of the VT, CSS and SAC soils was sterilized as described elsewhere 
(Sheremata et al., 2001), by gamma irradiation from a 60Co source at the Canadian Irradiation 
Center (Laval, QC) with a dose of 50 kGy over 2 h. 

To distinguish between the affinity of CL-20 with the amorphous or the more condensed 
organic matter in soil, three of the above soils (VT, FSB and FS, Table 5) were washed several 
times with 0.1 M NaOH. The extracted organic matter was precipitated using HCl. Both the 
alkali-washed residue (adjusted to pH ~ 5) and the extracted organic matter were analyzed for 
CHNS and O, and subjected to sorption experiments to assess their respective affinity for CL-20. 
 

Table 5  Characterization of soilsa used in this study.  

 
Granulometry  

Soil 
% Sand % Silt % Clay 

 
TOC (%) 

 
pH 

VT 83 12 4 2.3 5.6 
SSL 71 18 11 0.33 5.1 
FSB 99.3  0.7b 16 5.7 
FS 89.8 9.1 1.2 20 6.9 
GS 99.4  0.6b 34 6.1 
CSS 2.3 53.2 44.5 0.31 8.1 
SAC 98.6 1.3 0.1 0.08 8.1 

a VT = Varennes Topsoil; SSL = Sassafras Sandy Loam; FSB = Forest Soil Boucherville; GS = Garden Soil; FS = 
Forest soil; CSS = Clay St. Sulpice; SAC = Soil Agriculture Canada.  b Value denotes % silt + clay. 
 
Sorption/desorption procedure. Batch sorption experiments were conducted at ambient 
temperature (21 ± 2°C) in 16-mL borosilicate centrifuge tubes fitted with a Teflon coated screw 
cap. Aqueous CL-20 solutions were prepared to give initial CL-20 concentrations ranging from 
0.5 to 3.5 mg/L. The ratio solid/solution was varied so that an adsorption rate of 25 to 75 % of 
CL-20 was obtained. The tubes were wrapped in aluminum foil and agitated for 2 weeks on a 
Wrist Action® shaker. They were then centrifuged for 30 min at 1170 × g, and the supernatant 
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was filtered through a Millex-HV 0.45 µm filter (Millipore Corp., Bedford, MA). The filtrate 
collected after discarding the first 3 mL was analyzed by HPLC, as described earlier ( Annual 
report 2002; Monteil-Rivera et al., 2004). 

Desorption experiments were conducted by adding deionized water (10 mL) to the pellet 
remaining in the tube after removing the supernatant, and agitating the suspensions for 1 week. 
Samples were then centrifuged, filtered and analyzed as described for sorption experiments. The 
solution volumes that remained in the soil at the end of the sorption and desorption phases were 
determined by weight and corrections were made to account for CL-20 present in these volumes. 

Sorbed CL-20 was extracted with acetonitrile from the solid recovered after sorption or 
desorption as described in the EPA SW-846 Method 8330 (USEPA, 1997), modified to use an 
acidic calcium chloride solution (CaCl2: 5 g/L; NaHSO4: 0.23 g/L; pH 3) in the sedimentation 
step. 

Six replicates were used for each concentration: three were extracted with acetonitrile 
immediately after sorption, the other three were extracted after desorption. Blanks, containing the 
same amount of sorbent and volume of water, were subjected to the same test procedure for all 
soils, and no interfering peaks were detected. 

Sorption and desorption data were fitted to the linear equation (x/m = KdC) where x/m is 
the mass of solute sorbed per unit mass at equilibrium (mg kg-1), C is the aqueous phase 
concentration of solute at equilibrium (mg L-1) and Kd is the distribution coefficient (L kg-1). The 
organic normalized distribution coefficient Koc was then calculated as: Koc = Kd/foc , where foc 
represents the fraction of organic carbon. 
 
Sorption and Desorption Kinetics. For sorption experiments, an aqueous solution of CL-20 (3 
mg/L) was shaken with soil over a period ranging from 1 h to 14 days. For desorption 
experiments, the soils were first shaken with a 3 mg/L CL-20 solutions for 72 h. After 
centrifugation, the supernatant was removed and the pellet was contacted with fresh deionized 
water during periods varying from 1 h to 6 days. Sorbed CL-20 was extracted from the recovered 
solid using acetonitrile as described above. The kinetics experiments were conducted in 
triplicate. 
 
Sorption/Desorption isotherms.  Aqueous CL-20 solutions were prepared to give initial CL-20 
concentrations ranging from 0.5 to 3.5 mg/L. Isotherms were measured using SSL, VT, FSB, FS 
and GS soils. Sorption experiments were conducted over a period of 65 h for SSL, FS and VT 
soils, and 72 h for FSB and GS soils, while desorption experiments were conducted over a period 
of 24 h (SSL and VT soils) and 48 hours (FSB, FS and GS soils). Following the general 
procedure described above, six replicates were used for each concentration: three were extracted 
with acetonitrile immediately after sorption, the other three were extracted after desorption. 
Blanks containing the same amount of soil and volume of water were subjected to the same test 
procedure for all soils, and no interfering peaks were detected. 

All sorption and desorption data were fitted to the linear [1] and Freundlich [2] equations:  

CK
m
x

d=       [1] 

n
F CK

m
x /1=       [2] 

where x/m is the mass of solute sorbed per unit mass at equilibrium (mg kg-1), C is the aqueous 
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phase concentration of solute at equilibrium (mg L-1), Kd is the distribution coefficient (L kg-1), 
KF is the Freundlich constant that gives a measure of the adsorbent capacity (mg1-1/n kg-1 L1/n), 
and 1/n gives a measure of the intensity of sorption. Because the value of KF depends on the 
value of 1/n for a given sample, KF values cannot be compared between different isotherms. 
Therefore, the extent of sorption and desorption will be compared using the Kd constants, which 
will be denoted Kd

S for sorption and Kd
D for desorption. Although the Kd values vary with 

sorbate concentration for samples that exhibit a high level of non-linearity, we will treat the 
linear model as providing average Kd constants that are representative of the sorption processes 
for each soil. These average values will be used to determine the Koc values (Koc = Kd

S/foc, where 
foc represents the fraction of organic carbon). 
 
Behavior of CL-20 in alkaline soils.  The effect of pH on the stability of CL-20 in soil was 
studied either by artificially adjusting the pH of VT soil suspensions or by using naturally 
alkaline soils. In the case of VT soil, the soil (1.34 g) was contacted for 2 h with 5 mL of water 
containing the amount of HCl or NaOH required obtaining a final pH ranging from 3 to 9. After 
adding 5 mL of an aqueous solution of CL-20 (3.5 mg/L), the slurries were agitated for 65 h. 
They were then centrifuged for 30 min at 1170 × g and the pH was measured in the supernatant 
before filtration through a Millex-HV 0.45-µm filter, dilution using acetonitrile acidified to pH 3 
(with H2SO4), and analysis by HPLC. Potential CL-20 products (nitrite, nitrate, and formate ions) 
were quantified in the most alkaline samples as described below. All the soil pellets were 
extracted with CH3CN in order to calculate a total percent recovery of CL-20.  

In the naturally alkaline soils, 10 mL of a CL-20 solution (3.5 mg/L) and 1.34 g of the 
sterile SAC (pH 8.1) soil or sterile CSS (pH 8.1) soil were agitated in borosilicate centrifuge 
tubes, using a Wrist Action Shaker at 430 rpm. At various time intervals, tubes were removed 
and after centrifugation for 30 min at 1170 × g, the pH was measured in the supernatant and the 
latter was filtered. The filtrates collected after discarding the first 3 mL were diluted using 
acidified acetonitrile, and analyzed by HPLC. Nitrite, nitrate and formate ions were quantified in 
the 14-d samples as well as in controls (sterile soil and water without CL-20) stirred for 14 d 
under similar conditions. The soils were extracted with acetonitrile, and a total recovery was 
calculated for CL-20. For comparison, a similar experiment was conducted with sterile VT soil 
(pH 5.6). 
 
Analytical Methods.  All CL-20 standards and samples were prepared in acidified (pH 3) 
mixtures of 50:50 CH3CN:H2O. Dissolved soil organic matter or clay mineral that precipitated 
from solution at pH 3 were separated by centrifugation for 10 min. at 16 000 × g (Eppendorf 
Centrifuge 5415D), and the supernatant was subsequently analyzed by HPLC. 

CL-20, nitrate (NO3
-) and formate (HCOO-) ions were quantified as described in previous 

sections. Analysis of nitrite (NO2
-) ions was performed colorimetrically as described in EPA 

Method 354.1 (USEPA, 1979). 
 
Accomplishments 
 
Sorption/desorption Kinetics.  Kinetics experiments were performed using VT (2.3 % TOC) and 
GS (34 % TOC) soils in order to determine the minimum time required to reach sorption and 
desorption equilibria. The sorption experiments revealed differing behavior in both soils (Figure 
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Figure 20  Sorption and desorption kinetics for CL-20 with VT and GS soils (Error bars represent the 
standard deviation of 3 replicates). 

 
For GS soil, a rapid sorption occurred with maximal sorption (94 %) reached within 1.5 

h, while VT soil yielded a slower sorption, with approximately 200 hours being required to attain 
sorption equilibrium (60 % sorption). In the case of VT, a fast initial adsorption is followed by a 
slower migration and diffusion of the CL-20 into the organic matter matrix and mineral structure. 
These results show that the sorbing sites present in GS soil are easier to reach than those present 
in VT soil, suggesting that different types of sites are involved in CL-20 immobilization by soils. 
No information is yet available on the sorption and desorption kinetics of CL-20 onto soils, but 
for the monocyclic nitramines RDX and HMX, a rapid sorption was reported to occur in less than 
24 h for each compound in different soils, including VT soil (Xue et al., 1995; Myers et al., 
1998; Sheremata et al., 2001; Monteil-Rivera et al., 2003). The slower sorption of CL-20 onto 
the VT soil is indicative of a different sorption mechanism operating for CL-20 than for RDX 
and HMX. 

Desorption equilibria were achieved in less than 1 h and 20 h for GS and VT soils, 
respectively (Figure 20). As was the case for sorption, desorption of CL-20 from VT soil is 
probably delayed by the need for the chemical to diffuse through the soil structure. 
 
CL-20 sorption/desorption isotherms. Sorption and desorption isotherms of CL-20 in soils are 
presented in Figure 21 for the SSL, VT, FSB, FS and GS soils. Since no microbial growth 
inhibitor was added to the media and non-sterile soils were used, some degradation of CL-20 was 
observed (2 to 16 % depending on the soil employed (Table 6) during the time frame of the 
sorption/desorption isotherms (about one week). In order to account for CL-20 degradation, the 
amount of sorbed CL-20 was determined by extracting the soil with acetonitrile, rather than 
estimating it by difference from the aqueous concentration. 

Non linear regression procedures using Microcal Origin software were utilized for fitting 
Freundlich and linear (1/n set equal to 1) isotherms to the sorption data. Values of the resulting 
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parameters for the two models along with the R2 values are presented in Table 6 and theoretical 
curves resulting from the Freundlich model are presented in Figure 21. From the data presented, 
it is evident that all sorbents exhibited nonlinear isotherms, with 1/n values ranging from 0.49 to 
0.94. The R2 values show that the Freundlich model fits the equilibrium sorption data better than 
the linear model. Moreover, the linear model is not appropriate for describing FSB and GS soils 
(R2 < 0.7). The general nonlinearity of the isotherms observed in this study indicates that CL-20 
sorption to soil occurs through interactions with different classes of sites having different 
sorption energies (Weber and DiGiano, 1996). 
Sorption was significantly higher in the FS (Kd = 311 L kg-1), GS (Kd = 187 L kg-1) and FSB (Kd 
= 37 L kg-1) soils than in the VT (Kd = 15.1 L kg-1) and SSL (Kd = 2.4 L kg-1) soils. The higher 
Kd (and KF) values obtained in soils with higher organic content suggest that soil organic matter 
plays a determining role in CL-20 sorption. This result demonstrates a major difference in 
behavior between CL-20 and the two monocyclic nitramines, RDX and HMX, whose sorption 
onto soil was previously demonstrated to be independent of organic content (Leggett, 1985; 
Sheremata et al., 2001; Brannon et al., 2002; Monteil-Rivera et al., 2003). 
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Figure 21  Sorption-desorption isotherms for CL-20 in non-sterile SSL, VT, FSB, GS and FS soils at 
ambient temperature (sorption: filled symbols, solid lines; desorption: hollow symbols, dashed lines; for 
clarity, data obtained with soils having a high affinity for CL-20 are presented separately from data 
obtained with soils having a low affinity for CL-20). 
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Table 6  Isotherm parameters, Koc, and recoveries for CL-20 sorption and desorption by various soils. 

 

  Freundlich Fitting  Linear Fitting    
Soil  KF

a 1/n r2  Kd
b r2  Koc

c % Recoveryd 

SSL   

 

 

VT 

 

 

FSB 

 

 

GS 

 

 

FS 

sorption 

desorption 

 

sorption 

desorption 

 

sorption 

desorption 

 

sorption 

desorption 

 

sorption 

desorption 

 2.57 ± 0.11e 

4.22 ± 0.15 

 

15.53 ± 0.50 

25.09 ± 1.27 

 

23.76 ± 2.03 

27.86 ± 5.27 

 

54.83 ± 8.57 

54.31 ± 11.07 

 

232.52 ± 71.31 

75.98 ± 16.47 

0.94 ± 0.04e 

0.89 ± 0.07 

 

0.87 ± 0.08 

1.09 ± 0.11 

 

0.57 ± 0.06 

0.59 ± 0.11 

 

0.49 ± 0.06 

0.50 ± 0.08 

 

0.90 ± 0.10 

0.53 ± 007 

0.983 

0.956 

 

0.948 

0.932 

 

0.884 

0.716 

 

0.867 

0.834 

 

0.904 

0.873 

 2.43 ± 0.04e 

4.43 ± 0.11 

 

15.06 ± 0.42 

24.14 ± 0.65 

 

36.86 ± 2.26 

48.81 ± 3.38 

 

187.43 ± 13.73 

190.59 ± 13.71 

 

310.83 ± 9.37 

330.84 ± 21.95 

0.981 

0.947 

 

0.928 

0.929 

 

0.667 

0.569 

 

-0.027 

0.150 

 

0.895 

0.402 

 736 

 

 

655 

 

 

230 

 

 

551 

 

 

1554 

97.0 ± 2.3 

 

 

97.3 ± 2.8 

 

 

98.5 ± 8.2 

 

 

92.6 ± 5.8 

 

 

84.3 ± 11.0 

a Freundlich coefficient in mg1-1/n kg-1 L1/n. b Distribution coefficient in L kg-1. c Organic carbon-normalized sorption coefficient in L kg-1. d Average percent 
recovery of CL-20 for all sorption-desorption samples in one soil, as determined by adding the amount of sorbed CL-20 to the amount of CL-20 present in the 
aqueous phase. Error denotes standard deviation (n = 36 for SSL, VT, and FSB soils; n =24 for GS soil; n = 29 for FS soil). e Standard error. 
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The higher log Kow measured for CL-20, compared to that of RDX and HMX (see Table 3) 
demonstrates a higher hydrophobicity of the former, which is likely responsible for its superior 
affinity towards soils with high organic content. Numerous relationships based on Equation 3 
have been developed between soil sorption coefficients (Koc) and n-octanol/water coefficients 
(Kow):  

 
Log Koc = m log Kow + b     [3] 

 
where m and b are parameters extracted from linear regressions. To predict a Koc value from a 
Kow value, a reasonable similarity should be ensured between the solute molecule of interest and 
the family of compounds used to establish the data set upon which m and b are based (Sablji� et 
al., 1995). No correlation is currently available in the literature for nitramines, but by applying 
the general model given by Sablji� et al. (1995) for non-hydrophobic chemicals (defined as 
chemicals containing atoms other than C, H, and halogens (m = 0.52; b = 1.02)), a Koc value of 
104 L kg-1 was found for CL-20. The fact that this theoretical value is inferior to all those 
measured in the present study (see Table 6), coupled with the fact that the Koc values measured 
varied by almost one order of magnitude confirms that CL-20 adsorption onto organic matter is 
not limited to a pure physical distribution process, as already suggested by the non-linear 
isotherms. It is thus the type of organic matter present in soils, rather than its amount, which will 
be a determining factor in the immobilization of CL-20.  
 A sorption-desorption hysteresis (Kd

D > Kd
S) was observed for the SSL and VT soils 

(Figure 21, Table 6), while sorption to the FS and GS soils appears to be fully reversible (Kd
D ~ 

Kd
S). Meanwhile, the large divergence observed on the measurements performed with FSB soil 

makes it hard to ascertain whether or not this soil gave rise to sorption hysteresis. Hysteresis 
phenomena can be caused by organic matter or mineral constituents of soil. We assessed the 
sorption of CL-20 onto silica, ferric oxide and three different clays (Table 7). Clays have been 
shown to play a determining role in the sorption of RDX and HMX (Brannon et al., 2002); 
moreover when HMX was adsorbed on montmorillonite under similar conditions, a Kd

S value of 
15.6 L kg-1 was measured. It is clear from the data presented in Table 7 that CL-20 has a low 
tendency to adsorb on any of the mineral phases, and that it adsorbs much less on clay than do 
RDX and HMX.  
Based on FTIR measurements, Boyd et al. (2001) suggested that nitro-containing compounds are 
strongly retained by complexation between metals in clay minerals (e.g., K+) and –NO2 groups. 
With 6 –NO2 groups, CL-20 contains more sites capable of interacting with such metals 
compared to RDX (3 -NO2) and HMX (4 -NO2). However, its polycyclic caged structure makes it 
a bulkier compound (~ 6-7 Å diameter, as estimated from crystallographic data (Zhao and Shi, 
1996)) that is unable to migrate into the clay layers (3-9 Å for a montmorillonite, ~ 5 Å for a 
smectite (Brindley, 1981)). Given the small contribution of mineral phases in CL-20 retention, 
the hystereses observed with VT and SSL soils are likely caused by the organic content of soil. 
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Table 7  Sorption and stability of CL-20 with minerals. 

Mineral pH Kd
S a (± SD, n=3) (L kg-1) % Recoveryb (± SD, n=3) 

 
Silica 
Fe2O3 

Montmorillonite 
Kaolinite 

Illite 

 
6.0 
5.9 
2.4 
5.4 
5.4c 

 
0.35 ± 0.05 

~ 0 
0.62 ± 0.07 
0.14 ± 0.04 
0.30 ± 0.04 

 
89.4 ± 0.9 

93.6 ± 1.0 

99.9 ± 1.6 
95.7 ± 0.3 
97.8 ± 0.5 

a Distribution coefficient for sorption. b Average percent recovery of CL-20 determined after adding the amount of 
sorbed CL-20 to the amount of CL-20 present in the aqueous phase. c After adjustment with HCl.  
 
 
The full CL-20 recoveries we obtained upon sonicating the sorbed soils in acetonitrile rules out 
the formation of covalent bonds between CL-20 and organic matter as the reason for the 
hysteresis. Weber et al. (1998) previously suggested that the form of the soil organic matter 
played a critical role in the hysteresis observed in the sorption-desorption behavior of HOCs such 
as phenanthrene. Humic acids, with their large microporosities, allow for fast interaction with 
water, thus producing a reversible sorption. In contrast, condensed organic matter presents 
physically rigid zones that interact poorly with water and tend to trap any molecules sorbed 
within it, producing a sorption-desorption hysteresis (Weber et al., 1998). It is possible that the 
hysteresis observed in the present study was due to an entrapment of CL-20 in condensed organic 
matter. However, a matrix change that could occur from the sorption to the desorption step to 
give access to sites with higher sorbing capacity in the desorption batch is not excluded. 

 

Interaction of CL-20 with organic matter (OM). As reported in the annual report of 2003, CL-
20 sorption was significantly higher in soils with higher organic content thus suggesting that soil 
organic matter played a determining role in the sorption (Table 8).  

This result demonstrated a major difference in behavior between CL-20 and the two 
monocyclic nitramines, RDX and HMX, the sorption of which was previously demonstrated to be 
independent of organic content (Leggett, 1985; Sheremata et al., 2001; Brannon et al., 2002; 
Monteil-Rivera et al., 2003). The higher log Kow measured for CL-20 (1.92), compared to that of 
RDX (0.90) and HMX (0.16) (Monteil-Rivera et al., 2004) demonstrates a higher hydrophobicity 
of the former, which was likely responsible for its superior affinity towards soils with high organic 
content. However, as seen in Table 6, the Koc values varied by almost one order of magnitude 
from soil to soil, which suggested that CL-20 adsorption onto organic matter was not limited to a 
pure physical distribution process. 

In order to better understand the role of organic matter (OM) in the sorption of CL-20, 
three of the above soils were washed with an NaOH solution to extract the amorphous organic 
matter and sorption isotherm experiments were conducted with (1) the three sterile soils, (2) the 
three sterile alkali-washed soils and (3) the three sterile corresponding extracted OMs. Organic 
matter that is not extracted in alkaline solution is known to be more condensed and more reduced 
than the extractable fraction, which is usually composed of humic acids, i.e. amorphous OM (Ran 
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et al., 2002). Analysis of the three extracted OM samples by solid CP-MAS 13C-NMR gave three 
spectra similar to each other and typical of soil humic acid (Monteil-Rivera et al., 2000). Sorption 
data presented in table 9 show that CL-20 exhibited a higher affinity for the unextractable OM 
(condensed and/or reduced OM) than for the extractable organic matter (humic acids). 
 
 

Table 8  Isotherm parameters and Koc for CL-20 sorption and desorption by various soils. 

  Linear Fitting   
Soil TOC (%)  Kd

a r2  Koc
b 

SSL 

 

VT 

 

FSB 

 

GS 

 

FS 

0.33 

 

2.3 

 

16 

 

34 

 

20 

sorption 

desorption 

sorption 

desorption 

sorption 

desorption 

sorption 

desorption 

sorption 

desorption 

 2.43 ± 0.04e 

4.43 ± 0.11 

15.06 ± 0.42 

24.14 ± 0.65 

36.86 ± 2.26 

48.81 ± 3.38 

187.43 ± 13.73 

190.59 ± 13.71 

310.84 ± 9.37 

330.84 ± 21.95 

0.981 

0.947 

0.928 

0.929 

0.667 

0.569 

-0.027 

0.150 

0.895 

0.402 

 736 

 

655 

 

230 

 

551 

 

1554 

a Distribution coefficient in L kg-1. b Organic carbon-normalized sorption coefficient in L kg-1.  
 
 
The Koc value was also measured with a standard soil humic acid obtained from the 

International Humic Substances Society and a value of 386 L kg-1 was obtained in agreement 
with the three values measured with the extracted OM samples. Soil humic acids thus led to 
relatively low Koc values (~ 200-400 L kg-1) compared to the KOC of unextracted OM (400-2200 
L kg-1). However, the high variations of the latter demonstrate that several types of organic 
matter may remain in the soil after extracting the humic acids. More work is still necessary to 
further understand the different sorbing behaviors of unextracted OM. 

In conclusion, these data demonstrate that adsorption of CL-20 is lower on amorphous 
humic acid than on more condensed soil organic fraction. The adsorption of CL-20 on a soil will 
then be function of the amount of each organic fraction in the soil. Consequently, estimating CL-
20 adsorption coefficient for a given soil based on the sole organic content will not be possible. 
Experiments are presently ongoing to study the effect of aging on the sorption extent and 
reversibility.  

 
Behavior of CL-20 in alkaline soils.  We have just demonstrated that CL-20 can be significantly 
sorbed to soils, provided that the latter contains organic matter. Given that CL-20 undergoes 
rapid hydrolysis under alkaline conditions (pH 10) (section VII), it would now be worthwhile to 
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determine how the presence of soils affects the hydrolysis of CL-20. In order to generate a pH-
profile of CL-20 stability in soil, we adjusted the pH of VT soil and contacted it with CL-20 
solution for 65 hours. Below pH 7.5, percent recoveries remained approximately constant at ca. 
100 %, while above pH 7.5, CL-20 degraded (Figure 22).  

 
 

Table 9  Koc extracted from sorption isotherms with different fractions of soil organic matter 

 KOC (L kg-1) 
 

 

 

Soil 

Untreated soil 

 

 

 

 

Alkali-washed soil Amorphous OM 

VT 
FSB 
FS 

681 
334 

1383 

753 
475 

2212 

339 
227 
162 
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Figure 22  Percent recovery of CL-20 upon agitation at different pHs and ambient temperature, in 
presence or not of non-sterile VT soil. 

 

The disappearance of CL-20 was accompanied by the formation of NO2
- and HCOO-. The fact 

that degradation was observed in soils with pH > 7.5 indicates that CL-20 will not persist in 
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naturally alkaline soil environments. In aqueous control samples of CL-20 (Figure 22), 
degradation was observed at pH > 7.5 and was complete at pH > 8.1. The greater extent of 
degradation observed in the control solutions than in the soils at pH > 8 suggests that to a certain 
extent, the presence of soil protects CL-20 against decomposition. 
 

Given the significant degradation of CL-20 observed when we increased the pH of VT 
suspensions, the behavior of CL-20 was followed over time in two sterile, naturally alkaline 
soils. After 14 days of contact with sterile SAC and sterile CSS soils (pH 8.1), 100 % and 82 % 
of the CL-20 degraded, respectively, compared to only 8 % loss in sterile VT soil (pH 5.6) 
(Figure 23). Clearly, CL-20 is not stable in alkaline soils. In fact, degradation in the naturally 
alkaline soils produced 2 equivalents of nitrite (NO2

-) for each mole of CL-20 reacted, exactly as 
observed for the aqueous alkaline hydrolysis of CL-20 at pH 10. Despite the equivalent pH 
values of both soils, CL-20 degraded faster in SAC soil than it did in CSS soil. SAC soil contains 
very low amounts of the two most active sorbents in soils (0.1 % clay and 0.08 % TOC), whereas 
CSS soil contains clay (44.5 %) and organic carbon (0.31 %). As a result, CL-20 does not sorb 
onto SAC soil (Kd

S ~ 0 L kg-1) and is thus not protected from degradation. In contrast, the slight 
sorption to CSS soil (Kd

S = 1.0 ± 0.3 L kg-1, n = 24) retards CL-20 hydrolysis. The minor 
increase of Kd

S from 0.97 (after 1 d) to 1.26 (after 14 d) L kg-1 throughout the degradation 
experiment indicates a progressive desorption of CL-20 from the soil.  Therefore, sorption retards 
the hydrolysis of the energetic chemical but it does not prevent it. 
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Figure 23  Stability of CL-20 in sterile soils having various pHs  (CSS and SAC = pH 8.1; VT = pH 5.6) 
(Error bars represent the standard deviation of 3 replicates). 

 
 
 
Abiotic degradation of CL-20 in SAC soil (pH 8.1).  Following the demonstration that CL-20 
could be abiotically degraded in slightly alkaline soils (Balakrishnan et al., 2004b) and the recent 
advances we made by discovering the formation of glyoxal in both abiotic and biotic processes, 
we used one of the sterilized alkaline soils and determined the product distributions over time 
(Figure 24). Disappearance of CL-20 was concomitant with the formation of NO2

- (2.3 equ.), 
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N2O (4.2 equ.), HCOO- (1.2 equ.), and NH3 (0.9 equ.) with a stoichiometry closely similar to that 
observed in water at pH 10, except for N2O (NO2

-: ~ 1.9 equ.; N2O: 0.9 equ.; HCOO-: 0.5 equ.; 
NH3: 0.8 equ.) (Balakrishnan et al., 2003). Besides these products, glyoxal was formed with a 
maximum concentration (0.35 equ.) being reached after 45 h. Glyoxal was transformed further to 
partially produce glycolate (0.2 equ.). When a control was done with glyoxal in the same soil, 70 
% loss was measured after 48 h of contact time. Glyoxal, with its two aldehyde groups, is a very 
reactive molecule that can either degrade to yet unidentified products or be covalently bound to 
the soil matrix. More work is still necessary to identify products of glyoxal in soil. 

0 2 4 6 8 10 12 14 16
0

1

2

3

4

5

 

 

C
L-

20
 a

nd
 p

ro
du

ct
s 

(µ
m

ol
)

Time (day)

 CL-20
 N

2
O

 NH
3

 NO
2

-

 HCOO-

 CH
2
OHCOO-

 CHOCHO

 
Figure 24  Time-course study of abiotic transformation of CL-20 in sterilized SAC soil (pH 8.1). Bars 
indicate standard deviation (n = 2). 

 
 
 
Conclusion and Perspectives 

 
This study reveals that CL-20 can be highly retained by soils (a Kd as high as 300 L kg-1 

was measured). In contrast to the monocyclic nitramines, RDX and HMX, that were mainly 
adsorbed by the clay fraction of soil, CL-20 affinity for soil is governed by the organic content of 
soil, and only a small fraction of the energetic chemical is actually bound to the mineral phase. 
The type of organic matter rather than its amount appeared determining in the immobilization of 
CL-20 onto soils, thus indicating that the exclusive use of the log Kow value will not be sufficient 
for predicting sorption of CL-20 to soil. Further work is underway to determine whether the high 
affinity of CL-20 towards certain soils is attributable to the physical structure or to the chemical 
composition of the organic matter and to study the effect of aging on CL-20 availability.  

The present study showed that CL-20 sorption to soil retards its hydrolysis but does not 
eliminate this process. Even when sorbed, the chemical readily decomposes in natural soils with 
pH > 7.5 suggesting that, unlike RDX and HMX, CL-20 will not be a persistent organic pollutant 
in even slightly alkaline soils. Degradation of CL-20 in a sterilized soil gave products similar to 
those observed with either Fe0 or enzymes. Glyoxal transformed further to partially produce 
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glycolate but more work is necessary to understand the fate of the dialdehyde in soil. While an 
excellent N mass balance was obtained (98 % of N recovered), uncertainty remains on the fate of 
carbon-containing compounds (27 % of C recovered).   

We showed that CL-20 could be highly retained by soils (a Kd as high as 300 L kg-1 was 
measured). In contrast to the monocyclic nitramines, RDX and HMX, that were mainly adsorbed 
by the clay fraction of soil, CL-20 affinity for soil is governed by the organic content of soil, and 
only a small fraction of the energetic chemical is actually bound to the mineral phase. The type of 
organic matter rather than its amount appeared determining in the immobilization of CL-20 onto 
soils, thus indicating that the exclusive use of the log Kow value was not sufficient for predicting 
sorption of CL-20 to soil. CL-20 sorption to soil was also shown to retard abiotic degradation of 
the chemical in alkaline soils.   
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XI Microbial and enzymatic degradation of CL-20 
 
Results from these tasks were published in:   
1. Bhushan B, Halasz A, Hawari J. 2006. Effect of iron (III), humic acid, and anthraquinmone-

2, 6-disulphonate on biodegradation of cyclic-nitramines by Clostridium sp. EBD2. J. 
Appl. Microbiology 100: 555-563. 

2. Fournier D, Monteil-Rivera F, Halasz A, Bhatt M, Hawari J. 2005. Degradation of CL-20 by 
white-rot fungi. Chemosphere (In press) 

3. Bhushan, B., A. Halasz, Hawari J. 2005. Biotransformation of CL-20 by a dehydrogenase 
enzyme from Clostridium sp. EDB2. Appl. Microbiol. Biotech. 69: 448-455.  

4. Bhushan B, Halasz A, Hawari J. 2005.  Stereo-specificity for pro-(R) hydrogen of NAD(P)H 
during enzyme-catalyzed hydride transfer to CL-20. Biochem. Biophys. Res. Commun.  
337: 1080-1083. 

5. Bhushan B, Halasz A, Hawari J. 2004. Nitroreductase catalyzed biotransformation of CL-20. 
Biochem. Biophys. Res. Commun. 322:271-276. 

6. Bhushan B, Halasz A, Thiboutot S, Ampleman G, Hawari J. 2004. Chemotaxis-mediated 
biodegradation of cyclic nitramine explosives RDX, HMX and CL-20 by Clostridium sp. 
EDB2. Biochem. Biophys. Res. Commun. 316:816-821. 

7. Bhushan B, Halasz A, Spain JC, Hawari J. 2004. Initial reaction(s) in biotransformation of 
CL-20 is catalyzed by salicylate 1-monooxygenase from Pseudomonas sp. strain ATCC 
29352. Appl. Environ. Microbiol. 70:4040-4047.  

8. Trott S, Nishino SF, Hawari J, Spain J. 2003. Biodegradation of the nitramine explosive CL-
20. Appl. Environ. Microbiol. 69:1871-1874. 

9. Bhushan B, Paquet L, Spain JC, Hawari J. 2003. Biotransformation of 2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) by denitrifying Pseudomonas sp. 
Strain FA1. Appl. Environ. Microbiol. 69:5216-5221. 
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PREFACE 
 

 In order to determine whether biodegradation affects the fate and transport of CL-20 in 
terrestrial and aquatic ecosystems, we evaluated the ability of several microorganisms, bacteria 
and fungi, to biodegrade CL-20 in laboratory microcosms.  A CL-20 degrading bacterial strain, 
Agrobacterium sp. JS71, was first isolated from enrichment cultures containing garden soil (from 
Panama City, Florida) as inoculum, succinate as carbon source, and CL-20 as nitrogen source.   

In another study, a facultative CL-20 degrading bacterium, strain Pseudomonas sp. Strain 
FA1 FA1, was isolated from a Canadian garden topsoil. Strain FA1 appeared to be a gram-
negative, motile denitrifying bacteria that was found to biotransform under both anaerobic as 
well as aerobic conditions, but favorably under anaerobic conditions in the presence of an 
electron donor [NAD(P)H].   Several other bacterial species capable of degrading CL-20 were 
isolated from a variety of microbial sources, namely municipal garbage dumping site, explosive-
contaminated soil and garden soil of the institute campus.   In subsequent chapters we will 
discuss in more details biotransformation of CL-20 with several isolates and enzymes under both 
aerobic and anaerobic conditions.  We will determine reaction kinetics, reaction stoichiometry, 
carbon and nitrogen mass balances and attempt to elucidate initial and secondary 
biotransformation routes involved in the degradation for the energetic chemicals.   
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XII Aerobic degradation of CL-20 
 
Results from these tasks were published in:   
1. Trott S, Nishino SF, Hawari J, Spain J. (2003) Biodegradation of the nitramine explosive CL-20. 

Appl. Environ. Microbiol. 69:1871-1874. 
2. Bhushan B, Paquet L, Spain JC, Hawari J. (2003) Biotransformation of 2,4,6,8,10,12-hexanitro-

2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) by denitrifying Pseudomonas sp. Strain FA1. Appl. 
Environ. Microbiol. 69:5216-5221. 

3. Fournier D, Monteil-Rivera F, Halasz A., Bhatt  M, Hawari J. (2005) Degradation of CL-20 by 
white-rot fungi. Chemosphere (In press) 

 
 

XII.1 Biotransformation of CL-20 by P. chrysosporium 
 
Introduction 
 

In the present study, we use the fungus P. chrysosporium to determine the degradation 
products of CL-20. Because our previous studies performed with HMX (Fournier et al., 2004a) 
revealed that the use of the whole fungus could prevent the detection of some early or transient 
metabolites, the purified ligninolytic enzyme manganese peroxidase (MnP, EC 1.11.1.13) from 
Nemalotoma frowardii was thus used in the present study to degrade CL-20 in an attempt to 
identify products of degradation. The radiotracer [14C]-CL-20 was employed to conduct 
mineralization experiments and thereby improve the carbon mass balance.  Moreover, since the 
degradation of CL-20 with Fe0 led to the formation of important amounts of glyoxal that further 
degraded to glycolate (Balakrishnan et al., 2004a), we will also measure mineralization of the 
dialdehyde to investigate its role in the mineralization process. 
 
Material and Methods 
 
Chemicals. CL-20 (in ε-form), [15N]-amino labeled CL-20, [15N]-nitro labeled CL-20, and [14C]-
CL-20 were provided by A.T.K. Thiokol Propulsion (Brigham City, UT). [14C]-glyoxal was 
purchased from American Radiolabeled Chemicals (Saint-Louis, MO). All other chemicals used 
in this study were of reagent grade. 
 
Soil characteristics. An agricultural topsoil from Varennes (Quebec, Canada) designated as VT 
soil, was used in the present study. The VT soil granulometry was the following (% w/w): sand 
(83), silt (12), and clay (4). The total organic carbon was (2.3%) and the total nitrogen and 
phosphorus were 1100 and 400 mg.kg-1, respectively. VT soil had a pH of 5.6. Prior to usage, the 
soil was passed through a 2 mm sieve and residual moisture was removed by air-drying in a 
fume-hood. 
 
Bio-transformation of CL-20 with P. chrysosporium. The strain ATCC 24725 was maintained 
on Yeast Peptone Dextrose (YPD) plates and was cultivated in the modified Kirk’s nitrogen-
limited medium (pH 4.5) as  previously described (Tien and Kirk, 1988; Fournier et al., 2004b). 
Bio-transformation experiments were performed in the N-limited mineral medium (10 mL in 125 
mL serum bottle) supplemented with CL-20 at its maximum water solubility (ca. 3.6 mg L-1 at 



 59 

25oC). Cultures were started with the addition of 2 × 106 fungal spores. Un-inoculated bottles 
containing the sterile CL-20 solution were incubated as controls for possible abiotic degradation. 
The bottles were sealed with Teflon coated serum septa and aluminum caps. The cultures were 

incubated statically in the dark at 37 ± 2�C, and were aerated every 3 to 4 days. 
 
Bio-transformation of CL-20 with MnP of Nemalotoma frowardii. The MnP from a high 
potential fermentation strain of Nemalotoma frowardii was purchased from JenaBIOS GmbH 
(Jena, Germany). The enzymatic reactions were performed in 6-mL vials in a total volume of 1 
mL: 50 mM sodium malonate (pH 4.5), 1 mM MnCl2, H2O2 (0.33 mM), MnP (1.5 U) and CL-20 
(approximately 38 mg/L in an attempt to generate sufficient amounts of reaction intermediates to 
allow detection). The vials were sealed with Teflon coated serum septa and aluminum caps. 

Reactions were carried out at 37 ± 2�C under agitation at 150 rpm. 
Mineralization of CL-20 and glyoxal with fungi: Carbon mass balance. Mineralization of CL-20 
was performed by adding to a spore suspension or to 7 day-old mycelium (see above) either 
[14C]-CL-20 (0.048 µCi) or [14C]-glyoxal (0.26 µCi). Formation of 14CO2 was monitored as 
described previously (Fournier et al., 2002). Microcosms were aerated every 3 to 4 days. 
 
Bio-transformation of CL-20 pre-adsorbed on VT soil with P. chrysosporium. Gamma-
irradiated VT soil (1.33 g) was added to 10 mL of a CL-20 solution (ca. 3.6 mg L-1) prepared in 
N-limited medium in 125-mL serum bottles. The bottles were sealed with Teflon coated septa 

and aluminum caps. The soil slurries were then shaken for 2 weeks at 37 ± 2�C under agitation at 
200 rpm to allow sorption equilibrium to be reached, as previously determined for CL-20 and VT 
soil (Balakrishnan et al., 2004b). After 2 weeks of pre-equilibration, cultures were started with 
the addition of 2 × 106 fungal spores. Three samples were sacrificed for each selected time and 
analyses of CL-20 and products were done as described in section VI. 

Un-inoculated bottles containing the sterile CL-20 solution were incubated as controls for 
possible abiotic degradation. The sorption obtained after fourteen days of incubation was 
measured as described in the previous paragraph to estimate the fraction of sorbed CL-20 when 
starting the biodegradation experiment.  
 
Analytical Techniques. At the end of each enzymatic or microbiological reaction acidified 
acetonitrile (0.25 mL of H2SO4 per liter of acetonitrile) was added to the reaction mixture to 
solubilize any undissolved CL-20. The samples were then submitted to sonication at 20 °C for 18 
h. The resulting solution was filtered through a 0.45-µm membrane (Millipore PTFE) and CL-20 
was analyzed by HPLC as described previously (Monteil-Rivera et al., 2004). Analyses of nitrate 
(NO3

-), formate (HCOO-), glycolate (HOCH2COO-), ammonia (NH3), glyoxal, and intermediate 
products of CL-20 were performed as previously described (section IX; Balakrishnan et al., 
2004a). Nitrite (NO2

-) was analyzed using the US EPA Method 354.1 (1979). 
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Accomplishments 
 
Bio-transformation of CL-20 with P. chrysosporium.   In the liquid cultures inoculated with 
fungal spores, the initial concentration of CL-20 (3.6 mg L-1) started to degrade after 2 days of 
incubation (Figure 25). A rapid degradation phase started after 2 days of incubation and led to 
100 % removal of CL-20 after 5 days (Figure 25). With 7-day old cultures, no lag was observed 
and almost all of the CL-20 (11.5 mg L-1) was depleted within 2 days of incubation (Annual 
report 2003).  No degradation of CL-20 was observed in the non-inoculated controls. 
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Figure 25  Degradation of CL-20 (3.6 mg L-1) in a N-limited medium with (�) and without (�) the 
addition of P. chrysosporium spores. Bars indicate standard deviation (n = 3). 

 

 

Metabolites formed during the degradation of CL-20. Degradation of CL-20 by P. 
chrysosporium led to N2O (Annual report 2003). When ring labeled [15N]- CL-20 was used, GC-
MS analysis revealed the presence of the masses 44 (14N2O) and 45 (14N15NO) meaning that N2O 
originated from both nitro (14NO2) and nitramine (15N-14NO2) groups in the energetic chemical. 

Because no early intermediates were observed when the whole fungus was used, MnP 
was employed to determine the distribution and stoichiometry of CL-20 metabolites. We 
previously observed that the culture conditions used for the growth of P. chrysosporium allowed 
the production of MnP, with only traces of LiP. The concentration and the amounts of 
commercially available MnP from P. chrysosporium were not sufficient to allow the study of 
CL-20 transformation. Therefore, in order to detect all possible metabolites from CL-20 
decomposition we used a commercial MnP purified from another ligninolytic white-rot fungus, 
Nematoloma frowardii. It should be noted however that most of the MnPs described so far seem 
to follow a similar catalytic mechanism, i.e. oxidation of the substrate by a 1-electron transfer 
(Hofrichter, 2002), so that MnPs from different basidiomycetes should attack CL-20 in a similar 
way.  
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No mononitroso derivative of CL-20 was observed during the incubation with P. 
chrysosporium, which was in contrast to what had been observed during incubation of HMX 
with the fungus P. chrysosporium (Fournier et al., 2004a). Similarly, incubation with MnP did 
not generate any CL-20 nitroso-derivative. Instead of the reductive attack reported for 
biotransformation of TNT, RDX, or HMX by P. chrysosporium (Hawari et al., 1999; Sheremata 
and Hawari, 2000b; Fournier et al., 2004a), we thus hypothesized that one or several fungal 
extracellular enzymes such as MnP participated in the oxidation of CL-20 molecule. 

The use of MnP enabled the detection of an HPLC peak showing a mass ion [M-H]- at 
345 Da identical to the intermediate Ia (Figure 17) detected during reaction with iron and 
photolysis of CL-20. The LC/MS peak matched a molecular formula of C6H6N10O8 that likely 
corresponded to the doubly denitrated CL-20 molecule. Like in the photolysis process, the use of 
nitrogen ring-labeled [15N]-CL-20 gave a mass ion [M-H]- at 351 Da, in agreement with the 
formation of this doubly denitrated intermediate.  

Nitrous oxide (N2O), nitrite ion (NO2
-), and glyoxal were detected and quantified 

throughout the enzymatic reaction (Figure 26).  
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Figure 26  Time-course study of bio-transformation of CL-20 by MnP purified from Nemalotoma 
frowardii. 

 

The nitrite formation, which was concomitant with CL-20 removal, supported the 
occurrence of a denitration process. The formation of glyoxal confirmed the occurrence of ring 
cleavage and decomposition of intermediate Ia, as was the case when reacting Fe0 with CL-20 
(Balakrishnan et al., 2004a). Therefore we concluded that CL-20 underwent a double denitration 
followed by ring cleavage as shown in Figures 12 and 13. 
From each mole of CL-20 degraded, approximately 0.5 mole was transformed into NO2

-, and 0.5 
mole was transformed into N2O, corresponding to 5 and 8 % of total N, respectively. Several 
assays aimed at detecting ammonium (NH4

+) were not successful because of the presence of an 
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important analytical interference. Ammonium might have been present in the MnP commercial 
preparation and another enzymatic assay will be performed with washed MnP. In terms of carbon 
stoichiometry, we experienced again a major analytical interference during the determination of 
formate (HCOO-). It is clear that formate was produced from CL-20, but quantification of the 
metabolite was not possible. It will be repeated with washed MnP. As reported in the degradation 
of CL-20 with Fe0, significant amounts of glyoxal were produced. The ratio of glyoxal over CL-
20 degraded after 7 h of reaction indicated that around 15 % of C was transformed into the 
dialdehyde. 

Because glyoxal is a known toxic chemical (Shangari et al., 2003), its formation as a 
product of CL-20 required investigating its degradability using MnP and the whole fungus. In a 
separate experiment, we tested the biodegradability of glyoxal with MnP. The dialdehyde 
remained intact during more than 18 hours of incubation (result not shown). Subsequently, we 
measured the degradability of glyoxal by the whole fungus P. chrysosporium, known to produce 
many other enzymes than MnP (i.e. glyoxal oxidase, several isoforms of LiP and MnP, 
membrane-linked cytochrome P-450, glutathione S transferase, …). Figure 12 shows the 
mineralization of glyoxal with P. chrysosporium. As hypothesized, the enzymes produced by the 
complex fungal culture allowed the mineralization of glyoxal. The transformation of glyoxal to 
CO2 began after 1 day of incubation and produced 87 % of CO2 after 43 days of incubation 
(Figure 27).  
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Figure 27  Mineralization of [14C]-glyoxal added to a spore suspension of P. chrysosporium prepared in 
N-limited medium. Bars indicate standard deviation from triplicate experiments. 

 
 

Mineralization of CL-20 using P. chrysosporium cultures. Two mineralization experiments 
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were started by adding [14C]-CL-20 (4.75 mg L-1) to the microcosms: one involved addition of 
CL-20 to a 7-day old culture of P. chrysosporium, and another involved simultaneous addition of 
CL-20 and non-ligninolytic fungal spores. During the first 20 days of incubation, no significant 
difference was observed between the two culture systems (Figure 28). The production of CO2 
began after 5 days of incubation and occurred at a similar rate whether CL-20 was added to 
spores or to mycelium. However, after 20 days of incubation, the ligninolytic cultures (spiked 
with [14C]-CL-20 on day 7) seemed to be slightly more performant. 
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Figure 28  Liberation of 14CO2 from [14C]-CL-20 added to a spore suspension of P. chrysosporium (non-
ligninolytic) (�), and [14C]-CL-20 added to 7-day old ligninolytic fungal culture (�). Experiments were 
performed in N-limited medium. Bars indicate standard deviation from triplicate experiments. 

 
 
Biotransformation of CL-20 pre-adsorbed on VT soil. Since we showed that CL-20 sorption to 
soil could retard its abiotic degradation but did not stop it (Annual report 2003, Balakrishnan et 
al., 2004b), we investigated the effect of sorption on biotic degradation of the energetic chemical. 
VT soil, which demonstrated a sorption coefficient of 15 L kg-1 (Balakrishnan et al., 2004b), was 
chosen for this study. The nitramine was first allowed to sorb on sterilized soil in N-limited 
medium and the fungal spores were added after 14 days of pre-equilibration. The degradation of 
CL-20 in soil slurries was measured and compared to the one in N-limited medium to determine 
the effect of sorption on the biotransformation kinetics. 

In the soil slurries where 80 % of the CL-20 was found to be associated with the soil 
particles, degradation occurred at a slower rate (Figure 29) than in the liquid cultures (Figure 26). 
After 6 days of slow degradation, a more rapid degradation phase was observed, which lasted 12 
days and led to 80 % removal of CL-20, before a new decrease of degradation rate was observed. 
Carbon supplementation by addition of glucose on day 21 led to almost complete degradation 
after 35 days (Figure 29). Sorption of CL-20 on VT soil did not prevent degradation of the 
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chemical by P. chrysosporium. As compared to the degradation in liquid medium, presorption of 
CL-20 on soil retarded the beginning of degradation and decreased the degradation rate by a 
factor of 6.4. However, sorption of CL-20 on soil was reversible and did not prevent 
biotransformation by P chrysosporium.  
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Figure 29  Degradation of CL-20 pre-sorbed on VT soil (1.33 g) by P. chrysosporium in N-limited 
medium (10 mL). Glucose was supplemented on day 21 (�)��Bars indicate standard deviation (n = 3) 

 
 
Conclusion 

Both ligninolytic and non-ligninolytic P. chrysosporium can transform CL-20. The 
enzymatic mechanism involved in the first attack of the molecule was not yet identified. 
However because no nitroso-CL-20 was observed, the mechanism seems to differ from the one 
involved in the fungal degradation of RDX, HMX or TNT. CL-20 degraded more rapidly when 
ligninolytic culture conditions (known to favor the production of MnP and LiP) were applied. 
The use of commercial MnP allowed us to determine that CL-20 was transformed via initial 
denitration followed by ring cleavage, producing nitrite ion, nitrous oxide, glyoxal, and formate. 
The latter products were also observed during photolysis and iron reduction of CL-20.  

In addition, P. chrysosporium was found to extensively mineralize radio labeled CL-20 
and glyoxal indicating that the compounds are not recalcitrant toward the fungus. C and N mass 
balances will be completed in the near future. 

P. chrysosporium was also able to degrade CL-20 in soil, but at a slower rate. Our 
previous studies have indicated that sorption of CL-20 was reversible (Balakrishnan et al., 
2004b) and the bio-degradation kinetics observed here was likely controlled by the desorption 
rate. 

In addition to the present soil experiment, where an exogenous microorganism was added 
to the microcosms, other experiments will be carried out to determine the potential of indigenous 
microorganisms in soil to degrade CL-20. 
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XII.2 Biotransformation of CL-20 with the soil isolate Pseudomonas sp FA1  

 
Material and Methods  
 
 Chemicals. NADH, NADPH, diphenyliodonium chloride (DPI), FMN, FAD, NaNO2, 
dicumarol, 2,2-dipyridyl, 2-methyl-1,2-di-3-pyridyl-1-propanone (metyrapone) and 
phenylmethanesulfonyl fluoride (PMSF) were purchased from Sigma chemicals, Canada. Nitrous 
oxide (N2O) was purchased from Scott specialty gases, Sarnia, ON, Canada. Carbon monoxide 
(CO) was purchased from Aldrich chemical company, Milwaukee, WI, USA. All other chemicals 
were of the highest purity available.  
 
Isolation and identification of CL-20 degrading strains.  One gram of garden soil was 
suspended in 20 mL of minimal medium (ingredients per liter of deionized water: K2HPO4, 1.22 
g; KH2PO4, 0.61 g; NaCl, 0.20 g; MgSO4, 0.20 g; succinate, 8.00 g; pH 7.0) supplemented with 
CL-20 at a final concentration of 4.38 mg L-1 added from a 10,000 mg L-1 stock solution made in 
acetone. The inoculated medium was incubated under aerobic conditions at 30oC on an orbital 
shaker (150 rpm) in the dark. The disappearance of CL-20 was monitored over several days. The 
enriched culture was plated periodically onto the same medium with 1.8 % agar (Difco, Becton 
Dickinson and Co., Sparks, MD, USA) and surface of solidified agar plates were layered with 10 
µM CL-20. The isolated colonies were sub-cultured three times using the same agar plates and 
were tested for their ability to biotransform CL-20 in liquid medium. Of the few isolated 
bacterial strains, a denitrifying strain FA1 capable of utilizing CL-20 as a sole nitrogen source 
was selected for further study. 

For identification and characterization of strain FA1, standard biochemical techniques 
were used according to Bergey’s manual of systematic bacteriology (Palleroni, 1984). Total 
cellular fatty acids (fatty acid methyl esters, FAME) analysis and 16S ribosomal RNA gene 
analysis were performed and analyzed by MIDI labs, DL, USA.   

CL-20 was added to the medium in concentrations above saturation levels (i.e. ≥ 10 µM 
or 4.38 mg L-1) from a 10,000 mg L-1 stock solution made in acetone. Saturated solutions were 
used in order to detect and quantify the metabolites, which are otherwise produced in trace 
amounts during biotransformation. To determine the residual CL-20 during biotransformation 
studies, the total CL-20 content in one serum bottle was solubilized in 50 % aqueous acetonitrile 
and analyzed by HPLC.  

The following minimal medium (MM) was used for the CL-20 biotransformation studies 
and was composed of (ingredients per liter deionized water): K2HPO4, 1.22 g; KH2PO4, 0.61 g; 
NaCl, 0.20 g; MgSO4, 0.20 g; succinate, 8.00 g; trace elements, 10 mL; pH 7.0. Modified 
Wolfe’s mineral solution was used as trace elements solution and was composed of (ingredients 
per liter deionized water): MnSO4. H2O, 0.20 g; CaCl2. 2 H2O, 0.10 g; CoCl2. 6 H2O, 0.10 g; 
ZnCl2, 0.15 g; CuSO4. 5 H2O, 0.01 g; FeSO4. 7 H2O, 0.10 g; Na2MoO4, 0.05 g; NiCl2. 6 H2O, 
0.05 g; Na2WO4. 2 H2O, 0.05 g. 

A comparative growth experiment was performed between (NH4)2SO4 and CL-20 as sole 
nitrogen sources to determine the number of nitrogen atoms from CL-20 that were incorporated 
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into biomass. Cells were grown in MM containing increasing concentrations of either (NH4)2SO4 

or CL-20 as a sole nitrogen source, at 30oC under aerobic conditions on an orbital shaker (150 
rpm) in the dark for 16 h. After incubation period the microbial growth yield in the form of total 
viable cell counts were determined by standard plate count method. In this method, the cultures 
were serially diluted in sterile phosphate buffer saline (PBS) and spread plated onto LB agar 
plates (per liter of deionized water composed of tryptone 10 g, yeast extract 5 g, NaCl 10 g, Agar 
15 g). All ingredients, except NaCl, were purchased from Becton Dickinson and company, 
Sparks, MD, USA. The plates were incubated at 30oC overnight. After incubation, the numbers 
of bacterial colonies grown in the plates were considered to determine the total viable cell count 
per mL of culture. 

In order to determine the effect of alternate cycles of aerobic and anaerobic growth 
conditions on CL-20 biotransformation by the isolate FA1, cells were grown in MM containing 
10 mM of (NH4)2SO4 and 25 µM of CL-20 in two serum bottles under aerobic conditions up to a 
late-log phase (OD600 nm ~ 0.60) and then anaerobic conditions were created in one of the two 
growing cultures by flushing the headspace with argon for 30 min. The cultures were further 
grown till stationary phase. Growth and CL-20 disappearance were monitored in both serum 
bottles over the course of experiment. 

To determine whether the enzyme system responsible for CL-20 biotransformation was 
induced or constitutive, two batches of cells were grown in MM containing 10 mM of (NH4)2SO4 
in the presence and absence of CL-20 (10 µM). At mid-log phase, the cells were harvested by 
centrifugation at 4oC and washed thrice with phosphate buffer saline (PBS), pH 7.0. The washed 
cells (5 mg wet biomass/mL) were tested for their ability to biotransform CL-20 under aerobic 
and anaerobic conditions. 

 
Preparation of cytosolic and membrane-associated enzymes. Bacterial cells were cultured in 
two liters of MM containing 10 mM of (NH4)2SO4 up to a mid-log phase (8-9 h, OD600 nm of 
0.45) at 30oC and then induced with 10 µM CL-20. After induction, the cells were further 
incubated up to 12-16 h (OD600 nm of 0.95). Cells were harvested by centrifugation, washed thrice 
with phosphate buffer saline (PBS), pH 7.0 and then suspended in 50 mM potassium phosphate 
buffer (pH 7.0) containing 1 mM PMSF and 100 mM NaCl. The washed cell biomass (0.2 g/mL) 
was subjected to disruption with French press at 20,000 p.s.i. The disrupted cell suspension was 
centrifuged at 9000 × g for 30 min at 4oC to remove cell debris and undisrupted cells. The 
supernatant was centrifuged at 165,000 × g for 1 h at 4oC. The pellet (membrane protein fraction) 
and supernatant (soluble protein fraction) thus obtained were separated, mixed with 10 % 
glycerol, aliquots were prepared and stored at -20oC till further use. The protein content was 
determined with a bicinchoninic acid protein assay kit from Pierce Chemicals Company, 
Rockford, Ill. 
Total flavin (FMN and FAD) contents in the crude extract, the membrane fraction and the 
soluble-protein fractions were determined by a spectrophotometric method described by Aliverti 
et al. (1999). Deflavo-enzyme(s) and reconstitution of deflavo-enzyme(s) were prepared as 
described before (Bhushan et al., 2002).  
 
Biotransformation assays.  Enzyme catalyzed biotransformation assays were performed under 
aerobic as well as anaerobic conditions in 6-mL glass vials. Anaerobic conditions were created 
by purging all the solutions with argon gas three times (10 min each time at 10 min intervals) and 
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replacing the headspace air with argon in sealed vials. Each assay vial contained, in 1 mL of 
assay mixture, CL-20 (25 µM), NADH or NADPH (150 µM), soluble or membrane-enzyme 
preparation (1.0 mg) and potassium phosphate buffer (50 mM, pH 7.0). Reactions were 
performed at 30oC. Different controls were prepared by omitting enzyme, CL-20 or NADH from 
the assay mixture. Boiled enzyme was also used as a negative control. Residual NADH or 
NADPH was measured as described before (Bhushan et al., 2002). Samples from liquid and gas 
phase in the vials were analyzed for residual CL-20 and biotransformed products. CL-20 
biotransformation activity of enzyme(s) was expressed as nmol h-1 mg protein-1 unless otherwise 
stated.  

Bioconversion of nitrite to nitrous oxide was determined by incubating 20 µM NaNO2 
with a membrane-enzyme(s) preparation using NADH as electron donor. Disappearance of nitrite 
and formation of nitrous oxide were measured periodically. Results were compared with a 
control without NaNO2. 

 
Enzyme inhibition studies.  Inhibition with diphenyliodonium chloride (DPI), an inhibitor of 
flavoenzymes that act by forming flavin-phenyl adduct (Chakraborty and Massey, 2002), was 
assessed by incubating the enzyme preparation with DPI at different concentrations (0 - 2.0 mM) 
at room temperature for 30 min before CL-20 biotransformation activities were determined. 
Other enzyme inhibitors such as dicumarol, carbon monoxide (60 s bubbling through the enzyme 
solution), metyrapone and 2,2-dipyridyl were incubated with enzyme preparation at different 
concentrations for 30 minutes at room temperature. Thereafter, CL-20 biotransformation activity 
of the treated enzyme was determined.   

 
Analytical procedures. CL-20, nitrite (NO2

-), nitrous oxide (N2O), formaldehyde (HCHO) and 
formic acid (HCOOH) were analyzed as described in the previous sections. 
 
 
Accomplishments 
 
Isolation and identification of CL-20 degrading strain FA1.  The standard enrichment 
techniques were used to isolate CL-20 degrading strains from garden soil samples. The 
enrichment experiments were carried out over a period of three weeks and four CL-20 degrading 
strains designated as FA1 to FA4 were isolated. Strain FA1 biotransformed CL-20 at a higher 
rate compared to the other isolates (data not shown) and was capable of utilizing CL-20 as a sole 
nitrogen source and therefore it was selected for further study. 

Strain FA2 was identified as a Bacillus sp. by 16S ribosomal RNA gene analysis while 
strains FA3 and FA4 remained unidentified. FA1 was characterized by standard biochemical 
tests mentioned in the Bergey’s manual of systematic bacteriology (Palleroni, 1984). Strain FA1 
was a non-spore forming, gram-negative, motile bacterium with small rod structure (approx. 1.5 
– 2.0 µm). Biochemically, it showed positive results for oxidase, catalase and nitrite reductase 
and utilized succinate, fumarate, acetate, glycerol and ethanol as sole carbon sources. It utilized 
CL-20, ammonium sulfate, ammonium chloride and sodium nitrite as sole nitrogen sources. 
Total cellular fatty acids methyl esters analysis (FAME) of strain FA1 showed a similarity index 
of 0.748 with Pseudomonas putida biotype A. On the other hand, 16S ribosomal RNA gene 
analysis showed a 99 % similarity of strain FA1 with a Pseudomonas sp. C22B (GenBank 
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accession number AF408939) isolated from a soil sample in a shipping container. No published 
data is available in regard to strain C22B. On the basis of above data we identified and named the 
strain FA1 as Pseudomonas sp. FA1.  
Nucleotide sequence accession number. The 16S rRNA gene sequence of Pseudomonas sp. FA1 
was deposited in GenBank under an accession number AY312988. 
 
Growth of strain FA1 on CL-20 as a nitrogen source.  As mentioned above strain FA1 was 
capable of utilizing CL-20, ammonium sulfate, ammonium chloride and sodium nitrite as sole 
nitrogen sources. In order to determine the number of nitrogen atoms from CL-20 that were 
incorporated into biomass, cells were grown in MM containing different concentrations of either 
(NH4)2SO4 or CL-20. After incubation, the growth yield in form of total viable cell counts was 
determined. The growth yield using CL-20 as nitrogen source was about 1.83-fold higher 
compared to that observed with (NH4)2SO4 (Figure 30). No growth was observed in the control 
experiment without any nitrogen source. The ratio of growth yields in (NH4)2SO4 versus CL-20 
(Figure 30) indicated that of the 12 nitrogen atoms per CL-20 molecule, approx. 4 nitrogen atoms 
were assimilated into the biomass. The soil isolate Agrobacterium sp. JS71 utilized CL-20 as a 
sole nitrogen source and assimilated 3 moles of nitrogen per mole of CL-20.   
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Figure 30  Growth of Pseudomonas sp. FA1 at various concentrations of CL-20 (�) and (NH4)2SO4 (�). 
The viable-cell count in early-stationary-phase-culture (16 h) was determined for each nitrogen 
concentration. Linear regression curve for (NH4)2SO4 has a gradient of 0.122 and an r2 of 0.990. Linear 
regression curve for CL-20 has a gradient of 0.224 and an r2 of 0.992. Data are means of results from 
duplicate experiments, and error bars indicate standard error. Some error bars are not visible due to their 
small size.  

 
 



 69 

Biotransformation of CL-20 by intact cells.  In a study of the effect of alternate cycle of aerobic 
and anaerobic growth conditions on CL-20 biotransformation, we observed that after creating 
anaerobic conditions in one of the two growing cultures at 9 h of growth, most of the CL-20 was 
biotransformed in the subsequent 2 h of incubation but that under aerobic conditions it took more 
than 20 h to biotransform the same amount of CL-20 (Figure 31). This experimental finding 
indicated that the growth of Pseudomonas sp. FA1 was faster under aerobic conditions while CL-
20 biotransformation by the mid-log phase culture (8-9 h) was more rapid under anaerobic 
conditions. 
An experiment with uninduced and CL-20 (10 µM)-induced cells showed CL-20 
biotransformation activities of 1.4 ± 0.05 and 3.2 ± 0.1 nmol h-1 mg of protein-1, respectively, 
indicating that CL-20 was biotransformed at a 2.2-fold faster rate by the induced cells than by the 
uninduced cells. This experimental finding indicated that there could be an up-regulation of an 
enzyme in the induced cells that might be responsible for CL-20 biotransformation. In addition, 
the increase in activity could be due to an improved uptake of CL-20 following induction of the 
cells with CL-20 
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Figure 31  Effect of alternate cycle of aerobic and anaerobic growth conditions on biotransformation of 
CL-20 by Pseudomonas sp. FA1. Symbols: growth (�) and CL-20 degradation (�) under aerobic 
conditions. Open triangles and circles show the levels of growth and CL-20 biotransformation, 
respectively, under aerobic conditions (for the first 9 h) and then under anaerobic conditions. Data are 
mean of results from triplicate experiments, and error bars indicate standard error. Some error bars are 
not visible due to their small size. 

 
 
Localization of enzyme(s) responsible for CL-20 biotransformation.  The CL-20 
biotransformation activities of cell-free crude extract, cytosolic soluble enzyme(s) and 
membrane-enzyme(s) were determined under aerobic as well as anaerobic conditions. We found 
that all the three enzyme(s) fractions exhibited higher activities under anaerobic conditions 
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(Table 10) than those observed under aerobic conditions (data not shown). In case of membrane-
enzyme(s), CL-20 biotransformation was about 5-fold higher under anaerobic conditions (11.5 ± 
0.4 nmol h-1 mg of protein-1) than under aerobic conditions (2.5 ± 0.1 nmol h-1 mg of protein-1), 
indicating the involvement of an initial oxygen sensitive step during biotransformation of CL-20. 
As a result, the subsequent study was carried out under anaerobic conditions. 

CL-20 biotransformation activities of membrane-enzyme(s) using NADH or NADPH as 
an electron-donor were 11.5 ± 0.4 or 2.1 ± 0.1 nmol h-1 mg of protein-1, respectively, indicating 
that the responsible enzyme was mainly NADH-dependent. 

The CL-20 biotransformation activities of membrane and soluble enzyme(s) fractions 
were 11.5 ± 0.4 and 2.3 ± 0.05 nmol h-1 mg of protein-1, respectively (Table 10), which clearly 
indicated that the enzyme(s) responsible for CL-20 biotransformation was membrane-associated. 
The CL-20 biotransformation activities observed in the soluble enzyme(s) fraction presumably 
leached out from the membrane-enzyme(s) fraction during cell-disruption process. 

 
Enzymatic biotransformation of CL-20 and product stoichiometry.  The membrane-enzyme(s) 
catalyzed the biotransformation of CL-20 optimally at pH 7.0. Activity remained unchanged 
between pH 6.0 and 7.5 but higher or lower pHs caused reduction in activity (data not shown). A 
time course study carried out with membrane-enzyme(s) showed that CL-20 disappearance was 
accompanied by the formation of nitrite and nitrous oxide at the expense of the electron-donor 
NADH (Figure 32). After 2.5 h of reaction, each reacted CL-20 molecule produced about 2.3 
nitrite ions, 1.5 molecules of nitrous oxide and 1.7 molecules of formic acid (Table 11). Of the 
total 12 nitrogen atoms (N) and 6 carbons (C) per reacted CL-20 molecule, we recovered 
approximately 5 N (as NO2

- and N2O) and 2 C (as HCOOH), respectively. The remaining 7 N 
and 4 C may be present in unidentified intermediate(s).  

Pseudomonas sp. FA1 was a denitrifying bacterium; hence, nitrite was observed as a 
transient intermediate during CL-20 biotransformation and was partially converted to nitrous 
oxide. This observation was proved by incubating membrane-enzyme(s) with inorganic NaNO2 
under the same reaction conditions as those used for CL-20. The results showed an NADH-
dependent reduction of nitrite (used as NaNO2) to nitrous oxide (Figure 33).  

In biological systems, the enzymatic conversion of nitrite to nitrous oxide occurs via a 
transient formation of nitric oxide (NO) and this process involves two enzymes i.e. nitrite 
reductase (converts nitrite to nitric oxide) and nitric oxide reductase (converts nitric oxide to 
nitrous oxide). Since Pseudomonas species are known to produce these two reductase enzymes 
(Forte et al., 2001; Arese et al., 2003), we assume that the membrane preparation from strain 
FA1 may contain these two enzymes.  
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Table 10  Effect of flavin contents in native- and deflavo-enzyme preparations on the CL-20 biotransformation activities of various enzyme 
fractions from Pseudomonas sp. FA1 under anaerobic conditionsa. 

 

Localization of 
enzyme(s) 

Total Flavin content in 
native-enzyme(s)   

(nmol/mg of protein) 

 

CL-20 biotransformation 
activity of native-enzyme(s) 

(nmol h-1 mg of protein-1) 

Total Flavin content in 
deflavo-enzyme(s) 

(nmol/mg of protein) 

CL-20 biotransformation 
activity of deflavo-enzyme(s)                        
(nmol h-1 mg of protein-1) 

1. Cell-free crude 
extract 
 

22.6 ± 1.3 15.6 ± 0.7 N.D. N.D. 

2. Cytosolic soluble 
enzyme(s)  
 

5.5 ± 0.2 2.3 ± 0.05 1.2 ± 0.2 0.5 ± 0.05 

3. Membrane-
associated enzyme(s) 
 

12.6 ± 0.6 11.5 ± 0.4 3.8 ± 0.3 2.7 ± 0.1 

a Data are means ± standard errors from triplicate experiments. N.D., not determined 
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Figure 32  Time-course study of NADH-dependent biotransformation of CL-20 by a membrane-
associated enzyme(s) from Pseudomonas sp. FA1 under anaerobic conditions. Symbols indicate the 
levels of CL-20 (�), NADH (�), nitrite (�), nitrous oxide (�). Data are means of results from triplicate 
experiments, and error bars indicate standard errors. Some error bars are not visible due to their small 
size. 
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Figure 33  Time-course study of NADH-dependent reduction of nitrite to nitrous oxide by a membrane-
associated enzyme(s) from Pseudomonas sp. FA1 under anaerobic conditions. Symbols indicate the 
levels of nitrite (�), nitrous oxide (�), NADH (�). Data are means of results from triplicate experiments, 
and error bars indicate standard errors. Some error bars are not visible due to their small size. 
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Table 11  Stoichiometry of reactants and products during biotransformation of CL-20a.  

 

Reactants or Products Amount (nmol) Molar ratio of reactants to products 
per reacted CL-20 molecule 

Reactants 

1. CL-20              20 1.0 
2. NADH 90 4.5 

Products   
 

1. Nitrite (NO2
-) 46 2.3 

2. Formate (HCOOH) 34 1.7 
3. Nitrous oxide (N2O) 29 1.5 
a CL-20 was biotransformed by a membrane-associated enzyme(s) (1 mg/mL) from Pseudomonas sp. FA1 at pH 7.0, 
30 oC for 2.5 h under anaerobic conditions. The data are means of results of triplicate experiments. 
 
 
Involvement of flavoenzyme(s) in the biotransformation of CL-20.  The total flavin contents 
were measured in crude extract, cytosolic soluble enzymes and membrane- enzymes. The 
membrane-enzyme(s) contained about 56 % of the total flavin content and retained about 74 % of 
the total CL-20 biotransformation activity present in the crude extract (Table 10). In the 
deflavoenzyme(s) preparation there was a corresponding decrease in flavin content as well as 
CL-20 biotransformation activity (Table 10), which indicated the involvement of a flavin moiety 
in CL-20 biotransformation. Furthermore, the CL-20 biotransformation activity of 
deflavoenzyme was restored up to 75 % after reconstitution with equimolar concentrations of 
FAD and FMN (100 µM each). The comparison of CL-20 biotransformation activities of the 
native enzyme (11.5 ± 0.4 nmol h-1 mg of protein-1), deflavoenzyme (2.7 ± 0.1 nmol h-1 mg of 
protein-1) and reconstituted-enzyme(s) (8.90 ± 0.5 nmol h-1 mg of protein-1) clearly showed the 
involvement of a flavoenzyme(s) in biotransformation of CL-20 by Pseudomonas sp. FA1. The 
free FAD and FMN also biotransformed CL-20 in the presence of NADH, however, the 
biotransformation rate was about 5-fold lower than that of the native membrane-enzyme(s). This 
finding additionally supported the involvement of a flavin-containing enzyme in CL-20 
biotransformation and also indicated that the flavin-moieties have to be in an enzyme-bound 
form in order to function efficiently. 

Study with diphenyliodonium chloride (DPI) showed a 62 % inhibition of CL-20 
biotransformation (Table 12). Analogously with previous reports, which proved that DPI targets 
flavin-containing enzymes that catalyze one-electron transfer reactions (Chakraborty and Massey, 
2002; O’Donnell et al., 1994), the present study suggested the involvement of such an enzyme 
during biotransformation of CL-20 by strain FA1. The involvement of a flavoenzyme in 
biotransformation of RDX (Bhushan et al., 2002) and HMX (Bhushan et al., 2003b) via one-
electron transfer has already been established. In our previous study with diaphorase (a FMN 
containing flavoenzyme from Clostridium kluyveri), we reported an oxygen-sensitive one-
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electron transfer reaction that caused N-denitration of RDX leading to its decomposition 
(Bhushan et al., 2002). Moreover, a xanthine oxidase catalyzed an oxygen-sensitive, initial single 
N-denitration of HMX at the FAD site, leading to the spontaneous decomposition of the 
molecule (Bhushan et al., 2003b). 

 
 

Table 12  Effects of enzyme inhibitors on the CL-20 biotransformation activity of membrane-associated 
enzyme(s)a  

Inhibitor (2 mM) 

 

% CL-20 biotransformation activityb 

1.  Without inhibitor (control) 
 

100 ± 1.7 

2.  Diphenyliodonium 
 

38 ± 2.3 

3.  Dicumarol 
 

86 ± 3.5 

4.  Metyrapone 
 

91 ± 2.8 

5.  Carbon monoxidec 
 

87 ± 2.2 

6.  2,2-dipyridyl 
 

92 ± 3.4 

a the CL-20 biotransformation activity of the membrane-associated enzymes (1 mg/mL) was determined at pH 7.0 
and 30oC after 1 h under anaerobic conditions. b 100 % CL-20 biotransformation activity was equivalent to 11.5 
nmol h-1 mg of protein-1. Data are mean percentages of CL-20 biotransformation activity ± standard errors (n = 3). c 

Carbon monoxide was bubbled through the aqueous phase and headspace for 60 s in sealed vials.  
 
 

On the other hand, enzyme inhibitors such as dicumarol (a DT-diaphorase inhibitor) 
(Tedeshi et al., 1995), metyrapone and CO (cytochrome P450 inhibitors) (Bhushan et al., 2003c), 
and 2,2-dipyridyl (metal chelator) did not show effective inhibition of CL-20 biotransformation 
activity of membrane-enzyme(s) from strain FA1 (Table 10). The inhibition study ruled out the 
possibility of involvement of above mentioned or similar type of enzymes during 
biotransformation of CL-20 by Pseudomonas sp. FA1. 
 
Proposed initial reaction of CL-20 biotransformation.  According to the time-course study 
described above, the disappearance of CL-20 was accompanied by the formation of nitrite 
(Figure 32) and this reaction was oxygen-sensitive. Additionally, the DPI-mediated inhibition of 
CL-20 degradation activity (Table 12) showed the involvement of a flavoenzyme catalyzing one-
electron transfer. The evidence suggests that CL-20 molecule undergoes enzyme catalyzed one-
electron reduction to form an anion radical of CL-20. This anion radical undergoes denitration to 
form a free-radical, which eventually undergoes spontaneous ring-cleavage and decomposition to 
produce nitrous oxide, nitrite and formic acid. Previously, we reported a one-electron transfer 
reaction catalyzed by a diaphorase, a flavoenzyme from Clostridium kluyveri, which caused N-
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denitration of RDX leading to its decomposition (Bhushan et al., 2002). The present study 
analogously with the initial biotransformations of other cyclic nitramine compounds, such as 
RDX (Bhushan et al., 2002) and HMX (Bhushan et al., 2003b) supports an initial enzymatic N-
denitration of CL-20 prior to ring-cleavage.  

Nitrite ions probably come from the four nitro-groups bonded to the two five-member 
rings in the CL-20 structure. Nitrous oxide can be produced in two different ways: first, by 
enzymatic reduction of nitrite and second, during secondary decomposition of the CL-20 free-
radical as it was previously suggested by Patil and Brill (1991). Nitrous oxide was also produced 
during secondary decomposition of RDX (Bhushan et al., 2002) and HMX (Bhushan et al., 
2003b, Hawari et al., 2001). Formic acid was presumably formed following denitration and the 
cleavage of the C-C bond bridging the two five-member rings in CL-20 structure. Indeed, this 
bond is relatively longer (Xinqi and Nicheng, 1996) and thus weaker than the other C-C bonds. 
Formaldehyde (HCHO), a major carbon compound produced during biotransformation of RDX 
and HMX (Bhushan et al., 2002, 2003a,c; Halasz et al., 2002; Hawari, 2000; Hawari et al., 
2000b, 2001), was not observed in the present study.  

 
Conclusion 

 
A Pseudomonas sp. FA1, capable of utilizing CL-20 as sole nitrogen source, was isolated 

and identified from a soil sample. Strain FA1 grew well under aerobic conditions but 
biotransformed CL-20 under anaerobic conditions to produce nitrite, nitrous oxide and formic 
acid. Studies with deflavo-form of enzyme and its subsequent reconstitution, and the inhibition 
of holoenzyme by DPI evidently support the involvement of a flavoenzyme in CL-20 
biotransformation. The enzyme responsible for biotransformation of CL-20 by strain FA1 is a 
NADH-dependent, membrane-associated flavoenzyme. 

The present study has provided the insights into the initial microbial and enzymatic 
biotransformation of CL-20 and some of its products that were not known before. Further work is 
now necessary to identify the intermediates and end-products from CL-20 to supplement the 
mass balance study, which would help in determining the complete biodegradation pathway of 
CL-20. The continuation of the work will thus involve the use of 14C and 15N labeled CL-20. 

A vast literature available online (http://www.ncbi.nlm.nih.gov) revealed that 
Pseudomonas and the bacteria belonging to family Pseudomonadaceae are prevalent in almost all 
types of environments e.g. soils, marine and fresh water sediments. The present study would 
therefore help in understanding the environmental fate (biotransformation, biodegradation and/or 
natural attenuation) of cyclic nitramine explosive compounds such as CL-20.   
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XIII Anaerobic degradation of CL-20   

 

Results obtained from this task was published in: 

1. Bhushan B, Paquet L, Spain JC, Hawari J. (2003) Biotransformation of 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) by denitrifying Pseudomonas sp. Strain FA1. Appl. Environ. 
Microbiol. 69:5216-5221 
2. Bhushan B, Halasz A, Thiboutot S, Ampleman G, Hawari J. (2004) Chemotaxis-mediated 
biodegradation of cyclic nitramine explosives RDX, HMX and CL-20 by Clostridium sp. EDB2. Biochem. 
Biophys. Res. Commun. 316:816-821 

3. Bhushan, B, A. Halasz and J. Hawari. (2006) Effect of iron (III), humic acid, and anthraquinmone-2, 
6-disulphonate on biodegradation of cyclic-nitramines by Clostridium sp. EBD2. J. Appl. Microbiology 
100: 555-563. 

 

 
XIII.1  Biotransformation of CL-20 with Clostridium sp. strain EDB2 

 
 
Introduction 
 

Cyclic nitramines such as RDX, HMX and CL-20 lack the electronic stability of aromatic 
compounds like TNT so that an initial attack, whether biological or chemical, can lead to 
decomposition of these molecules in aqueous media (Hawari, 2000; Hawari et al., 2000a). 
However, with respective water solubilities of 40.0, 6.6 and 3.6 mg/L at 25 °C (Monteil-Rivera et 
al., 2004), RDX, HMX and CL-20 may be preferentially attached to solid surfaces and/or trapped 
in pores when present in marine and terrestrial environments. CL-20, with its higher ability to 
adsorb on matrix containing organic matter (Balakrishnan et al., 2004b) may be even more 
strongly bound to the sediment. Rates of biodegradation of such chemicals are limited by the 
rates of their mass-transfer from non-aqueous phase. 

In order to degrade the explosive, the potential microorganism(s) must come in contact 
with the molecule. Bacterial chemotaxis is one such process that brings microbes closer to the 
contaminated sites and thus enhance the rate of biodegradation (Marx and Aitken, 2000; Law and 
Aitken, 2003). Motile and chemotactic microorganisms have advantage over non-motile and non-
chemotactic ones by having the ability of sensing the explosive and thus move to form high-
population densities around the chemical (Park et al., 2003). The dense microbial population can 
tolerate higher concentration of toxic chemicals (Greenberg, 2003) and reproduce more rapidly 
thus stimulating a rapid cleanup. Bacterial chemotaxis to a variety of organic pollutants and their 
subsequent degradation has been studied extensively (Marx and Aitken, 2000; Samanta et al., 
2000; Parales et al., 2000; Parales and Hardwood, 2002; Pandey and Jain, 2002; Law and Aitken, 
2003) however no report was available with regard to cyclic nitramine explosives. 

In the present study, we isolated an obligate anaerobic bacterium Clostridium sp. strain 
EDB2 from a marine sediment collected from a shipwreck site near Halifax Harbor in Canada. 
The strain demonstrated chemotaxis response towards the three cyclic nitramine explosives, 
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RDX, HMX and CL-20, and successfully degraded them. The present study is thus a model 
system to understand the environmental significance of chemotactic bacteria in accelerating the 
biodegradation of cyclic nitramine explosives under in situ conditions. 
 
Materials and Methods  
 
Chemicals and sediment.   Commercial grade RDX, HMX (chemical purity > 99 % for both 
explosives), [UL-14C]-RDX (chemical purity > 98 %, radiochemical purity 97 %, specific 
radioactivity 28.7 µCi.mmol-1), [UL-14C]HMX (chemical purity > 94 %, radiochemical purity 91 
%, specific radioactivity 101.0 µCi.mmol-1) and Hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX) 
were provided by Dr. G. Ampleman, Defense Research and Development Canada (DRDC-
DND), Valcartier, QC, Canada. Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX) and 4-
nitro-2,4-diazabutanal were obtained from SRI International (Menlo Park, CA). 
Methylenedinitramine (MDNA) was obtained from the rare chemical department of Aldrich, 
Oakville, ON, Canada. ε-CL-20 (99.3 % purity) was provided by ATK Thiokol Propulsion, 
Brigham City, UT, USA. Micro-capillaries (1 and 5 µL), low-melting-point agarose and NADH 
were purchased from Sigma chemicals, Canada. 

Marine sediment samples were collected from a shipwreck site (200 meters deep sea bed) 
at 50 nautical miles east of the Halifax harbor, Canada. Chemical analysis showed that sediment 
was composed of silt, clay, sand and total organic matter at a concentration of 90.45, 8.25, 1.30 
and 1.90 %, w/w, respectively. Major metals were Fe, Ca, Al, and Na at a concentration of 40, 
24, 15 and 10 g/kg, respectively, and pH of sediment was 7.7. 
 
Media composition.  Medium M1 was composed of (per liter): NaCl, 10.0 g; NaHCO3, 2.5 g; 
NaH2PO4, 0.6 g; KCl, 0.2 g; NH4Cl, 0.5 g; and Fe(III)-citrate, 12.25 g. Ingredients were mixed in 
hot water. pH was adjusted to 7.0 with 10 N NaOH. One liter medium was bubbled with N2:CO2 
(80:20) for 45 min. After autoclaving at 121oC for 20 min, we added filter-sterilized anaerobic 
solutions of lactate and glucose, 25 mM each; peptone, 1.0 g; trace elements, 10 mL; and vitamin 
mixture, 10 mL. Trace elements and vitamin mixture were same as reported (Lovley et al., 1984). 
Medium M2 was composed of (per liter): Peptone 8 g; yeast extract 2 g; NaCl, 10 g; glucose and 
lactate 25 mM each. For making solid agar slants or plates, 1.8 % agar powder (Difco) was added 
to the medium. 
 
Isolation of chemotactic bacteria.  Enrichments were carried out by adding RDX, HMX and CL-
20 together (30 µM each) and sediment (1 % w/v) to medium M1 followed by incubation at room 
temperature for about 2 weeks under strict anaerobic conditions (N2:CO2, 80:20). The enriched 
culture (2.0 mL) was suspended in 3.0 mL of phosphate buffer saline (PBS) (100 mM, pH 7.0) 
supplemented with glucose (5 mM) as carbon and energy source. The cell-suspension was sealed 
in 10-mL vials under strict anaerobic conditions. Micro-capillaries, sealed at one end, were then 
charged with 5 µM solution of either RDX, HMX or CL-20 and inserted into the above sealed 
vials by piercing through the butyl rubber septum and partly dipped into the enriched culture as 
shown in Figure 34. After every 24 h of incubation, one capillary was taken out and plated onto 
the agar slants of both media M1 and M2 and incubated at room temperature under anaerobic 
conditions. This exercise was repeated every 24 h for about two weeks to allow isolation of a 
motile and chemotactic bacterial strain. The isolated strain formed small, black colonies (≤ 1 mm 
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diameter) on solidified medium M1, and small, white, shining colonies (≤ 1 mm diameter) on 
solidified medium M2.  
 
 

                                                  

N2:CO2 
(80:20)

atmosphere

Enriched 
culture

Sealed microcapillary

 
Figure 34  Schematic representation of the technique used to isolate chemotactic bacteria. A 5-µL micro-
capillary containing an explosive solution and sealed at outer end is inserted into an air-tight 10-mL glass 
vial containing 5 mL of enriched culture under anaerobic conditions.  

 
Bacterial Identification.  Morphological, physiological and biochemical characterization of the 
isolated strain were performed by standard methods described for gram-staining, spore-staining, 
catalase, oxidase, H2S production, nitrate- and nitrite-reduction, in the manual of methods for 
general bacteriology (Gerhardt, 1981). 16S rRNA gene analysis (1200 bases) and mol % G+C 
content of the strain were performed by laboratory services division, University of Guelph, ON, 
Canada. The strain was named EDB2 (EDB stands for explosive degrading bacterium).  

Following microscopy techniques were performed to determine morphology, motility, 
flagella and cell-count: 1) Phase contrast microscopy was used to observe cell-motility by 
hanging drop method (Gerhardt, 1981) using standard microscope glass slides with cavity. It was 
also used for bacterial cell count with Petroff-Hausser counter (Hausser Scientific, Horsham, PA, 
USA); 2) Transmission electron microscopy (TEM) was used to observe bacterial morphology 
and type of flagella. For TEM, bacterial cells were negatively stained as follows: a 20 µL of mid-
log-phase culture was placed onto a formvar (polyvinyl formaldehyde) coated grid of mesh size 
400. After 4 min of incubation at room temperature the excess fluid was drained off with 
whatman filter paper. The culture sticking to the grid was stained with 2 % ammonium 
molybdate for about 30 seconds. Excess stain was drained and grid was washed with double 
distilled water. The grid was air-dried and observed under a transmission electron microscope 
(Hitachi H7500). 

 
Chemotaxis assays 
Qualitative agarose-plug assay. This assay was conducted as described by Childers et al. (2002) 
with some modifications using low-melting-point agarose (1.6 % w/v, Sigma chemicals, 
Canada). Briefly, a chemotaxis chamber of dimensions 20 × 20 × 1.5 mm was made with two 
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plastic strips glued to a glass slide. A drop of low-melting-point agarose containing an explosive 
compound was placed on a glass coverslip and inverted onto the plastic strips. Bacterial cells, 
grown anaerobically in 100 mL of medium M2 supplemented with RDX, HMX and CL-20 
together (15 µM each), were washed once with PBS buffer and resuspended in 8 mL of PBS 
buffer containing 1 mM glucose as energy source before transferring to the chemotaxis chamber. 
The latter was then transferred to a plastic tube sealed with a rubber stopper followed by flushing 
with N2:CO2 (80:20) to create anaerobic conditions and then incubated at 30oC. Bacterial ring 
formation around the agarose-drop was observed for 60 min. Two separate controls were used for 
comparison; the first contained agarose-drop with buffer alone, and the second contained 
autoclaved killed cells against a test chemical(s). 
 
Quantitative micro-capillary assay. A modified version of previously described method 
(Samanta et al., 2000) was used. The cyclic nitramines, at a defined concentration, were charged 
into 1-µL micro-capillaries (Drummond scientific company, Broomall, PA, USA). The latter 
were inserted into a U-shaped chamber (similar to the chemotaxis chamber as mentioned above 
but without agarose-drop) already flooded with cell suspension of strain EDB2. The U-shaped 
chamber was then incubated under anaerobic conditions for 30 min. Micro-capillaries were 
removed from the chamber and the cells sticking outside the capillaries were washed away with 
PBS buffer. Cells accumulated inside the capillaries were counted by Petroff-Hausser counter 
following serial dilutions. Controls were same as mentioned above.  
 
Biotransformation assays for RDX, HMX and CL-20.  Biotransformation assays were 
performed in 6-mL air-tight glass vials under strict anaerobic conditions by purging the reaction 
mixture with argon for 20 min. Each assay vial contained (one ml of assay mixture) either RDX 
(20 µM), HMX (20 µM) or CL-20 (20 µM) and resting-cells preparation (5 mg wet biomass/ml) 
in a potassium phosphate buffer (50 mM, pH 7.0). To determine the effect of NADH on rate of 
biotransformation of explosive(s), NADH (200 µM) was added to the reaction vial(s) and 
incubated at 30oC. Three different controls were prepared by omitting either resting-cells, NADH 
or both from the assay mixture. Residual NADH was measured as described before (Bhushan et 
al., 2002). The energetic chemicals and their biotransformed products were analyzed as 
previously described (Hawari et al., 2001; Hawari et al., 2002; Monteil-Rivera et al., 2004). 
Explosive degradation activity of the cells was expressed as nmol h-1 mg cell biomass-1 unless 
otherwise stated.  

 
Accomplishments 
 
Isolation and identification of strain EDB2.  We used a new technique devised to isolate 
chemotactic bacteria (Figure 35) to isolate an obligate anaerobic bacterial strain EDB2, from a 
marine sediment. Strain EDB2 was small rods of length 1.8 – 3.5 µm and diameter 0.7–1.0 µm, 
and exhibited gram-variable character. Spores were not seen in a stationary-growth-phase culture. 
The temperature and pH optima for the growth were 30 oC and 7.0, respectively. Strain EDB2 
was motile with help of numerous peritrichous flagella (Figure 35). It was catalase and oxidase 
negative, and produced H2S from S2O3

2-. Also, it reduced nitrate and nitrite to N2O using NADH 
as electron-donor. 16S rRNA gene analysis of 1200 bases (GenBank accession number 
AY510270) showed that strain EDB2 was 97 % similar to Clostridium xylanolyticum (GenBank 
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accession number X76739) and Clostridium strain DR7 (GenBank accession number Y10030). 
Strain EDB2 differed from C. xylanolyticum for having higher mol % G+C content of 53.6 
compared to 40 %, and for its potential to reduce nitrite and nitrate. No published description was 
available for Clostridium strain DR7. The results showed that strain EDB2 belonged to genus 
Clostridium however it did not match with any closely related species.  
 
 

 
 
Figure 35  Transmission electron micrograph of negatively stained cell of strain EDB2. Bar indicates 1 
µm. 

 
 
Chemotaxis response of strain EDB2 towards cyclic nitramines including CL-20.  Agarose-
plug assays showed qualitative chemotaxis of strain EDB2 in form of visible bright rings around 
the agarose-plug(s) containing RDX, HMX, CL-20 or nitrite. Control agarose-plug containing 
only buffer did not show chemotaxis response (Figure 36).  

Micro-capillary assays showed quantitative chemotaxis response of strain EDB2 towards 
the three explosives and the nitrite ion (Table 13). Since we found that biotransformation of 
RDX, HMX and CL-20 occurred via an initial N-denitration (discussed below), we presumed 
that nitrite released from the explosive molecules was responsible for eliciting a chemotaxis 
response in strain EDB2. Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), a RDX 
metabolite that also released nitrite on reaction with strain EDB2, elicited a chemotaxis response 
in strain EDB2 (Figure 36 and Table 13). On the other hand, HMX, being the most recalcitrant 
(discussed below), elicited the least chemotaxis response (Table 13). Our hypothesis was 
strengthened when hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), a RDX metabolite without a 
nitro group, did not elicit chemotaxis response (Table 13). Additionally, methylenedinitramine 
and 4-nitro-2,4-diazabutanal, both ring-cleavage metabolites from RDX and/or HMX (Halasz et 
al., 2002; Fournier et al., 2002), neither released nitrite during their reaction with resting cells of 
strain EDB2 nor they elicited chemotaxis response in strain EDB2. Other known carbon products 
of cyclic nitramines i.e. HCHO and HCOOH, which lack NO2

-, elicited a poor chemotaxis 
response in bacterium (data not shown). The above data confirmed that nitrite released from the 
explosives was primarily responsible for inducing chemotaxis response in strain EDB2. Once 
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gathered around the contaminated site, strain EDB2 may form high population density and 
reproduce more rapidly as did other bacteria (Park et al., 2003; Greenberg, 2003). As a result, 
higher degradation rates of energetic chemicals can be achieved by strain EDB2 as previously 
reported with regard to bacterial degradation of naphthalene (Marx and Aitken, 2000; Law and 
Aitken, 2003). 

 
 

          Buffer    Nitrite   RDX 

                    
 

        MNX    CL-20   HMX 

                
Figure 36  Qualitative chemotaxis assay with strain EDB2 by agarose-plug method. Bright ring of 
bacterial cells around the plug indicated chemotaxis.  

 
 

Table 13  Quantitative chemotaxis assay with strain EDB2 by micro-capillary method.  

 
Compound Conc. (µM) Chemotaxis indexa 
1. Bufferb  1.0 ± 0.1 
2. RDX 10 5.0 ± 0.4 
3. HMX 10 2.4 ± 0.2 
4. CL-20 8 7.2 ± 0.5 
5. MNX 10 5.9 ± 0.4 
6. TNX 10 1.3 ± 0.1 

7. Nitrite 10 7.9 ± 0.6 
 100 18.5 ± 1.3 

a ratio of number of cells accumulated inside the capillary containing test compound to the 
number of cells accumulated inside the capillary containing only buffer (i.e. 850 ±  90 
cells); data are mean ±  SD  (n = 3). 
b negative control without compound. 

 
 
 
 
Biodegradation of cyclic nitramine explosives including CL-20.  Growing-culture of strain 
EDB2 biotransformed the three explosives, in medium M2, as a function of its growth with the 
following order i.e. CL-20 > RDX > HMX (Figure 37). In resting cells study, biotransformation 
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rates of RDX, HMX and CL-20 by strain EDB2 were 1.8 ± 0.2, 1.1 ± 0.1 and 2.6 ± 0.2 nmol h-1 
mg biomass-1 (mean ± SD; n = 3), respectively, whereas, in the presence of 100 µM NADH, the 
biotransformation rates of the three explosives enhanced to 4.5 ± 0.3, 2.5 ± 0.3 and 7.2 ± 0.6 
nmol h-1 mg biomass-1 (mean ± SD; n = 3), respectively. In contrast, a negligible response was 
observed upon addition of 100 µM NADPH indicating the involvement of unidentified NADH-
dependent enzyme(s). No degradation was observed in control experiments without resting cells 
within one hour of assay time. We found that biotransformation of RDX or HMX was 
accompanied by the formation of NO2

-, N2O, HCHO and HCOOH, while biotransformation of 
CL-20 produced NO2

-, N2O and HCOOH.  
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Figure 37  Biotransformation of RDX (�), HMX (�) and CL-20 (�) by strain EDB2 as a function of its 
growth (�). Data are mean ± SD (n = 3). Some error bars are not visible due to their small size. 

 
 
Resting-cells of strain EDB2 also catalyzed NADH-dependent biotransformation of 

HCHO to HCOOH which did not accumulate (data not shown). In a subsequent experiment, 
strain EDB2 mineralized 40 % of H14CHO (of the total 340 µg H14CHO/L medium) with 
evolution of 14CO2 after 4 days of incubation in medium M1 suggesting an intermediary 
formation of HCOOH.  
 
Conclusion 
 

In the present study, we isolated an obligate anaerobic bacterium Clostridium sp. strain 
EDB2 from a marine sediment. Strain EDB2, motile with numerous peritrichous flagella, 
demonstrated chemotactic response towards RDX, HMX, CL-20 and NO2

-. The three explosives 
were biotransformed by strain EDB2 via N-denitration with concomitant release of nitrite ion 
(NO2

-). The NO2
- thus produced attracted other distantly located bacterial cells to help 

accelerating the biodegradation process. Biotransformation rates of RDX, HMX and CL-20 by 
the resting cells of strain EDB2 were 1.8 ± 0.2, 1.1 ± 0.1 and 2.6 ± 0.2 nmol h-1 mg wet biomass-1 
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(mean ± SD; n = 3), respectively. In comparison to the conventional microbial degradation where 
microorganism(s) fortuitously come in contact with the energetic chemicals, the present study 
emphasizes the use of chemotactic bacteria for efficient removal of explosives in contaminated 
sites. This is the first report, which showed that a pure bacterial culture (strain EDB2) accessed 
the three hydrophobic cyclic nitramine explosives by chemotaxis and degraded them to 
innocuous products. The properties demonstrated by strain EDB2 renders it useful for the 
cleanup of sites contaminated with cyclic nitramines.  
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XIV Enzymatic degradation of CL-20: determination of reaction pathways 
 
 

XIV.1 Biotransformation of CL-20 by salicylate 1-monooxygenase  
 
The findings of the research performed under this section have been published in:  
Bhushan B, Halasz A, Spain JC, Hawari J. (2004) Initial reaction(s) in biotransformation of CL-20 
catalyzed by salicylate 1-monooxygenase from Pseudomonas sp. ATCC 29352. Appl. Environ. Microbiol. 
70:4040-4047. Copy attached at the end of the present report. 

 
Introduction 
 

We reported earlier aerobic biodegradation of CL-20 by the soil isolate Agrobacterium 
sp. JS71, which utilized CL-20 as a sole nitrogen source and assimilated 3 moles of nitrogen per 
mole of CL-20 (Trott et al., 2003) and anaerobic biodegradation of the same chemical by the soil 
isolate Pseudomonas sp. strain FA1 (Bhushan et al., 2003a). In both cases, no information was 
provided on the initial enzymatic reactions involved in the biodegradation of CL-20. 
Flavoenzyme(s) from Pseudomonas sp. FA1 might have been responsible for the 
biotransformation of CL-20 via an initial N-denitration mechanism (Bhushan et al., 2003a), 
however, we did not detect initial metabolite(s) to support our hypothesis.  

Previous reports on biotransformation and biodegradation of RDX and HMX by a variety 
of microorganisms and enzymes have shown that initial N-denitration led to ring cleavage and 
decomposition (Bhushan et al., 2002, 2003c; Halasz et al., 2002; Fournier et al., 2002). We also 
reported CL-20 biotransformation products such as nitrite, nitrous oxide and formate (Bhushan et 
al., 2003a). 

Salicylate 1-monooxygenase (EC 1.14.13.1), a flavin adenine dinucleotide (FAD)-
containing enzyme from Pseudomonas sp. (ATCC 29352), is capable of catalyzing a variety of 
biochemical reactions (Kamin et al., 1978). The physiological role of salicylate 1-
monooxygenase is to biotransform salicylate to catechol (Katagiri et al., 1965). However, it 
demonstrates activity against many other substrates such as o-halogenophenol and o-nitrophenol 
(Suzuki et al., 1991), benzoates and variety of other compounds (Kamin et al., 1978). We 
hypothesized that CL-20, being an oxidized chemical, might act as a substrate of salicylate 1-
monooxygenase by accepting electron(s).  

In the present study, we used salicylate 1-monooxygenase as a model flavoenzyme to 
understand the initial enzymatic reaction(s) involved in the biodegradation of CL-20 and to gain 
insights into how flavoenzyme(s) producing bacteria biotransform CL-20. Uniformly ring-
labeled [15N]-CL-20 and 18O-labeled water (H2

18O) were used to identify the intermediate(s) 
produced during the course of reaction by LC/MS. Additionally, we studied the involvement of 
the FAD-site of salicylate 1-monooxygenase in CL-20 biotransformation.     
 
Material and Methods 
Chemicals. CL-20 in ε-form and 99.3 % purity, and uniformly ring-labeled [15N]-CL-20 (ε-form 
and 90.0 % purity) were provided by ATK Thiokol Propulsion, Brigham City, UT, USA. NADH, 
diphenyliodonium chloride (DPI) and flavin adenine dinucleotide (FAD) were purchased from 



 85 

Sigma chemicals, Oakville, ON, Canada. 18O-labeled water (95 % normalized 18O atoms) was 
purchased from Aldrich Chem. Co., Milw, WI, USA. All other chemicals were of the highest 
purity grade. 
 
Enzyme preparation and modification.  Salicylate 1-monooxygenase (EC 1.14.13.1) from 
Pseudomonas sp. ATCC 29352 was purchased as a lyophilized powder (protein approx. 45 % by 
Biuret method) from Sigma chemicals, Oakville, ON, Canada. Native enzyme activity against 
salicylate was determined as per company guidelines. The enzyme was washed with phosphate 
buffer (pH 7.0) at 4°C using Biomax-5K membrane centrifuge filter units (Sigma chemicals, 
Oakville, ON) to remove preservatives and then resuspended in the same buffer. The protein 
content was determined by Pierce BCA (bicinchoninic acid) protein assay kit from Pierce 
chemicals company, Rockford, IL, USA. Apoenzyme (deflavo-form) was prepared by removing 
FAD from salicylate 1-monooxygenase using a previously reported method (Wang et al., 1984). 
Reconstitution was carried out by incubating the apoenzyme with 100 µM of FAD in a potassium 
phosphate buffer (50 mM, pH 7.0) for 1 h at 4oC. The unbound FAD was removed by washing 
the enzyme with the same buffer using Biomax-5K membrane centrifuge filter units. 
 
Biotransformation assays.  Enzyme catalyzed biotransformation assays were performed under 
aerobic as well as anaerobic conditions in 6-mL glass vials. Anaerobic conditions were created 
by purging the reaction mixture with argon gas for 20 min and by replacing the headspace air 
with argon in sealed vials. Each assay vial contained, per mL of assay mixture, CL-20 or 
uniformly ring-labeled [15N]-CL-20 (25 µM or 11 mg L-1), NADH (100 µM), enzyme preparation 
(250 µg) and potassium phosphate buffer (50 mM, pH 7.0). Higher CL-20 concentrations than its 
aqueous solubility of 3.6 mg L-1 (Monteil-Rivera et al., 2004), were used in order to allow 
detection and quantification of the intermediate(s). Reactions were performed at 30oC. Three 
different controls were prepared by omitting either enzyme, CL-20 or NADH from the assay 
mixture. Boiled enzyme was also used as a negative control. NADH oxidation was measured 
spectrophotometrically at 340 nm as described before (Bhushan et al., 2002). Samples from the 
liquid and gas phase in the vials were analyzed for residual CL-20 and biotransformed products.   

To determine the residual CL-20 concentrations during biotransformation studies, the 
reaction was performed in multiple identical vials. At each time point, the total CL-20 content in 
one reaction vial was solubilized in 50 % aqueous acetonitrile and analyzed by HPLC (see 
below).  

To demonstrate the effect of enzyme concentration on CL-20 biotransformation, a 
progress curve was made under anaerobic conditions by incubating salicylate 1-monooxygenase 
at an increasing concentration (0.25 to 2.0 mg/mL) with 45 µM CL-20 and 100 µM NADH. The 
reactions conditions were the same as described above.   

To determine the incorporation of water into CL-20 metabolite(s), H2
18O was mixed with 

potassium phosphate buffer (100 mM; pH 7.0) at a ratio of 8:2. All other reaction ingredients and 
conditions were the same as those described above for the biotransformation of CL-20.  

 
Enzyme inhibition studies. Inhibition with diphenyliodonium chloride (DPI), an inhibitor of 
flavoenzymes that acts by forming flavin-phenyl adduct (Chakraborty and Massey, 2002), was 
assessed by incubating salicylate 1-monooxygenase (1 mg) with DPI (0 to 0.5 mM) at room 
temperature for 15-20 min. After incubation, CL-20 biotransformation activities of the enzyme 
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were determined by monitoring the residual CL-20 as described above.  
 
Analytical procedures. CL-20 and its degradation products were detected and analyzed as 
described in section IX. Formaldehyde (HCHO) was analyzed by HPLC after derivatization with 
2,4-pentanedione as previously reported (Halasz et al., 2002).  
 
Accomplishments 
 
Salicylate 1-monooxygenase catalyzed biotransformation of CL-20.  Biotransformation of CL-
20 with a purified salicylate 1-monooxygenase, from Pseudomonas sp. ATCC 29352, was found 
to be NADH-dependent and optimal at pH 7.0 and 30oC under dark conditions. A progress curve 
demonstrated a linear increase in CL-20 biotransformation as a function of enzyme concentration 
(Figure 38). The rates of CL-20 biotransformation were 15.36 ±  0.66 and 2.58 ± 0.18 nmol h-1 

mg of protein-1 under anaerobic and aerobic conditions, respectively, indicating the involvement 
of an initial oxygen-sensitive process. On the other hand, salicylate 1-monooxygenase activity 
against the physiological substrate salicylate was 3,480 nmol min-1 mg of protein-1 under aerobic 
conditions. The low activity of enzyme against CL-20 might be due to three reasons: (1) 
biotransformation rate of the poorly soluble CL-20 is limited by the rate of mass transfer from 
solid to aqueous phase. In comparison, the aqueous solubility of salicylate is about 2000 mg/L at 
20oC (The Merck Index, 2001) and would be higher at 30oC. (2) CL-20 is not a physiological 
substrate of salicylate 1-monooxygenase hence its interaction with this enzyme is expected to be 
rather slow. (3) CL-20 was biotransformed under anaerobic conditions in contrast to the aerobic 
biotransformation of salicylate.    
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Figure 38  Progress curve demonstrating CL-20 biotransformation as a function of salicylate 1-
monooxygenase concentration. The linear-regression curve has a gradient of 15.42 and a r2 of 0.99. Data 
are means of results from the triplicate experiments, and error bars indicate standard errors. Some error 
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bars are not visible due to their small size. 

 
 

In a previous study, the rates of CL-20 biotransformation with flavoenzyme(s) from 
Pseudomonas sp. FA1, under anaerobic and aerobic conditions, were 11.46 ± 0.36 and 2.46 ± 
0.06 nmol h-1 mg protein-1, respectively (Bhushan et al., 2003a), which appear to be similar to 
those we observed in the present study. The total flavin contents in salicylate 1-monooxygenase 
and flavoenzyme(s) from Pseudomonas sp. FA1 were 20.5 and 12.6 nmol mg protein-1, 
respectively. Hence, under anaerobic conditions, CL-20 biotransformation by the two enzymes in 
terms of their flavin contents were 0.72 and 0.90 nmol h-1 (nmol flavin moiety)-1, respectively. In 
all controls, we found that abiotic degradation of CL-20 was negligible in one hour of reaction 
time. The maximum abiotic degradation of CL-20 (0.60 ± 0.06 nmol h-1) was seen in a control 
with NADH under anaerobic conditions, which was only 5 % of the CL-20 degradation catalyzed 
by salicylate 1-monooxygenase. 

Molecular oxygen (O2) inhibits CL-20 biotransformation in two possible ways: first, by 
competing with CL-20 for accepting electron(s) at the FAD-site since O2, in the absence of 
substrate, is known to accept electrons from the reduced salicylate 1-monooxygenase to produce 
H2O2 (Kamin et al., 1978); second, by quenching an electron from the CL-20 anion-radical 
(described below) converting it back to the parent molecule (CL-20) and thus enforcing a futile 
redox-cycling. Analogously, O2-mediated inhibition of RDX anion-radical formation was 
observed during biotransformation of RDX catalyzed by diaphorase (Bhushan et al., 2002). Due 
to the inhibitory effect of oxygen, the subsequent experiments were carried out under anaerobic 
conditions.  

Time-course studies showed a gradual disappearance of CL-20 at the expense of the 
electron-donor NADH with concomitant release of nitrite (NO2

-) and nitrous oxide (N2O) (Figure 
39). We found that N2O, although produced at later steps of CL-20 biotransformation (described 
below), appeared before NO2

- in the assay medium as shown in Figure 39. This could be 
explained by two facts, first, there was a large difference in stoichiometries of nitrite (1.7) and 
nitrous oxide (3.2); second, nitrous oxide detection method (GC-electron capture detector) was 
much more sensitive (lowest detection limit 0.022 nmol) than the nitrite detection method 
(HPLC-conductivity detector) (lowest detection limit 5.434 nmol/ml). Hence, nitrous oxide was 
detected as early as 20 min after the beginning of reaction, whereas nitrite was detected only after 
30 min (Figure 39). After 2 h of reaction, each reacted CL-20 molecule consumed about 1.9 
NADH molecules and produced 1.7 nitrite ions, 3.2 molecules of nitrous oxide, 1.5 molecules of 
formic acid and 0.6 molecule of ammonium (Table 14). Of the total 12 nitrogen atoms (N) and 6 
carbons (C) per reacted CL-20 molecule, we recovered approximately 9 N (as NO2

-, N2O and 
NH4

+) and 2 C (as HCOOH), respectively. The remaining 3 N and 4 C were probably present in 
yet unidentified product(s). In comparison, a membrane-associated flavoenzyme(s) from 
Pseudomonas sp. FA1 produced 2.3 nitrite ions, 1.5 molecules of nitrous oxide and 1.7 
molecules of formic acid from each reacted CL-20 molecule (Table 14). Furthermore, during 
photodegradation of CL-20 at 300 nm in acetonitrile-aqueous solution which was also initiated 
by N-denitration, the product distribution was similar to the present study, but the stoichiometry 
was different i.e. each reacted molecule of CL-20 produced 5.0, 5.3, 1.4 and 0.3 molecules of 
NO2

-, HCOOH, NH3 and N2O, respectively (Hawari et al., 2004). The probable reason for the 
higher yields of NO2

- and HCOOH in photolysis of CL-20 was attributed to the intense action of 
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the high energy wavelength λ300 nm (energy 400 kJ/mol) which caused rapid cleavage of N-NO2 
and -HC-NNO2 bonds in CL-20.  
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Figure 39  Time-course study of NADH-dependent biotransformation of CL-20 by salicylate 1-
monooxygenase (1 mg) under anaerobic conditions. Residual CL-20 (�), NADH (�), nitrite (�), and 
nitrous oxide (∇). Data are means of results from triplicate experiments, and error bars indicate standard 
errors. Some error bars are not visible due to their small size. 

 
 

 
Involvement of flavin-moiety (FAD) in CL-20 biotransformation. Salicylate 1-monooxygenase 
from Pseudomonas sp. is a dimeric protein with two identical subunits where each subunit has an 
approximate mol. wt. of 45.5 kDa and contains one molecule of FAD (White-Stevens and 
Kamin, 1972). Diphenyliodonium (DPI) inhibited the biotransformation of CL-20 in a 
concentration-dependent manner (Figure 40A). It is known that DPI inhibits flavoenzymes by the 
formation of flavin-phenyl adduct (Chakraborty and Massey, 2002) which indicated the 
involvement of FAD in CL-20 biotransformation. Furthermore, DPI targets flavin-containing 
enzymes that catalyze one-electron transfer reactions (O’Donnell et al., 1994; Chakraborty and 
Massey, 2002), which provided strong circumstantial evidence that a one-electron transfer 
process was involved in the initial reaction that might have caused N-denitration of CL-20. 
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Table 14  Comparative stoichiometries of reactants and products during biotransformation of CL-20 by the salicylate 1-monooxygenase from 
Pseudomonas sp. ATCC 29352 and the membrane-associated enzyme(s) from Pseudomonas sp. FA1. 

 
Reactant or product Pseudomonas sp. ATCC 29352 a Pseudomonas sp. FA1 b 

 Amount 
(nmol) 

 

Molar ratio of reactant 
to product per reacted 

CL-20 molecule 

Amount 
(nmol) 

Molar ratio of reactant 
to product per reacted 

CL-20 molecule 
 
Reactants 
 

    

CL-20 25 ± 1.4 1.0 ± 0.05 
 

20 ± 1.2 1.0 ± 0.06 

NADH 
 

48 ± 2.7 1.9 ± 0.10 90 ± 7.1 4.5 ± 0.35 

Products  
 

   

Nitrite (NO2
-) 43 ± 2.5 1.7 ± 0.09 

 
46 ± 3.2 2.3 ± 0.16 

Nitrous oxide (N2O) 79 ± 5.3 3.2 ± 0.21  
 

29 ± 1.6 1.5 ± 0.08 

Formate (HCOOH) 37 ± 2.4  1.5 ± 0.09 
 

34 ± 2.8  1.7 ± 0.13 

Ammonium (NH4
+) 15 ± 0.9 0.6 ± 0.04 

 
N.D. N.D. 

a reaction was performed at pH 7.0, 30oC for 2 h under anaerobic conditions;  b data are from Bhushan et al., 2003a; all the data are mean ± SE (n = 3);  
N.D., not determined. 
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Figure 40  A, Concentration-dependent inhibition of salicylate 1-monooxygenase catalyzed 
biotransformation of CL-20 by diphenyliodonium.  B, Biotransformation of CL-20 by the native- (1), 
deflavo- (2) and reconstituted- salicylate 1-monooxygenase (3). One hundred percent CL-20 
biotransformation activity was equivalent to 15.36 ±  0.66 nmol h-1 mg of protein-1. Data are mean 
percentages of CL-20 biotransformation activity ± standard errors (n = 3).   

 
 

The involvement of FAD was additionally confirmed by assaying deflavo- and 
reconstituted-form of salicylate 1-monooxygenase against CL-20. The specific activities of the 
native-, deflavo- and reconstituted-form of salicylate 1-monooxygenase against CL-20 were 
15.36 ± 0.66, 2.70 ± 0.18 and 10.98 ± 0.18 nmol h-1 mg of protein-1, respectively, revealing that 
deflavo-enzyme lost about 82 % of its activity compared to the native-enzyme (Figure 40B). The 
remaining 18 % activity observed in deflavo-enzyme was due to incomplete removal of FAD 
(data not shown). On the other hand, the reconstituted enzyme, prepared by reconstitution of 
deflavo-enzyme with FAD, restored the CL-20 biotransformation activity up to 72 % (Figure 
40B). The above results indicate the direct involvement of FAD in biotransformation of CL-20.      
Free FAD (100 µM) also transformed CL-20 in the presence of NADH (100 µM) at a rate of 2.10 
± 0.18 nmol h-1, corresponding to 14 % of the bound-FAD present in native salicylate 1-
monooxygenase. This finding not only supports the involvement of FAD in CL-20 
biotransformation but also suggests that the flavin-moiety has to be enzyme-bound in order to 
function efficiently. The involvement of flavoenzyme(s) in biotransformation of RDX (Bhushan 
et al., 2002) and HMX (Bhushan et al., 2003b) via a one-electron transfer process has previously 
been reported. In a study with flavin mononucleotide (FMN) containing diaphorase from 
Clostridium kluyveri, we reported an oxygen-sensitive one-electron transfer reaction that caused 
an initial N-denitration of RDX followed by spontaneous decomposition (Bhushan et al., 2002). 
On the other hand, a FAD containing xanthine oxidase also catalyzed a similar reaction with 
HMX (Bhushan et al., 2003b). 
 
 
Detection and identification of metabolites. The metabolites obtained by reaction between 
salicylate 1-monooxygenase and CL-20 were detected by their deprotonated molecular mass ions 
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[M-H]- in LC/MS (ES-) studies and summarized in Table 15. Intermediates Ia and Ib appeared 
simultaneously with retention times (Rt) of 8.2 and 7.5 min, respectively (Figure 41A), but with 
the same [M-H]- at 345 Da (Figure 41C) corresponding to an empirical formula of C6H6N10O8. 
When ring-labeled [15N]-CL-20 was used in the reaction, both Ia and Ib showed a deprotonated 
molecular mass ion [M-H]- at 351 Da (Table 15, Figure 41E) indicating that each intermediate 
included the six nitrogen atoms from the CL-20 ring. Moreover, the use of [18O]-labeled-H2

18O 
did not affect the mass of intermediates Ia and Ib. The intermediates Ia and Ib, previously 
observed during photolysis of CL-20 (Hawari et al., 2004), were tentatively identified as isomers 
resulting from the loss of two 	NO2 groups that occurred during the initial reaction(s) between 
CL-20 and salicylate 1-monooxygenase. In the present study, we describe the secondary 
decomposition of intermediate Ia (Figure 23). Intermediate Ib, being an isomer of intermediate 
Ia, might also decompose in a similar way. 

Several other products including II, IX, and X were also detected with Rt at 12.5, 1.9 and 
1.7 min, respectively, and with [M-H]- at 381, 381, and 293 Da corresponding to empirical 
formulae of C6H10N10O10, C6H10N10O10, and C6H10N6O8, respectively (Table 15). Likewise, 
when amino-labeled [15N]-CL-20 was used, the [M-H]- of products II, IX, and X were observed 
at 387, 387, and 297 Da, respectively, indicating the incorporation of six [15N]-atoms in II and 
IX and only four [15N]-atoms in X (Table 15). When the experiment was repeated with 18O-
labeled water (H2

18O), the [M-H]- of products II, IX, and X were observed at 385, 385, and 301 
Da, respectively, indicating the incorporation of two [18O]-atoms into II and IX, and four [18O]-
atoms into X (Table 15). Based on above data, the intermediate II was tentatively identified as a 
carbinol adducts (C6H10N10O10), whereas intermediates IX (C6H10N10O10) and X (C6H10N6O8) 
were sequential ring cleavage products (Table 15 and Figure 42). All above metabolites were 
transient and completely disappeared after 2.5 h of reaction.  

To determine the source of N2O, experiments were performed with uniformly-ring-
labeled [15N]-CL-20. 15N14NO was detected in GC-MS analysis with a molecular mass of 45 Da 
which confirmed that of the two nitrogen atoms in N2O one nitrogen was from the CL-20 ring 
and the second was from the peripheral nitro (	NO2) group. We found that all of the N2O, in the 
present study, was labeled and produced from N-NO2 groups released from the CL-20 as 
previously suggested by Patil and Brill (1991). Analogously, N2O generation from N-NO2 has 
also been reported during biodegradation of RDX (Halasz et al., 2002) and HMX (Bhushan et 
al., 2003b). In a previous study, we reported that N2O, besides being produced from N-NO2, was 
also produced via nitrite reduction catalyzed by an enzyme preparation from Pseudomonas sp. 
FA1 (Bhushan et al., 2003a). In contrast, the present study did not show N2O production through 
nitrite reduction. For instance, when we incubated NaNO2 (1 mM) with salicylate 1-
monooxygenase and NADH under similar reaction conditions as used for CL-20 
biotransformation, N2O was not detected during 2 h of reaction which additionally supported that 
N-NO2 was the only source of N2O in the present study. 
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Figure 41  (A) LC/MS (ES-) extracted ion-chromatogram of CL-20 (m/z = 500 Da) and its metabolite 
(Ia) (m/z = 345 Da) produced by the reaction of CL-20 with salicylate 1-monooxygenase; (B-E): LC/MS 
(ES-) spectra of non-labeled CL-20 (B), and its metabolite Ia  (C), amino-labeled [15N]-CL-20 (D), and its 
metabolite Ia (E). 
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Figure 42  Proposed pathway of initial biotransformation of CL-20 catalyzed by salicylate 1-
monooxygenase followed by secondary decomposition. Nitrogen atoms shown in bold were amino-
nitrogens and were uniformly labeled in [15N]-CL-20. Secondary decomposition of intermediate Ia is 
shown, whereas Ib might also decompose like Ia. Intermediate shown between brackets was not detected. 
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Table 15  Properties of metabolites detected and identified by LC/MS (ES-) during biotransformation of CL-20 catalyzed by salicylate 1-
monooxygenase from Pseudomonas sp. ATCC 29352. 
 

 

a tentative structures of these metabolites are shown in Figure 42; b all peaks persisted for about 1.5 h and then gradually disappeared after 2.5 h of reaction; c 
deprotonated mass ions; d Ib, an isomer of Ia, was a minor intermediate as shown in Figure 41A. 

Metabolite a Retention 
time (Rt) 

(min.) 

Relative peak area 
in LC/MS (ES-) 
extracted ion- 

chromatogram b 

[M-H]- 
(Da)c 

Number of 
nitrogen atoms 
from labeled-

[15N]-CL-20 ring 

Number of 
oxygen atoms 
from H2

18O 

Proposed 
empirical 
formula 

 
Ia 
 

 
8.2 

 
207980 

 
345 

 
6 

 
0 

 
C6H6N10O8 

 
Ibd 

 

 
7.5 

 
26089 

 
345 

 
6 

 
0 

 
C6H6N10O8 

 
II 
 

 
12.5 

 
11092 

 
381 

 
6 

 
2 

 
C6H10N10O10 

 
IX 

 

 
1.9 

 
71672 

 
381 

 
6 

 
2 

 
C6H10N10O10 

 
X 
 

 
1.7 

 
7637  

 
293 

 
4 

 
4 

 
C6H10N6O8 
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Proposed mechanism(s) of initial reaction(s) followed by secondary decomposition of CL-20.  
Based on the gradual appearance of nitrite (Figure 39), reaction inhibition by oxygen and DPI, 
detection of initial intermediate(s) (Figure 41), and analogy with other systems (Bhushan et al., 
2002, 2003b), we propose that salicylate 1-monooxygenase catalyzed a single-electron transfer to 
the CL-20 molecule to produce an anion-radical (Figure 42). Spontaneous N-denitration of the 
radical (i.e. release of first NO2

-) would produce a transient N-centered free-radical as previously 
proposed during biotransformation (Bhushan et al., 2003a), thermolysis (Patil and Brill, 1991), 
and photodegradation of CL-20 (Hawari et al., 2004). The N-centered free-radical, being 
unstable, must undergo rapid rearrangement by cleaving at the weaker C	C bond bridging the 
two 5-member rings in CL-20 (Figure 42) (Xinqi and Nicheng, 1996). The rearranged molecule 
would accept a second electron in order to release a second NO2

- to produce two isomeric 
intermediates Ia and Ib (Table 15, Figures 41 and 42). Stoichiometrically, two N-denitration 
steps would require an obligatory transfer of two electrons (equivalent to one NADH molecule), 
however, we found that 1.9 NADH molecules were consumed for each reacted CL-20 molecule 
(Table 14). The excess of NADH utilized (i.e. 0.9 molecule) could be due to either binding of 
NADH to the enzyme and hence lack of detection or utilization by yet unidentified CL-20 
metabolite(s).  

Intermediate Ia, produced as a result of two N-denitration steps, underwent hydrolysis by 
the addition of two H2O molecules across the two imine bonds (	C=N	) to produce an unstable 
carbinol derivative II as confirmed by 18O-labeled water experiment. Compound II might then 
cleave at O2NN	CH(OH) bond following rearrangement to produce intermediate IX which has a 
similar [M-H]- of 381 Da as that of V (Table 15 and Figure 42). Addition of a water molecule 
across a 	C=N	 bond followed by ring-opening has previously been reported during photolysis 
of CL-20 (Hawari et al., 2004) and RDX (Hawari et al., 2002), and cytochrome P450 catalyzed 
biotransformation of RDX (Bhushan et al., 2003c). Stoichiometric addition of two H2O 
molecules to IX, confirmed by 18O-labeled water experiment, produced intermediate X with 
concomitant release of two nitramide molecules (NH2-NO2) (Table 15 and Figure 42). 
Intermediate X, being an α-hydroxyalkyl nitramine was unstable in water (Druckrey, 1973) and 
therefore decomposed to finally produce nitrous oxide, formic acid and ammonia as quantified in 
Table 14 and shown in Figure 42.  

 
 

Conclusion 
 

In the present study, salicylate 1-monooxygenase, a flavin adenine dinucleotide (FAD)-
containing purified enzyme from Pseudomonas sp. ATCC 29352, biotransformed CL-20 at rates 
of 15.36 ± 0.66 and 2.58 ± 0.18 nmol h-1 mg of protein-1 under anaerobic and aerobic conditions, 
respectively. We provided the first biochemical evidence of initial reaction(s) involved in the 
transformation of CL-20 catalyzed by salicylate 1-monooxygenase under anaerobic conditions. 
The mechanism described here is consistent with our previous enzymatic studies with RDX and 
HMX (Bhushan et al., 2002, 2003b), which also suggested that one-electron transfer is necessary 
and sufficient to cause N-denitration of RDX and HMX leading to their advanced decomposition. 
Some of the CL-20 products observed in the present study are consistent with those reported 
previously with respect to alkaline hydrolysis (Balakrishnan et al., 2003), biotransformation 
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(Bhushan et al., 2003a) and photolysis (Hawari et al., 2004). However, in these previous studies 
neither initial metabolite(s) nor the involvement of any specific enzyme(s) was described. The 
present study thus advances our understanding of the initial steps involved in biotransformation 
of CL-20 by flavoenzymes(s)-producing bacteria. Pseudomonas sp., being the source of 
salicylate 1-monooxygenase and other flavoenzymes, seems to be a promising degrader of CL-
20. Ubiquitous presence of Pseudomonas and similar bacteria in the environments such as soil, 
marine and fresh water sediments, and estuaries would therefore help in understanding the fate of 
CL-20 in such environments.    
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XIV.2 Nitroreductase catalyzed biotransformation of CL-20 
 

These results have been published in the manuscript: 
Bhushan B, Halasz A, Hawari J. (2004)   Nitroreductase catalyzed biotransformation of CL-20. Biochem. 
Biophys. Res. Commun. 322: 271-276.  Copy attached at the end of the present report. 

 
Introduction 
 

In the previous sections, we showed that biodegradation of CL-20 produced HCOOH as a 
carbon-product in addition to several nitrogen-containing products such as nitrite, nitrous oxide 
and ammonium (Bhushan et al., 2003a, 2004b). Only formic acid (2 moles per mole of CL-20) 
was confirmed as a carbon product of CL-20, and carbon mass-balance were far to be complete 
due to the missing four mole equivalents of carbon in CL-20.  

Recently, a new carbon-containing product, glyoxal, was detected and quantified (1 mol 
glyoxal/mol CL-20) during CL-20 reaction with Fe0 under anaerobic conditions (section I; 
Balakrishnan et al., 2004a). Since we hypothesized that an oxygen-sensitive enzyme should also 
biotransform CL-20 via an initial denitration to eventually give a similar product distribution as 
the one obtained with Fe0, we used a nitroreductase from E. coli to catalyze biotransformation of 
CL-20 to gain more insight into the initial enzymatic steps involved in the decomposition of the 
chemical.  
 
Material and Methods 
 
Chemicals. CL-20 (ε-form and 99.3 % purity) and uniformly ring-labeled [15N]-CL-20 (ε-form 
and 90.0 % purity) were provided by ATK Thiokol Propulsion, Brigham City, UT, USA. NADH, 
flavin mononucleotide (FMN), glyoxal (40 % solution), superoxide dismutase (SOD, EC 
1.15.1.1, from Escherichia coli) and cytochrome c (from horse heart, MW 12,384 Da, purity 90 
%) were purchased from Sigma chemicals, Oakville, ON, Canada. All other chemicals were of 
the highest purity grade. 
 
Enzyme preparation and modification. Nitroreductase (purity 90 % by SDS-PAGE), from 
Escherichia coli, was purchased from Sigma chemicals, Oakville, ON, Canada. The enzyme was 
washed with phosphate buffer (pH 7.0) at 4oC using Biomax-5K membrane centrifuge filter units 
(Sigma chemicals, Oakville, ON) to remove preservatives and then re-suspended in the same 
buffer. Native enzyme activity was determined as per company guidelines. The protein content 
was determined by Pierce BCA (bicinchoninic acid) protein assay kit from Pierce chemicals 
company, Rockford, IL, USA.  

Apoenzyme (deflavo-form) was prepared by removing FMN from the holoenzyme using a 
previously reported method (Koder et al., 2002). Reconstitution was carried out by incubating the 
apoenzyme with 100 µM of FMN in a potassium phosphate buffer (50 mM, pH 7.0) for 1 h at 
4oC. The unbound FMN was removed by washing the enzyme with the same buffer using 
Biomax-5K membrane centrifuge filter units. 
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Biotransformation assays. Enzyme catalyzed biotransformation assays were performed under 
aerobic as well as anaerobic conditions in 6 mL-glass vials. Anaerobic conditions were created 
by purging the reaction mixture with argon gas for 20 min and by replacing the headspace air 
with argon in sealed vials. Each assay vial contained, per mL of assay mixture, CL-20 or 
uniformly ring-labeled [15N]-CL-20 (25 µM or 11 mg L-1), NADH (100 µM), enzyme preparation 
(50 µg) and potassium phosphate buffer (50 mM, pH 7.0). Reactions were performed at 30oC. 
Three different controls were prepared by omitting either enzyme, CL-20 or NADH from the 
assay mixture. Heat inactivated enzyme (90oC for 30 min) was also used as a negative control. 
NADH oxidation was measured spectrophotometrically at 340 nm as described before (Bhushan 
et al., 2004b). Samples from the liquid and gas phase in the vials were analyzed for residual CL-
20 and biotransformed products.   

To determine the residual CL-20 concentrations during biotransformation studies, the 
reaction was performed in multiple identical vials. At each time point, the total CL-20 content in 
one reaction vial was solubilized in 50 % aqueous acetonitrile and analyzed by HPLC (see 
below).  

To demonstrate the effect of enzyme concentration on CL-20 biotransformation, a progress 
curve was made under anaerobic conditions by incubating nitroreductase at an increasing 
concentration (25 to 150 µg/ml) with CL-20 (45 µM) and NADH (200 µM). The reactions 
conditions were the same as described above.   

The effect of molecular oxygen (O2) on CL-20 biotransformation activity of 
nitroreductase was determined by performing the assays under aerobic conditions at pH 7.0 and 
30oC. Formation of anion-radical CL-20•¯  was determined by incubating CL-20 with 
nitroreductase in the presence of NADH, cytochrome c (75 µM) and superoxide dismutase 
(SOD: 150 µg/mL) as described  previously (Anusevicius et al., 1998). Inhibition of cytochrome 
c reduction in the presence of SOD was monitored at 550 nm. 
 
Analytical procedures. CL-20 and its degradation products, N2O (14N14NO and 15N14NO), 
HCOOH, NO2

-,  NH4
+ and glyoxal were analyzed as described in section VI.  

 
 
Accomplishments 
 
Nitroreductase catalyzed biotransformation of CL-20. A purified nitroreductase, from 
Escherichia coli, biotransformed CL-20 in a NADH-dependent manner at pH 7.0 and 30oC under 
anaerobic conditions. A progress curve demonstrated a linear increase in CL-20 
biotransformation as a function of enzyme concentration (data not shown). The rates of CL-20 
biotransformation were 204.0 ± 1.2 and 15.0 ± 0.6 nmol h-1 mg of protein-1 (mean ± SD; n = 3) 
under anaerobic and aerobic conditions, respectively, indicating the involvement of an oxygen-
sensitive process. In all controls, we found a negligible abiotic removal of CL-20 during one hour 
of reaction time.   

Oxygen-sensitivity of the reaction suggested that nitroreductase catalyzed a one-electron 
transfer to CL-20 to first produce an anion radical (CL-20•¯ ) before N-denitration as previously 
reported during biotransformation of CL-20 with salicylate 1-monooxygenase (Bhushan et al., 
2004b). Subsequently, we found that under aerobic conditions, superoxide dismutase (SOD) 
inhibited 30 % of reduction of cytochrome c, which suggested the formation of oxygen free-
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radical (O•¯ ) during the reaction. Hence, molecular oxygen (O2) inhibited CL-20 
biotransformation by quenching an electron from the CL-20 anion-radical and converting it back 
to the parent molecule (CL-20), and thus enforcing a futile redox-cycling. Control experiments 
without nitroreductase showed that CL-20 was neither auto-oxidized nor it directly reduced 
cytochrome c.  Analogously; O2-mediated inhibition of RDX anion-radical formation was 
previously reported during biotransformation of RDX with diaphorase (Bhushan et al., 2002). 
Furthermore, the phenomenon of regeneration of parent nitro-compound during reaction of nitro 
anion-radical with molecular oxygen (O2) in aerobic systems is well established (Wardman and 
Clarke, 1976; Orna and Mason, 1989; Anusevicius et al., 1998; Koder et al., 2001). Due to the 
inhibitory effect of oxygen, the subsequent experiments were carried out under anaerobic 
conditions.  
 
Time-course of formation of initial metabolite (C6H6N10O8). In LC/MS (ES-) studies, we found 
two isomeric key intermediates, which appeared simultaneously as early as 5 min of the reaction 
with retention times (Rt) of 8.2 and 7.5 min, respectively (Figure 43A). A time-course, 
considering the relative HPLC-UV areas, showed that both intermediates reached their maximum 
level after 30 min and then gradually declined during the course of reaction (Figures 43A and 
43B). As reported in previous sections (section VIII, Hawari et al., 2004; section XIV.1, Bhushan 
et al., 2004b), the two isomers had their deprotonated molecular mass ion [M-H]- at 345 Da 
corresponding to an empirical formula of C6H6N10O8 that was further confirmed by using 
uniformly ring-labeled [15N]-CL-20. These products corresponded to the doubly denitrated 
product of CL-20, Ia and Ib of Figure 42. 
 
Detection and quantification of end-products. Time-course studies showed a gradual 
disappearance of CL-20 at the expense of the electron-donor NADH with concomitant release of 
nitrite (NO2

-), nitrous oxide (N2O) and formate (Figure 44). After 3 h of reaction, each reacted 
CL-20 molecule consumed about 1.3 NADH molecules and produced 1.8 nitrite ions, 3.3 
molecules of nitrous oxide, 1.6 molecules of formic acid, 1.3 ammonium ions and 1.0 molecule 
of glyoxal (Table 16). Of the total 12 nitrogen atoms (N) and 6 carbons (C) per reacted CL-20 
molecule, we recovered approximately 10 N (as NO2

-, N2O and NH4
+) and 4 C (as HCOOH and 

glyoxal), respectively. The product distribution gave carbon and nitrogen mass-balance of 60 and 
81 %, respectively (Table 16).  

The products obtained in the present study were similar, though produced in different 
relative yields, to those observed previously during photolysis of CL-20 (section VIII; Hawari et 
al., 2004) and reaction of CL-20 with Fe0 (section IX; Balakrishnan et al., 2004.a). The similar 
products obtained biotically or abiotically suggest that once CL-20 undergoes initial N-
denitration, the subsequent reactions in water are basically similar.   
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Figure 43  (A) Time course of formation and disappearance of key metabolites Ia and Ib during 
biotransformation of CL-20 by nitroreductase. Chromatograms corresponding to numbers 1-3 indicate 
increasing formation of metabolite Ia at times 5, 15 and 30 min, respectively, whereas chromatograms 4-
6 indicate disappearance of Ia at times 60, 90 and 150 min, respectively. Proposed molecular structures 
of Ia and Ib are shown in Figure 42; (B) Formation and disappearance of Ia in terms of HPLC-UV-area as 
a function of time.  
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Figure 44  Time-course study of NADH-dependent biotransformation of CL-20 by nitroreductase under 
anaerobic conditions. CL-20 (�), nitrite (�), nitrous oxide (�) and formate (�). Data are mean ± SE (n = 
2). Some error bars are not visible due to their small size. 

 
 

A comparative study between [14N]-CL-20 and amino-labeled [15N]-CL-20 using GC-MS 
analysis showed that, like with salicylate 1-monooxygenase (section XIV.1, Bhushan et al., 
2004b), N-NO2 groups in CL-20 were the source of N2O, detected as 14N14NO (44 Da) and 
15N14NO (45 Da), respectively.  

Formate appeared earlier in the assay medium compared to glyoxal (data not shown) 
which indicated that formate might have been originated from the initial denitration followed by 
rapid cleavage of the weakest C-C bond (Figure 1.) In contrast, glyoxal probably comes from the 
other two C-C bonds in CL-20. We recovered 1 molar equivalent of glyoxal per reacted CL-20, 
as found previously during CL-20 reaction with Fe0 (section IX; Balakrishnan et al., 2004a). 

However, when we incubated glyoxal (35 µM) with enzyme (50 µg nitroreductase) in 1 
mL of buffer for 2 days, about 44 % of glyoxal disappeared and could not be recovered either by 
heating (80 oC for 1 h) or by denaturing the enzyme with acetonitrile. This finding suggests that 
more glyoxal could have formed and may have bound to the proteins via a non-enzymatic 
process called glycation (Shangari et al., 2003).  

In the presence of Fe0, glyoxal further converted to glycolic acid (Balakrishnan et al., 
2004a) while in the present study glyoxal was accumulated as an end-product. Under biological 
conditions, further conversion of either glyoxal (OHC-CHO) or glycolic acid (HOH2C-COOH) to 
glyoxylic acid (HOOC-CHO) requires involvement of glyoxal oxidase or glycolate oxidase, 
respectively (Whittaker et al., 1996; Yadav and Gupta, 2000). The formation of glyoxal as a CL-
20 product is environmentally significant since glyoxal is a reactive α–oxoaldehyde and its 
biological toxicity are well known (Shangari et al., 2003). Glyoxal is also produced in biological 
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systems as a result of glucose auto-oxidation, DNA oxidation by oxygen free-radicals and lipid 
oxidation (Murata-Kamiya et al., 1997; Shangari et al., 2003). It reacts with proteins and nucleic 
acids by forming covalent bonds via a non-enzymatic process called glycation thus leading to a 
variety of clinical manifestations (Shangari et al., 2003). It is a known mutagen (Shangari et al., 
2003) and an important allergen (Uter et al., 2001). Thus, glyoxal produced from CL-20 may 
significantly contribute to the biological toxicity of CL-20. 

 
 

Table 16  Stoichiometry and mass-balance of reactants and products after 3 h of reaction between CL-20 
and nitroreductase under anaerobic conditions at pH 7.0 and 30oC. 

Reactant/Product   Amount (nmol) Molar ratio per 
mole of reacted 

CL-20 

% Carbon 
recovery 

% Nitrogen 
recovery 

Reactants 
 

    

CL-20 25 ± 1.8 
 

1.0 ± 0.07 100 100 

NADH 34 ± 2.3 
 

1.3 ± 0.08 N.A. N.A. 

Products 
 

    

Nitrite 45 ± 2.7 
 

1.8 ± 0.10 N.A. 15.0 

Nitrous oxide 82 ± 6.4 
 

3.3 ± 0.25 N.A. 55.0 

Ammonium 33 ± 2.5 
 

1.3 ± 0.05 N.A. 10.8 

Formic acid 40 ± 3.3 
 

1.6 ± 0.13 26.6 N.A. 

Glyoxal 25 ± 1.3 
 

1.0 ± 0.05 33.3 N.A. 

Total mass-balance 59.9 
 

80.8 

Data are mean ± standard errors (n = 2). 
 

 
Involvement of flavin-moiety (FMN) in CL-20 biotransformation.   Nitroreductase, from 
Escherichia coli, is a monomeric protein with a mol. wt. of 24 kDa and contains one molecule of 
FMN per enzyme monomer (Parkinson et al., 2000). The involvement of FMN in CL-20 
biotransformation was determined by assaying deflavo- and reconstituted-form of nitroreductase 
against CL-20. The specific activities of the native-, deflavo- and reconstituted-form of 
nitroreductase against CL-20 were 204 ±  12, 24.0 ± 1.8 and 165 ± 12 nmol h-1 mg of protein-1, 
respectively, revealing that deflavo-enzyme lost about 88 % of its activity compared to the 
native-enzyme. The remaining 12 % activity observed in deflavo-enzyme was due to incomplete 



 

 

 
 

103 

removal of FMN (data not shown). The reconstituted enzyme, prepared by reconstitution of 
deflavo-enzyme with FMN, restored the CL-20 biotransformation activity up to 81 %. The above 
results suggested the involvement of FMN in biotransformation of CL-20. Furthermore, the free 
FMN (100 µM) also transformed CL-20 in the presence of NADH (200 µM) at a rate of 10.2 ± 
1.2 nmol h-1, however, the biotransformation rate was only 5 % of the enzyme-bound-FMN 
present in native nitroreductase. This finding additionally supported the involvement of FMN in 
CL-20 biotransformation and also suggested that flavin-moiety functions more efficiently in 
enzyme-bound form.  
 
Conclusion 
 

In the present study, we found that nitroreductase from Escherichia coli catalyzed a one-
electron transfer to CL-20 to form a radical anion (CL-20·¯ ) which upon initial N-denitration 
also produced metabolites Ia and Ib from Figure 23. The latter decomposed spontaneously in 
water to produce nitrous oxide (N2O), ammonium (NH4

+), glyoxal (OHC-CHO) and formic acid 
(HCOOH). The present study provided the first biochemical evidence for the quantitative 
formation of glyoxal and HCOOH during enzymatic biotransformation of CL-20. This study 
supported the previous finding of glyoxal production during chemical degradation of CL-20 with 
Fe0 (Balakrishnan et al., 2004a).  In the latter case, however, glyoxal was further converted to 
glycolic acid and other unidentified product(s). Detection and quantification of glyoxal provided 
a better understanding of the products and mass-balance of CL-20 reaction with 
nitroreductase(s)- or similar enzyme(s)-producing bacteria. Further work, however, is required to 
determine the fate and impact of glyoxal, a known toxic compound, in the environment. 
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XIV.3 Stereo-specificity for pro-(R) hydrogen of NAD(P)H during enzyme-
catalyzed hydride transfer to CL-20 

 
Research findings published in:  
Bhushan B, Halasz A, Hawari J. (2005) Stereo-specificity for pro-(R) hydrogen of NAD(P)H during 
enzyme-catalyzed hydride transfer to CL-20. Biochem Biopys Research Communication 337: 1080-1083.  
A copy can be found at the end of the report.  

 
 

Introduction 
 
Several previous studies have shown that CL-20 can be degraded by microorganisms such as 
Pseudomonas sp. FA1, Clostridium sp. EDB2, Agrobacterium sp. strain JS71, and white-rot 
fungi (Bhushan et al., 2003a, 2004c; Trott et al., 2003; Fournier et al., 2005), by enzymes e.g. 
monooxygenase, nitroreductase, and dehydrogenase (Bhushan et al., 2004a,b, 2005a), and by 
indigenous degraders present in soils and sediments (Szecsody et al., 2004; Strigul et al., 2005). 
However, none of these reports has emphasized on the mechanism of hydride-transfer to CL-20.  
Previously, a DT-diaphorase from rat liver catalyzed a hydride transfer from NADPH to a 
nitramine compound, 2,4,6-trinitrophenyl-N-methylnitramine (Tetryl), to produce a corresponding 
N-denitrohydrogenated product (Anusevicius et al., 1998). In another report, a diaphorase from 
Clostridium kluyveri catalyzed a hydride transfer to a cyclic nitramine compound, RDX, followed 
by N-denitration (Bhushan et al., 2002). Based on the stoichiometry of NADH consumed per 
reacted RDX molecule, Bhushan et al. (2002) proposed the formation of a corresponding N-
denitrohydrogenated product. The latter, however, could not be detected probably due to its very 
short half-life. More recently, a dehydrogenase enzyme from Clostridium sp. EDB2 degraded CL-
20 via the formation of the N-denitrohydrogenated product (Bhushan et al., 2005a). None of the 
above studies elaborated on the enzyme’s stereo-specificity for either pro-R or pro-S hydrogens of 
NADH.   

In the present study, we employed two enzymes, a dehydrogenase from Clostridium sp. EDB2, 
and a diaphorase from Clostridium kluyveri, to study the enzyme-catalyzed hydride transfer to CL-
20, and to gain insights into the enzyme’s stereo-specificity for either pro-R or pro-S hydrogens of 
NAD(P)H. We used LC-MS (ES-) to detect a mass-shift in the N-denitrohydrogenated product 
following CL-20 reactions with NAD(P)H and NAD(P)D as a hydride-source. Hydrogen-
deuterium exchange between the ND-group of N-denitrohydrogenated product and the water was 
also examined during the reaction.  

 
Materials and Methods  
 
Enzymes preparation. NAD+, NADP+, ATP, 2-propanol-d8, ethanol-d5, alcohol dehydrogenase, 
D-glucose-d1, glucose-6-phosphate dehydrogenase, and hexokinase were purchased from Sigma-
Aldrich chemicals, Oakville, ON, Canada. All other chemicals were of the highest purity grade. 
A dehydrogenase enzyme was isolated and purified from Clostridium sp. EDB2 as described 
before (Bhushan et al., 2005a). A diaphorase (EC 1.8.1.4) from Clostridium kluyveri was 
obtained as a lyophilized powder from Sigma chemicals, Oakville, ON, Canada. The enzyme was 
suspended in 50 mM potassium phosphate buffer (pH 7.0) and filtered through a Biomax-5K 
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membrane filter (Sigma chemicals) before resuspending into the same buffer. The native enzyme 
activity of diaphorase was estimated spectrophotometrically at 340 nm (as per company 
guidelines) as the rate of oxidation of NADH using 2,6-dichlorophenol-indophenol as an electron 
acceptor.  
 
Synthesis of deuterated and non-deuterated pyridine nucleotides. (R)NADD was synthesized 
by the method described by Ganzhorn and Plapp (Ganzhorn et al., 1988) with some 
modifications. A total of 25 mM of NAD+, 200 mM of ethanol-d5, and 75 units of alcohol 
dehydrogenase were dissolved in 5 mL of 50 mM Tris-buffer, pH 9.0. The reaction was allowed 
to proceed at 37oC, and the formation of (R)NADD was monitored by following the increase in 
absorbance at 340 nm. When no further increase in the OD340 was observed, the enzyme was 
separated from the reaction mixture using 10 kDa molecular weight cutoff filter (Centriprep 
YM10, Amicon Bioseparations, Bedford, MA).  

(S)NADD was synthesized by the modified method described by Sucharitakul et al. (2005). 
The reaction mixture was composed of: 25 mM NAD+, 35 mM of D-glucose-d1, 80 mM ATP, 75 
units each of hexokinase and glucose-6-phosphate dehydrogenase in 4 mL of 100 mM 
phosphate-buffer at pH 8.0. The reaction was allowed to proceed at room temperature until a 
maximum absorbance was achieved at 340 nm. Enzymes were removed with 5 kDa molecular 
weight cutoff filter. For proper controls, non-deuterated (S)NADH and (R)NADH were also 
synthesized by utilizing the non-deuterated components, and by using the identical procedures 
that were used for (S)NADD and (R)NADD, respectively.  

Furthermore, (R)NADPD and (S)NADPD were synthesized by the methods described by 
Pollock and Barber (2001). Non-deuterated (S)NADPH and (R)NADPH were also synthesized by 
utilizing the non-deuterated components, and by using the identical procedures that were used for 
(S)NADPD and (R)NADPD, respectively. 
 
Biotransformation assays.  Enzyme catalyzed biotransformation assays were performed under 
anaerobic conditions in 6 ml glass vials. Anaerobic conditions were created by purging the 
reaction mixture with argon gas for 20 min in sealed vials. Each assay vial contained, in one ml 
of assay mixture, CL-20 (25 µM or 11 mg liter-1), NADH(D) or NADPH(D) (200 µM), enzyme 
preparation (250 µg) and potassium phosphate buffer (50 mM, pH 7.0). Reactions were 
performed at 30oC. Three different controls were prepared by omitting either enzyme, CL-20, or 
NAD(P)H(D) from the assay mixture. Heat-inactivated enzyme was also used as a negative 
control. NAD(P)H(D) oxidation was measured spectrophotometrically at 340 nm as described 
before (Bhushan et al., 2002). Samples from the liquid phase in the reaction vials were analyzed 
periodically for the residual CL-20, and the N-denitrohydrogenated product.   

For enzyme kinetics, enzyme and CL-20 reactions were performed at increasing CL-20 
concentrations in the presence of NADH(D) in case of dehydrogenase, and NADPH(D) in case of 
diaphorase. The data thus obtained were used to generate standard Lineweaver-Burk plots 
(Double reciprocal plots).  

 
Analytical techniques.   CL-20 was analyzed with a LC-MS using a negative electro-spray 
ionization mode (ES-) to produce deprotonated molecular mass ion as described previously 
(Bhushan et al., 2005a; Hawari et al., 2004; Balakrishnan et al., 2004a). Whereas, N-
denitrohydrogenated product was detected, with a LC-MS, as an [M+TFA]- adduct at m/z 506 Da 
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following addition of trifluoroacetic acid (TFA) in the mobile phase. Protein concentrations were 
estimated by bicinchoninic acid (BCA) kit (Pierce Chemicals, Rockford, IL) using bovine serum 
albumin as standard. 
 
Accomplishments  
 

Two purified enzymes, a dehydrogenase from Clostridium sp. EDB2 and a diaphorase from 
Clostridium kluyveri, biotransformed CL-20 (I) at rates of 18.5 and 24 nmol/h/mg protein, using 
NADH and NADPH as a hydride-source, respectively, to produce a denitrohydrogenated product 
(II) (Fig. 45 and 46). The latter had a HPLC-retention time and a molecular mass of 11.8 minute 
and 393 Da (detected as [M+TFA]- adduct mass at m/z 506 Da), respectively. Product II was 
produced as a result of an obligate transfer of a hydride ion at N-NO2 group of CL-20 with 
concomitant release of a nitro-group (Fig. 46). The product II, as reported in our previous study, 
was unstable in water, and therefore readily decomposed to finally produce NO2

-, N2O, and 
HCOOH (Bhushan et al., 2005a). Product II was previously detected during photolysis, and 
Fe(0)-mediated degradation of CL-20 however in these reactions NAD(P)H was not used as 
reducing agent (Hawari et al., 2004; Balakrishnan et al., 2004a). On the contrary, in enzyme 
catalyzed reduction reactions, the reduced pyridine nucleotides such as NADH or NADPH 
mainly serve as the source of hydride (Ganzhorn and Plapp, 1988; Sucharirakul et al., 2005; 
Pollock et al., 2001; You, 1982). 

To understand the stereo-specific effect of pro-R and pro-S hydrogens on hydride transfer 
reactions, both enzymes, dehydrogenase and diaphorase, were reacted with CL-20 in the presence 
of either deuterated or non-deuterated reduced pyridine nucleotides. In case of dehydrogenase 
enzyme, when Lineweaver-Burk plots of (S)NADD and (R)NADD were compared with NADH, 
we found a 2-fold deuterium isotopic effect with (R)NADD (i.e. Vmax was 2-fold less with 
(R)NADD) compared to NADH, whereas results with (S)NADD were similar to those of NADH 
(Fig. 47A). This study revealed that dehydrogenase stereo-specifically utilized pro-(R)-hydride of 
NADH for CL-20 reduction, and that the isotope effect is due to the cleavage of (4R)-deuterium-
carbon bond in NADH.   

Furthermore, in case of diaphorase, when Lineweaver-Burk plots of (S)NADPD and 
(R)NADPD were compared with NADPH, we found a 1.5-fold deuterium isotopic effect with 
(R)NADPD compared to NADPH, whereas results with (S)NADPD were closely identical to 
those obtained with NADPH (Fig. 47B). This study showed that diaphorase stereo-specifically 
transferred a pro-(R)-hydride of NADPH to CL-20 in order to produce denitrohydrogenated 
product II, and that the isotope effect is due to the cleavage of (4R)-deuterium-carbon bond in 
NADPH.  

In order to confirm the presence of hydride, from NAD(P)H, in product II (MW 393 Da), we 
performed enzymatic reactions with CL-20 in the presence of either NADD or NADPD 
containing deuterated pro-R or deuterated pro-S hydrogens. In a comparative study with LC-MS, 
using dehydrogenase, we found a positive mass-shift of 1 Da in product II using (R)NADD 
compared to either NADH or (S)NADD suggesting the involvement of a deuteride (D-) transfer 
from (R)NADD. Surprisingly, the mass signal, corresponding to mono-deuterated product II with 
MW 394 Da (detected as [M+TFA]- adduct mass at m/z 507 Da), rapidly decreased with time 
with a concomitant increase in the non-deuterated mass signal corresponding to MW 393 Da 
(detected as [M+TFA]- adduct mass at m/z 506 Da) (Table 17). Similar results were obtained 
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when diaphorase was reacted with CL-20 in the presence of (R)NADPD (data not shown). The 
above experimental evidence suggested that the deuterium at ND-group of the product II might 
be labile, and therefore we detected a rapid exchange of D ↔ H between ND-group and water 
(Fig. 46) as marked by the rapidly decreased mass signal of mono-deuterated product II during 
the course of reaction (Table 17). 
 
 

Table 17  Time-course of H↔D exchange between ND-group of N-denitrohydrogenated product and 
water as followed with a LC-MS during dehydrogenase catalyzed hydride transfer from (R)NADD to CL-
20.  

 
 
Reaction time (minute) 

Mass signal intensity of                    
N-denitrohydrogenated product 

 Non-deuterated 
[Mh7+TFA†]- 
m/z 506 Da 

Deuterated 
[Mh6,d1+TFA]- 
m/z 507 Da 

 
Control*  
 

 
216211 

 
0 

0 0 0 
 
5 

 
74759 

 
2440 

 
10 

 
104799 

 
578 

 
20 

 
120673 

 
342 
 

 
† Molecular mass of N-denitrohydrogenated product of CL-20 as an adduct with TFA (trifluoroacetic acid). *CL-20 
was reacted with dehydrogenase in the presence of NADH for 20 minutes. 

 
 
 
Several enzymes have previously been reported to be stereo-specific towards either (R)- or 

(S)-hydrogens of NAD(P)H for a hydride transfer to a variety of substrates (Ganzhorn and Plapp, 
1988; Sucharirakul et al., 2005; Pollock et al., 2001; You, 1982). However, the present study is 
the first one that showed stereo-specificity of two enzymes, dehydrogenase and diaphorase from 
Clostridium species, toward (R)-hydrogens of NAD(P)H for a hydride transfer to an 
environmentally significant cyclic nitramine compound, CL-20. Taken together, the data 
presented here extend our fundamental knowledge about the role of enzyme-catalyzed hydride 
transfer reactions in CL-20 biotransformation. 
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Figure 45  HPLC-UV chromatogram of CL-20 (I) and N-denitrohydrogenated product (II) obtained 
during CL-20 reaction with diaphorase from Clostridium kluyveri at pH 7.0 and 30oC.  
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Figure 46  Proposed hydride transfer reaction of CL-20, and possible hydrogen-deuterium exchange 
between ND-group of product II and water.     
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Figure 47  Standard Lineweaver-Burk plots of CL-20 concentration versus its enzymatic 
biotransformation rate; A, plots using dehydrogenase enzyme from Clostridium sp. EDB2 in the presence 
of either NADH (�), (S)NADD (�), or (R)NADD (�); B, plots using diaphorase enzyme from 
Clostridium kluyveri in the presence of either NADPH (�), (S)NADPD (�) or (R)NADPD (�). Data are 
mean of the triplicate experiments, and the standard deviations were within 8 % of the mean values.  
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XV Aquatic toxicity studies  

 
 
The work performed under this milestone was published in 2004. 
Gong P, Sunahara GI, Rocheleau S, Dodard SG, Robidoux PY, Hawari, J. (2004) Preliminary 
Ecotoxicological Characterization of a New Energetic Substance, CL-20. Chemosphere 56:653-658. 

For further details, the paper is attached in annex at the end of the report. 
 

Abstract 
CL-20 (ε-polymorph) was amended to soil or deionized water to construct concentration 

gradients and to test its toxicities to various ecological receptors.  Results of Microtox (15-min 
contact) and 96-h algae growth inhibition tests indicate that CL-20 showed no adverse effects on 
the bioluminescence of marine bacteria Vibrio fischeri and the cell density of freshwater green 
algae Selenastrum capricornutum respectively, up to its water solubility (ca. 3.6 mg L-1). CL-20 
and its possible biotransformation products did not inhibit seed germination and early seedling 
(16 - 19 d) growth of alfalfa (Medicago sativa) and perennial ryegrass (Lolium perenne) up to 
10,000 mg kg-1 in a Sassafras sandy loam soil (SSL). Indigenous soil microorganisms in SSL and 
a garden soil were exposed to CL-20 for one or two weeks before dehydrogenase activity (DHA) 
or potential nitrification activity (PNA) were assayed. Results indicate that up to 10,000 mg kg-1 
soil of CL-20 had no statistically significant effects on microbial communities measured as DHA 
or on the ammonium oxidizing bacteria determined as PNA in both soils. Data indicates that CL-
20 was not acutely toxic to the species or microbial communities tested and that further studies 
are required to address the potential long-term environmental impact of CL-20 and its possible 
degradation products. 
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XVI Terrestrial toxicity studies 

 
 

XVI.1 Higher plant toxicity tests 
 

The work performed under this milestone was published in 2004 together with the aquatic 
toxicity studies. See Section XV for the abstract of the paper.  
Gong, P, Sunahara, GI, Rocheleau, S, Dodard, SG, Robidoux, PY, and Hawari, J. (2004) Preliminary 
Ecotoxicological Characterization of a New Energetic Substance, CL-20. Chemosphere 56:653-658. 
 
 

XVI.2 Earthworm survival and reproduction tests 
 

The work performed under this milestone was published in 2004. 
Robidoux PY, Sunahara GI, Savard K, Berthelot Y, Leduc F, Dodard S, Martel M, Gong P, Hawari J. 
(2004) Acute and chronic toxicity of the new explosive CL-20 in the earthworm (Eisenia andrei) exposed 
to amended natural soils. Environ Toxicol Chem. 23:1026-1034. 

For further details, the paper is attached in annex at the end of the report. 
 
Abstract 
 Monocyclic nitramine explosives RDX and HMX are known to be toxic to a number of 

ecological receptors including earthworms. The polycyclic nitramine CL-20 being a powerful 
explosive may replace RDX and HMX, but its toxicity is not known. In the present study, the 
lethal and sublethal toxicities of CL-20 to the earthworm (Eisenia andrei) were evaluated. Two 
natural soils, a natural sandy forest soil (designated RacFor2002) taken in the Montreal area (QC, 
Canada; 20% organic carbon, pH 7.2) and a Sassafras sandy loam soil (SSL) taken on the 
property of US Army Aberdeen Proving Ground (Edgewood, MD; 0.33 % organic carbon, pH 
5.1) were used in this study. Results showed that CL-20 was not lethal at concentrations � 125 
mg CL-20/ kg in the RacFor2002 soil, but lethal at concentrations 
 90.7 mg CL-20/ kg in the 
SSL soil. Effects on the reproduction parameters, such as a decrease in the number of juveniles 
after 56 days of exposure, were observed at the initial concentration 
 1.6 mg CL-20/ kg in the 
RacFor2002 soil compared to 
 0.2 mg CL-20/ kg in the SSL soil. Moreover, low concentrations 
of CL-20 in SSL soil (ca. 0.1 mg CL-20/ kg; nominal concentration) were found to reduce the 
fertility of earthworms. Taken together, this study shows that CL-20 is reproductive toxicant to 
the earthworm, with lethal effects at higher concentrations. Its toxicity can be decreased in soils 
favoring CL-20 adsorption (high organic carbon content). 
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XVI.3 Enchytraeid survival and reproduction tests 

 
 
Research under this task is published in: 
 Dodard S. G., G. I. Sunahara, M. Sarrazin, P. Gong, R.G. Kuperman, G. Ampleman, S. Thiboutot, and J. 
Hawari (2005)  Survival and reproduction of enchytraeid worms (Oligochaeta) in different soil types 
amended with cyclic nitramine explosives.  Environmental Toxicology and Chemistry. 24(10): 2579-2587 
 
 
Introduction 
 

Wide use of CL-20 could cause hazardous environmental effects. Limited information is 
available on the effects of CL-20 on soil microorganisms, terrestrial plants and aquatic biota 
(Gong et al., 2004). Recently, Robidoux et al. (2004) found that CL-20 significantly decreased 
adult earthworm Eisenia andrei survival at 90.7 mg kg-1 soil and juvenile production at 0.01 mg 
kg-1 soil (nominal concentration), but there is no published information available on the effects of 
CL-20 on enchytraeids. More information is presently necessary to predict the ecotoxicological 
impact of CL-20 in the terrestrial environment. Enchytraeid worms have been increasingly used 
in ecotoxicological studies because they are sensitive to many chemicals, including trace metals, 
organics and some energetic materials (Posthuma et al., 1997; Puurtinen and Martikainen, 1997; 
Collado et al., 1999; Schäfer and Achazi, 1999; Dodard et al., 2003, 2004; Kuperman et al., 
1999, 2004a, b).  

To improve our understanding of ecotoxicity of CL-20 and to generate ecotoxicological 
data that can be used in the ecological risk assessments in case of its accidental release, the 
objectives of the present study were to characterize the lethal and sublethal effects of CL-20 on 
enchytraeids in three different freshly amended soil types. Due to the presence of the same 
characteristic N-NO2 groups in RDX, HMX and CL-20, we thought that similar effects could be 
observed on soil invertebrates such as enchytraeids. Assessments of RDX or HMX toxicity for 
the same enchytraeid species were conducted in parallel with the CL-20 studies to enable direct 
comparisons of ecotoxicological data determined under similar experimental conditions.  
 
Material and Methods 
 
Chemicals and reagents. CL-20 was obtained from ATK Thiokol Propulsion (Brigham City, 
UT). RDX and HMX were obtained from Produits Chimiques Expro (Valleyfield, QC, Canada). 
All energetic compounds used were 
 99% pure. All other chemicals, including carbendazim 
(methyl benzimidazol-2-yl carbamate; CAS 10605-21-7), were of ACS reagent grade or higher, 
and were obtained from either BDH (Toronto, Ontario, Canada) or Aldrich Chemical 
(Milwaukee, WI, USA). Deionized water (ASTM Type I) was obtained using a Millipore Super-
Q water purification system (Nepean, ON, Canada) and was used throughout this study. All 
glassware was washed with phosphate-free detergent, rinsed with acetone, and acid-washed 
before a final and thorough rinse with deionized water. 
 
 
Preparation of test soils. The soils used for this study were Sassafras sandy loam (SSL; Fine-
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loamy, siliceous), an agricultural soil (RacAg2002; Fine-sandy, composite) and a 50:50 mixture 
of forest and agricultural soils (Rac50-50; Fine-sandy, composite). The SSL soil was collected 
from uncontaminated open grassland on the property of Aberdeen Proving Ground (APG, MD, 
USA). The RacAg2002 and Rac50-50 were obtained from a local supplier (Racicot, 
Boucherville, QC, Canada). The soil was sieved through a 5-mm mesh screen, air-dried for at 
least 72 h, passed through a 2-mm sieve, and stored at room temperature until use. The pH of the 
soils was measured before and after each test, using the CaCl2 method (ISO/10390, 1994). The 
soil moisture content and water holding capacity were measured according to the enchytraeid 
reproduction test guidelines (ISO/16387, 2001). Selected soil properties are summarized in Table 
18. 

 

Table 18  Physical and chemical characteristics of soil used in the study. 

Parameters SSL a RacAg2002 Rac50-50 
    
pH 5.5 8.2 7.9 
Water Holding Capacity (%, v w-1) 21 320 93 
CEC b (cmol kg-1)  5.5 69.6 20.3 
Organic matter (%, w w-1) 0.33 42 23 
    
Texture c    
 Sand, 50 – 2000 �m 71 90 87 
 Silt, 2 – 50 �m  18 9 11 
 Clay, < 2 �m  11 1 2 

a Soils used: SSL, Sassafras sandy loam; RacAg2002, agricultural soil; Rac50-50, composite mixture of forest and 
agricultural soils.  b CEC = cation exchange capacity.  c Values are expressed as % (w w-1), and include organic 
matter contents. 
 

 
Different dilutions of test compound were prepared separately using 10 mL of stock 

solutions of RDX, HMX or CL-20 in acetone, and were added separately to individual 400-g 
batches of air-dried soils to obtain nominal concentrations (mg kg-1, dry soil mass) ranging from 
175 to 700 for RDX, 200 to 1000 for HMX, and 0.001 to 10 for CL-20. Solvent controls for soil 
treatments were amended with acetone only (1%, v w-1). All soil samples were left for at least 16 
h in a darkened chemical hood to allow the evaporation of the solvent vehicle (1%, v w-1). Final 
concentrations of CL-20 in all soils were confirmed by HPLC after 24-h equilibration, and were: 
0, 0.001, 0.050, 0.10, 0.50, 2.98, and 9.79 mg kg-1 for SSL; and 0, 0.001, 0.01, 0.05, 0.10, 0.50, 
and 1.0 mg kg-1 for both RacAg2002 or Rac50-50. Selection of RDX and HMX concentrations in 
soil used in the present experiments were based on earlier studies (Phillips et al., 1993; Jarvis et 
al., 1998; Schäfer and Achazi, 1999; Robidoux et al., 1999, 2000; Simini et al., 2004). The soil 
samples were stored at 4°C until further analyses. All samples were prepared in triplicate and 
were analyzed within one week. 
 
 
Culturing and handling of test species. Laboratory cultures of Enchytraeus albidus Henle 
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(1837) and Enchytraeus crypticus were originally provided by Dr. J. Römbke (Frankfurt, 
Germany) and the U.S. Army Edgewood Chemical Biological Center (APG, MD, USA), 
respectively. Enchytraeids were cultured separately in a mixture (1:1, w w-1) of garden soil 
(designated GS1) and OECD Standard Artificial Soil (OECD, 1984a) adjusted to 60% water 
holding capacity, according to Römbke and Moser (1999). GS1 was a sandy loam soil that was 
passed through a 2 mm sieve, and consisted of 70% sand, 7% clay, and 23% silt, with a pH of 
6.9, water holding capacity of 76%, total organic carbon of 11.2% and Kjeldahl N (K-N) of 
0.38%. The OECD artificial soil had the following constituents, 70 % sand, 20 % kaolin clay and 
10 % of grounded peat, and pH was adjusted to 6.0 ± 0.5 °C with CaCO3. The potworms were 
fed once a week with commercially available oats (Pablum� Oat cereal, H.J. Heinz Company of 
Canada, North York, Ontario, Canada). Mature E. albidus with visible eggs in the clitellum 
region were acclimated in RacAg2002, SSL or Rac50-50 soils for 24 h before testing. Cultures of 
E. crypticus were maintained in the test soils for 2-3 months prior to testing; therefore, no 
acclimating was required. 
 
Enchytraeid Reproduction and Survival Test. The Enchytraeid Reproduction and Survival Test 
(ERST) used in the present study were adapted from the ISO bioassay ISO/16387 (ISO, 2001). 
Briefly, 20 g dry weight of each soil type was placed into separate 200-mL glass jars, and was 
hydrated to 85-100% of their respective water holding capacity. After the 24-h equilibration 
period, each jar received different amounts (depending on the species) of lyophilized oats that 
was mixed into the soil. E. albidus and E. crypticus were fed with 40 and 50 mg of oats, 
respectively. Ten acclimated enchytraeids were then added to each test container. Each toxicity 
test was appropriately replicated (n = 3) and included negative (no chemicals added, n = 3), 
carrier (acetone, n = 3), and positive (reference toxicant, n = 3) controls. Each jar was covered 
with a glass Petri dish to prevent moisture loss during the incubation period. All containers were 
placed in an environment-controlled incubator at 20°C and 16:8 h (light: dark period). The 
containers were weighed once a week and the weight loss was replenished with the appropriate 
amount of water. Lyophilized oats (20 mg for E. albidus and 50 mg for E. crypticus) were added 
weekly to each test container. Adult survival was assessed on day 21 of the tests for E. albidus, 
and on day 14 for E. crypticus. All surviving adults were removed from the soil and were 
counted. The soil (containing cocoons and juveniles) was then returned to the same test 
container, and the soil moisture was re-adjusted to 60% water holding capacity, before incubation 
for an additional 21 d for E. albidus, and 14 d for E. crypticus. Juvenile production by both 
species was assessed by counting the number of hatched juveniles on day 42 (E. albidus) or day 
28 (E. crypticus) of the test. For this, 5 mL of 95% ethanol was added to each soil sample as a 
preservative, and approximately 250 µL of Bengal Rose biological stain (1% solution in ethanol) 
was also added to each container. Water was added into each container at the soil level followed 
by 30% AM-30 Ludox colloidal silica (Sigma-Aldrich Canada, Oakville) in order to have a depth 
of 1 to 2 cm of liquid above the soil. Ludox allowed soil particles to stay at the bottom while 
enchytraeids float; this method for extracting enchytraeids from soil is rapid and highly efficient 
(Phillips and Kuperman, 1999).  
 
 
 
Quality control. Carbendazim (methyl benzimidazol-2-yl carbamate; CAS 10605-21-7) was used 
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as the reference toxicant (positive control) in SSL soil for E. crypticus, and OECD Standard 
Artificial soil for both E. crypticus and E. albidus. Nominal carbendazim concentrations tested 
were 10, 25, 50, 75, and 100 mg kg-1 soil for E. crypticus, and 1.0, 2.5, 5.0, 10.0, and 50 mg kg-1 
soil for E. albidus. Validity criteria for the positive controls were based on in-house control data 
and published reports (Dodard et al., 2003). The test validity criteria for negative controls 
included 80% or higher adult potworms survival, an average of 25 or higher for number of 
juveniles produced, and a coefficient of variation of 50% or less (ISO, 2001). 

All definitive tests with E. crypticus, and with E. albidus in Rac50-50 soil complied with 
the validity criteria of the ISO/16387 guideline. The EC50 value for juvenile production by E. 
albidus in the positive control (carbendazim) using OECD standard soil was 1.6 mg kg-1 and was 
consistent with Römbke and Moser (1999). The EC50 value for juvenile production by E. 
crypticus were 44 mg kg-1 in OECD standard soil and 8.5 mg kg-1 in SSL soil, and were within 
the baseline values established for our laboratory culture of E. crypticus. Mean adult survival in 
negative controls ranged from 84 to 97% in tests with E. crypticus, and was 99% in test with E. 
albidus. Mean number of juveniles produced by E. crypticus in negative controls ranged from 
117 to 856, and was 45 for E. albidus in Rac50-50 soil. The coefficients of variation in all tests 
ranged from 10.1 to 29.8 percent. It should be noted that the reproduction of E. albidus was not 
supported in SSL and RacAg2002 soils that had properties (pH and organic matter content) 
outside optimal requirements for this species (Römbke and Moser, 1999). Accordingly, data for 
CL-20 toxicity for E. albidus in EM-amended SSL should be used with caution.  
 
Chemical analysis of cyclic nitramines.   Acetonitrile extractions of RDX, HMX or CL-20 from 
amended soils were performed according to USEPA Method 8330A (USEPA, 1998). For each 
treatment group, 2-g soil samples were weighed in triplicate into separate 50-mL screw-top glass 
test tubes, 10 mL acetonitrile was added and the samples were vortexed for 1 min, before 
sonication at 60 KHz in the dark for 18 h at 21°C. Five mL of sample was then transferred to a 
glass tube, to which 5 mL of CaCl2 solution (5 g L-1) was added. The tightly closed glass vial was 
left to precipitate in the dark. Supernatant was filtered through a 0.45 µm membrane (Millipore). 
The energetic chemicals in the soil extracts were analyzed and quantified using an HPLC-UV 
system as described elsewhere (Robidoux et al., 2002, 2004). The limit of detection of the 
energetic chemicals in the liquid samples (µg L-1) was approximately 50 for RDX, 100 for HMX 
and 50 for CL-20. Precision was ≥ 95% (standard deviation < 2%, signal to noise ratio = 10). The 
limit of quantification in SSL soil was 0.25 mg kg-1 for both RDX and CL-20, and 0.5 mg kg-1 
for HMX. Both RacAg2002 and Rac50-50 soils showed background signals changing the 
quantification limit for CL-20 to 2.0 and 0.5 mg kg-1, respectively. Therefore, only nominal 
values are reported for all concentrations below 2 mg kg-1.  
 
 
Accomplishments 
 

The development of ecotoxicological benchmarks for energetic contaminants in soil has 
become a critical need in recent years (Talmage et al., 1999). These benchmarks are required for 
use in ecological risk assessment of contaminated sites associated with military operations, which 
commonly produce elevated levels of explosives in soil. Our toxicity studies designed to address 
this need, used enchytraeids an ecologically relevant soil invertebrate species exposed to CL-20 
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in freshly amended soil types with contrasting properties that could affect its bioavailability. 
Toxicity tests with RDX or HMX were also conducted to allow a direct comparison of their 
effects with CL-20 using the same enchytraeid species.  
 
Toxicity of CL-20 to enchytraeid. Both adult survival and juvenile production by E. crypticus 
were affected by exposure to soils initially spiked with CL-20, within the concentration ranges 
tested in definitive tests (Figures 48 to 50).  
The order of toxicity of CL-20 spiked soils (from greatest to least) for E. crypticus was 
RacAg2002 ≥ SSL > Rac50-50 soils.  
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Figure 48  Adult survival and juvenile production by Enchytraeus crypticus exposed to CL-20 in freshly 
amended SSL soil. 
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Figure 49  Adult survival and juvenile production by Enchytraeus crypticus exposed to CL-20 in freshly 
amended RacAg2002 soil.  
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Figure 50  Adult survival and juvenile production by Enchytraeus crypticus exposed to CL-20 in freshly 
amended Rac50-50 soil.  

 
 

In contrast to its effects on E. crypticus, CL-20 did not adversely affect adult E. albidus 
survival in RacAg2002 soil at concentrations up to and including 1 mg kg-1. Toxicity of CL-20 
for adult survival of both species was similar in Rac50-50 soil based on NOEC or LOEC values, 
and was greater in SSL soil for E. albidus compared with E. crypticus (Table 19). CL-20 caused 
a concentration-dependent decrease in juvenile production by E. albidus in the Rac50-50 soil 
(Figure 51, Table 19) producing the EC20 and EC50 values, which were not statistically different 
(on the 95% CI basis) from those determined for E. crypticus. No concentration-response 
relationships could be ascertained for juvenile production in RacAg2002 soils that did not 
support E. albidus reproduction.  

 
Ecotoxicological benchmarks summarized in Table 19 show that CL-20 in soil was 

highly toxic to E. crypticus in the three soil types tested, with LC50 and EC50 values ranging 
from 0.1 to 0.7, and from 0.08 to 0.62 mg kg-1 soil, respectively. Reproduction was a more 
sensitive assessment endpoint compared with adult mortality in all soil types tested (Table 19).  
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Table 19  Toxicological benchmarks (mg kg-1) for CL-20 determined in freshly amended soils using the Enchytraeid Survival and Reproduction 
Test with Enchytraeus crypticus and Enchytraeus albidusa.  

 
 Adult Survival  Juvenile Production 
Species / Soil  LC20 (95% CI) LC50 (95% CI) LOEC NOEC  EC20 (95% CI) EC50 (95% CI) LOEC NOEC 
E. crypticus          

SSL 0.2 (0.06 – 0.35) 0.4 (0.2 – 0.5) 0.5 0.1  0.04 (0.02 – 0.05) 0.12 (0.07 – 0.16) 0.05 0.001 

RacAg2002 0.003 (0 – 0.02) 0.1 (0 – 0.3) 0.05b 0.01b  0.001 (0 – 0.01) 0.08 (0 – 0.24) 0.05 0.01 

Rac50-50 0.3 (0.14 – 0.53) 0.7 (0.6 – 0.9) 0.5 0.1  0.03 (0 – 0.08) 0.62 (0.26 – 0.98) 0.05b  0.01b 

E. albidus          

SSL 0.006 (0 – 0.02) 0.2 (0 – 0.4) 0.05 0.001  ND ND ND ND 

RacAg2002 > 1.0 > 1.0 > 1.0 1.0  ND ND ND ND 

Rac50-50 > 0.5 > 0.5 0.5 0.1  0.05 (0 – 0.13) 0.19 (0.04 - 0.34) 0.5b 0.1b 
a Mortality was tested on day 14 for E. crypticus, and on day 21 for E. albidus, by counting the number of surviving adult enchytraeids. 
Reproduction was tested on day 28 for E. crypticus, and on day 42 for E. albidus, by counting the number of juvenile enchytraeids. 
Soils used: SSL, Sassafras sandy loam soil; RacAg2002, agricultural soil; Rac50-50, composite mixture of forest and agricultural soil. 
ND: Not determined because SSL and RacAg2002 soils do not support the growth and reproduction of E. albidus. 
b Based on Bonferroni adjusted comparison probabilities. 
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Figure 51  Effects of CL-20 (nominal concentrations) or RDX on juvenile production by Enchytraeus 
albidus in freshly amended Rac50-50 soil.  

 
Comparison of the toxic effects of CL-20, RDX, and HMX.    Exposure of E. crypticus 

or E. albidus test species to RDX or HMX in Rac50-50 soil, did not affect adult survival up to 
their respective highest concentrations of 658 and 918 mg kg-1 (Table 20). Juvenile production by 
either species was unaffected by HMX in all treatment concentrations tested in Rac50-50 soil. In 
contrast to HMX, exposure of E. albidus to RDX significantly (p � 0.05) decreased juvenile 
production at 209 mg kg-1 (bounded LOEC) and elicited a concentration dependent response 
producing the EC50 value of 444 mg kg-1. Experimentally determined toxicological benchmark 
data for the enchytraeid worm E. albidus in Rac50-50 soil showed that contrary to our earlier 
hypothesis that CL-20, RDX, and HMX should exhibit similar toxicities, the toxicity of CL-20 
was three orders of magnitude greater compared with RDX, with EC50 values for reproduction 
of 0.19 and 444 mg kg-1, respectively. The difference in toxicity between these two explosives 
was even greater for E. crypticus, which was not affected by exposure to RDX up to the highest 
concentration of 658 mg kg-1 when tested in Rac50-50 soil. These data agree with results by 
Schäfer and Achazi (1999) who reported that RDX did not affect E. crypticus up to 1,000 mg kg-

1 in standard LUFA 2.2 soil aged for 1 month prior to the exposure. Studies by Kuperman et al. 
(2004b) using higher RDX concentrations for E. crypticus exposures in SSL soil (similar to that 
used in our studies), produced EC50 value of 51,413 mg kg-1, five orders of magnitude difference 
compared with CL-20 effects on this species determined in our study (EC50 of 0.12 mg kg-1). 

The greatest contrast in CL-20 toxicity for both enchytraeid species was observed using 
HMX. This explosive did not adversely affect either adult survival or reproduction up to 918 mg 
kg-1. These results are consistent with findings by Kuperman et al. (2004b), who reported no 
adverse effects of HMX on E. crypticus in freshly amended SSL soil up to 21,750 mg kg-1. Based 
on the results of our present studies and those reported in the reviewed literature, the order of 
toxicity of cyclic nitramine explosives to enchytraeids in freshly amended soils is (from greatest 
to least) CL-20 > RDX > HMX.  
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Table 20  Effects of RDX or HMX on adult survival and juvenile production (means ± standard deviation) by two enchytraeid species in a freshly 
amended composite soil Rac50-50.  

 

Adult survival  Number of juveniles produced  

Test Groups 

 

Concentrations (mg kg-1) a  E. albidus E. crypticus  E. albidus E. crypticus 

Negative control 0 9.3 ± 0.6 9.7 ± 0.6  83 ± 7 622 ± 50 
Solvent control 0 10.0 ± 0.0 10.0 ± 0.0  92 ± 17 569 ± 85 

       
RDX 174 9.0 ± 1.0 9.3 ± 0.6  90 ± 16 512 ± 81 

 209 10.0 ± 0.0 9.3 ± 0.6  43* ± 25 515 ±168 
 299 9.7 ± 0.6 9.3 ± 0.6  58* ± 3 460 ±103 
 658 9.7 ± 0.6 10.0 ± 0.0  31* ± 19 474 ± 34 
       

HMX 205 10.0 ± 0.0 9.7 ± 0.6  98 ± 21 522 ± 61 
 484 9.0 ± 1.0 9.7 ± 0.6  88 ± 8 476 ± 40 
 918 9.7 ± 0.6 10.0 ± 0.0  75 ± 0.6 572 ±115 

a expressed as measured concentrations 
* Significant difference from the respective solvent control (p � 0.05). 
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Both CL-20 and RDX are known to degrade more easily than does HMX. In fact, when 
soil samples where past and present practices involving the extensive use of the melt-cast 
explosive Octol (HMX: 70 w/w %; TNT: 30 w/w %; RDX: <1 w/w %) were characterized, only 
HMX was detected as the principal soil contaminant (Groom et al., 2002; Dubé et al., 1999; 
Jenkins et al., 1998). HMX was also found intact when up taken by plants (Groom et al., 2002; 
Yoon et al., 2002). CL-20 was also found to biotransform faster than RDX under similar 
conditions (Figure 37; Bhushan et al., 2004c). The order of toxicity of the three energetic 
chemicals seemingly follows their order of chemical and biochemical reactivities, thus 
suggesting that these chemicals may exert their toxic effects, at least in part, through their 
degradation products. It should be noted however that the toxicity order also follows the order of 
log Kow values (CL-20: 1.92 > RDX: 0.90 > HMX: 0.16; Monteil-Rivera et al., 2004) and that 
the toxicity could be favored by a higher log Kow and thereby a higher soubility in the receptor 
tissues. 

Earlier studies with TNT (Lachance et al., 2004) showed that this energetic chemical and 
its transformed products (2-amino-dinitrotoluene and 4-amino-dinitrotoluene) were responsible 
for causing toxic effects to earthworms. In the case of CL-20, the chemical can be degraded in 
non-sterile soils (Trott et al., 2003), under alkaline conditions  (Balakrishnan et al., 2003), or in 
the presence of zero valent iron (Balakrishnan et al., 2004a) to produce nitrite (NO2

-), nitrous 
oxide (N2O), ammonia (NH3), formic acid (HCOOH), or glyoxal (HCOCHO). The higher pH of 
RacAg2002 compared with SSL and Rac50-50 soils (Table 18) may have contributed to 
accelerated hydrolysis of CL-20 and the concomitant formation of greater quantities of 
potentially toxic byproducts such as glyoxal or formic acid. The presence of these transformation 
products may explain, at least in part, the observed CL-20 toxicity in our enchytraeid toxicity 
studies, as well as others using earthworms (Robidoux et al., 2004). Preliminary studies 
(described in more details in section XIX.1) were thus conducted with glyoxal and formic acid 
amended in SSL soil at varying concentrations (1, 10 and 100 mg kg-1 dry soil), which showed no 
lethal effects of either chemical to the earthworm at the concentrations tested. Therefore, CL-20 
degradation products other than glyoxal or formic acid, such as the early reactive intermediates 
including free radicals (Hawari et al., 2004) may lead to cell organelle injury.  
 
Influence of soil types on CL-20 toxicity to enchytraeids. Soil properties can influence the 
bioavailability and toxicity of energetic contaminants to soil invertebrates (Phillips et al., 1993; 
Robidoux et al., 2002, 2004; Schäfer, 2002; Kuperman et al., 2004b; Simini et al., 2004). CL-20 
is highly immobilized by soils rich in organic matter (OM), and its bioavailability (and 
subsequent toxicity) could vary depending on the amount and quality of OM (Balakrishnan et al., 
2004b). In the present study, we assessed toxicity of different cyclic nitramines including CL-20 
to enchytraeid worms using three soil types that have contrasting properties (pH, OM, and clay 
contents, as shown in Table 18).  

Results indicate that the soil with highest pH, CEC, and organic matter content 
(RacAg2002) (Table 18) sustained the greatest CL-20 toxicity to E. crypticus adult survival and 
reproduction based on LC50 or EC50 values (Table 19). The effect of pH was discussed when 
comparing the toxicity of CL-20 with that of RDX and HMX. Clay was shown to have no effect 
on the availability of CL-20 (Balakrishnan et al., 2004b). As for the organic matter, the SSL soil 
used in the present study has a low OM content that supports relatively high bioavailability of 
CL-20 in soil (Kd = 2.43 L kg-1, Table 6). Although Kd coefficients were not measured for the 
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composite soils RacAg2002 and Rac50-50, a lower availability of CL-20 is expected in these 
soils due to the higher fraction of OM they contain (42 and 23 %, respectively). Indeed, high 
content of OM should favor both sorption and microbial degradation. Based on the availability of 
the chemical, CL-20 in freshly amended SSL soil should thus sustain a higher toxicity compared 
to the composite RacAg2002 and Rac50-50. Results of definitive tests showed that this was not 
the case (Table 19), and that RacAg2002 soil sustained the greatest CL-20 toxicity to E. crypticus 
adult survival and reproduction based on LC50 and EC50 values, followed by SSL and Rac50-50 
soils. These results indicate that differences in CL-20 toxicity to enchytraeids between test soils 
cannot be interpreted solely on the basis of the ability of the energetic chemical to bind onto soil. 
More soils should be tested to further understand the differences in CL-20 toxicity observed in 
different soils. 

 
Conclusion 

The present study showed clearly that CL-20 (and possibly its degradation products) was 
highly toxic to E. crypticus and E. albidus. This effect is orders of magnitude more pronounced 
compared with the currently used explosives RDX and HMX. Identification of all intermediate 
and final products of the degradation of CL-20 is necessary before its ecological risks and 
impacts in the soil vadose zone can be more clearly understood.  
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XVII Avian reproduction toxicity tests 

 

 
Work conducted under this task was published in: 

Bardai, G., Sunahara, G. I., Spear, P. A., Martel, M., Gong, P., and Hawari, J. (2005) Effects of Dietary 
Administration of CL-20 on the Japanese Quail (Coturnix coturnix japonica), Archives of Environmental 
Contamination and Toxicology 49: 215-222     

 
Introduction 
 

CL-20 is being considered as a potential replacement for existing explosive materials 
such as RDX and HMX. The toxicity of the latter to terrestrial vertebrate species such as 
mammals, amphibians and birds is becoming better known (Schneider et al., 1976; Levine et al., 
1981; Talmage et al., 1999; Gogal et al., 2003; Johnson et al., 2004). Gogal et al. (2003) found 
the approximate lethal dose of acute oral RDX exposure in northern bobwhite (Colinus 
virginianus) to be 280 mg/kg body weight (BW) for males, and 187 mg/kg BW for females. The 
dose-dependent effects of RDX also included a decrease in food intake, body weight, and spleen 
and liver mass for 14 days but not for 90 days of exposure. Although the effects of CL-20 in 
plant and soil invertebrate species have been recently reported (Gong et al. 2004; Robidoux et al. 
2004), there is presently a lack of data describing the toxic effects of CL-20 on avian species.  

CL-20 is a polycyclic nitramine characterized by having N-NO2 bonds, similar to the two 
monocyclic nitramines RDX and HMX. Based on these structural similarities, we hypothesized 
that the effects of CL-20 to birds may be similar to those of RDX. In the present study, we thus 
investigated the toxic effects of CL-20 on the gallinaceous test species, the Japanese quail 
(Coturnix coturnix japonica). We selected this species because it is amenable to laboratory 
toxicity testing, and species of this order can have significant dietary exposure to soil based on 
their foraging and behavioral habits. This species are used in many standard toxicity testing 
regimes for standard avian toxicity testing (ASTM 1997; USEPA 1996a,b; OECD 1984b,c). Data 
generated using these standardized toxicity test methods will be useful for the ecotoxicological 
risk assessment of birds exposed to CL-20. 

The effect of CL-20 on Japanese quail were studied using two standard toxicity tests: 
firstly, a 14-day subacute assay using repeated gavages doses (0, 307, 964, 2439, 3475 or 5304 
mg CL-20/kg body weight (BW)/d) for 5 d followed by no CL-20 exposure (vehicle only) for 10 
d; and secondly, a subchronic feeding assay (0, 11, 114, or 1085 mg CL-20/kg feed) for 42 d.  

 
Material and Methods 
 
Chemicals and reagents.  CL-20 in the ε form (purity > 95%) was obtained from ATK Thiokol 
Propulsion (Brigham City, Utah, USA). Acetonitrile and acetone (HPLC grade) were obtained 
from EM Science (Darmstadt, Germany). All other chemicals and reagents were of the highest 
grades of purity available, and were obtained from Anachemia (Milwaukee, WI, USA). 
Deionized water was obtained using a Zenopure Mega-90 water purification system. All 
glassware was washed with phosphate-free detergent, rinsed with acetone, and acid-washed 
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before a final rinse with deionized water. 
 
Raising of test species.  Fertilized Japanese quail (Coturnix coturnix japonica) eggs (n= 70 for 
subacute study, and n= 120 for subchronic study) obtained from a local breeder (Couvoir 
Simetin, Mirabel, QC, Canada) were placed in an environment-controlled incubator at 37 ± 1°C, 
65 ± 5% relative humidity, and turned 180° every fourth hour. Three days before hatching, 
rotation of eggs was stopped and the relative humidity raised to 70%. Eggs were grouped at the 
center of the incubator, on a 5-mm mesh until they hatched. When dry, quail chicks were 
transferred to a heated brooder (35°C achieved using an electric resistance element), under 
constant illumination with red incandescent light to prevent eye damage. Birds were fed a diet of 
powdered Turkey Starter (Purina Mills, St Louis, MO, USA) and tap water ad libitum, until 14 
days of age. Quail were then maintained under controlled conditions of temperature (22.0 ± 
3.0°C), relative humidity (50.0 ± 6.0%), and lighting (14:10 h, light:dark cycle). 
 
Experimental design.  The subacute study (Figure 52A) described in this article was designed 
according to the USEPA (1996a) and OECD (1984b) protocols. Forty-four 2-week old quail were 
weighed, banded, and observed for any abnormalities. A blood sample (1 mL) was taken from 
the jugular vein (described below) and each bird was then randomly assigned to six groups (n = 
7-8 per group, 44 total).  
 
A 

Day of Study 
-15  -1 +1 +5  +10  +14 

         
         

Hatching 
(Preparation) 

  Start CL-20 
exposure 

End CL-20 
exposure 

   Termination of 
study 

  Blood 
sample 1 

   Blood 
sample 2 

 Blood sample 3 

 
B 

Day of Study 
-56 -1 +1  +42 

     
     

Hatching  
(Preparation) 

 Start of CL-20 exposure  Termination of study 

 Blood sample 
1 

  Blood sample 2 

 
Figure 52  Schedule for the two CL-20 exposure studies: subacute study (A) and subchronic study (B). 
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Animals were housed together in stainless steel cages (61 cm width × 76 cm length × 41 cm 
high; 10-mm mesh floor) (2-3 individuals per cage) and were uniquely identified by a leg band. 
Two days later, birds were gavaged daily for 5 d with pulverized commercial feed (Ralston 
Purina Turkey Grower) containing CL-20. 

 
Briefly, the feed was pulverized using a hand-held blender until a granular consistency 

was formed, before the addition of CL-20. The CL-20 contaminated feed was prepared daily, and 
the doses were adjusted to the body weight that was taken daily during the dosing period (1% of 
BW). To deliver the contaminated feed, the desired quantity was transferred into a 5-mL syringe, 
and then 1 mL of water was added to the syringe to form a slurry. A 10-gauge stainless steel 
curved feeding tube equipped with a Luer Lock fitting (Becton Dickinson, Canada) onto the 
syringe was inserted down the esophagus to the crop. The slurry was administered gently to 
ensure minimal regurgitation. The calculated doses delivered (mg CL-20/kg BW) were: 307 ± 1, 
964 ± 8, 2439 ± 12, 3475 ± 5, and 5304 ± 53. A second blood sample (from 1 to 1.5 mL) was 
collected 5 d after completion of the dosing. At the end of the experiment (Day 14 of study), a 
third blood sample (5 mL) was procured and the organs (heart, brain, liver, and spleen) were 
weighed and were frozen at –80°C for residual CL-20 analysis. The somatic index (%) was 
calculated as the wet organ weight (g) per 100 g body weight. 

In the subchronic study (Figure 52B), when the quail reached 2 weeks of age, the lighting 
period was changed (16:8 h light: dark cycle) to provide optimal reproductive conditions, and the 
birds (n = 48) were randomly assigned to each of the four dose groups (described below) in 
triplicate. Each exposure was conducted in triplicate; each group of 3 females and 1 male were 
housed together in stainless steel cages (described above). Quail were uniquely identified by a leg 
band. During this period, close surveillance was required to monitor any signs of increased 
aggression. Individuals injured or demonstrating incompatible behavior relative to the group 
were replaced. Eggs were collected and incubated during the pre-exposure period to verify 
fertility and thus ensure that only proven breeders were included in this study. Two days prior to 
the start of feeding CL-20 diets when quail were 54 d old, a blood sample (2 mL) was taken from 
each bird. The diets were prepared by mixing CL-20 (previously dissolved in acetone) with 
commercial feed (Ralston Purina Turkey Grower) to achieve nominal concentrations of 10, 100, 
and 1000 mg CL-20/kg feed. The vehicle control diets were treated with similar quantities of 
acetone without CL-20 as described above. Acetone was allowed to evaporate, and the CL-20 
feed mixture was then placed in glass jars and stored at 4.0 ± 2.0°C in the absence of light. 
Measured concentrations of CL-20 in the feed were analyzed using HPLC (11 ± 1, 114 ± 26, and 
1085 ± 52 mg CL-20/kg feed corresponding to the target exposure groups of 10, 100, and 1000 
mg/kg BW, respectively), and were found to be consistent throughout the study. All feed was 
provided daily ad lib. Daily feed consumption was estimated as the difference between initial and 
final feed weight plus the quantity of unconsumed pellets recovered from the litter pans, which 
was determined daily for the first 2 weeks of the study, and then every alternate day. 

Subsamples of eggs (based on total eggs collected, n= 15-20 per day) were collected and 
frozen at -80°C; the remaining eggs (n= 10-12 collected per day) were stored in a refrigerator (16 
± 1°C and 60-70% humidity) for 5 d. Eggs of the latter group were then incubated at 37.8°C and 
60% relative humidity. Following eight days of incubation, the eggs were cooled to 4°C, and 
embryos were then removed and weighed. Embryos were then preserved in capped vials 
containing 10% formalin, and were stored at room temperature in the dark until further 
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evaluation of developmental effects. Embryos were evaluated according to the Hamburger-
Hamilton system (1951) for normal stages of chick embryo development. At the end of the 6-
week exposure period, the adult birds were sacrificed and examined for gross lesions. Liver, 
spleen, heart, and brain were excised, weighed, frozen in liquid nitrogen, and then stored at -
80°C prior to residual CL-20 analyses.  

For both studies, birds were monitored daily for changes in health or disposition (i.e., 
alertness, appearance). For the subchronic study, body weight gain was measured daily for the 
duration of the gavaging phase, and then at study days 10 and 14. Body weight and feed 
consumption for the subacute study were measured daily for a 2 week period, and then every 
alternate day. At the end of the experiments, birds were anesthetized (2-5% isoflurane), and 
euthanized (90% CO2 / 10% O2). Moribund animals were treated in the same fashion. 
Manipulation and handling were in accordance with the Canadian Council on Animal Care 
guidelines (1984). 
 
Blood collection and analysis.  For clinical chemistry and hematological analyses, female quail 
blood was collected from the jugular vein with a 27-gauge needle and a 3-mL syringe containing 
100 µL of a 1% EDTA solution in saline. Males were not considered for this study because of the 
low number of males per exposure group (1 male per 3 females per replicate, 3 replicates per 
exposure group). Blood was thoroughly mixed and 250 µL was removed for whole blood 
analysis. Plasma was prepared in 1.5 mL Eppendorf tubes centrifuged at 13,000 × g for 5 min, 
and was used either fresh for clinical chemistry analysis to screen for biochemical and 
pathological abnormalities, or was stored at -80°C for plasma residual CL-20 analysis. Quail 
plasma was analyzed to determine its clinical chemistry profile (Beckman LX20 Pro, Rochester, 
NY) which included sodium (Na), potassium (K), chloride (Cl), glucose (Glu), creatinine (Cre), 
total protein (TP), phosphorus (PO4), total bilirubin (Tbili), direct bilirubin (Dbili), uric acid 
(Uric), magnesium (Mg), cholesterol (Chol), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (ALP), amylase (AMY), lactate dehydrogenase 
(LDH), and triglycerides (TG). For hematological analysis, a drop of anticoagulated blood was 
placed on a microscope slide and a smear was made. The blood smear was fixed in methanol, 
stained with modified Wright-Giemsa and the leukocyte differential was performed where 100 
leukocytes (lymphocytes, heterophils, monocytes, basophils, and eosinophils) were enumerated. 
Heterophil to lymphocyte ratios were calculated to investigate stress. For hematocrit (HCT) 
determination, a non-heparinized hematocrit capillary tube was filled with anticoagulated blood. 
The bottom of the capillary tube was sealed with a clay plug, and centrifuged for 5 min at 3000 
rpm, and the HCT was determined as the ratio between total capillary volume and the packed cell 
volume (PCV). 
 
CL-20 extraction from quail tissue.  CL-20 extractions were performed according to USEPA 
Method 8330A (USEPA, 1997) with the following modifications. For CL-20 exposure studies, 
whole organs taken from test animals were immediately homogenized on ice in 7 mL cold 
acetonitrile using a Polytron tissue homogenizer (30 s for brain and spleen, or 1 min for heart and 
liver) in Teflon tubes. Following overnight sonication in the dark at 8°C (60 Hz; Branson 3200, 
Danbury, CT, USA), samples were centrifuged at 4oC for 10 min at 10,000 × g. To 5 mL of the 
decanted supernatant was added an equal volume of a CaCl2 (90 mM)-NaHSO4 (1.6 mM) 
solution, and the resulting mixture was vortexed for 30 s and stored at 4°C for 2 h to precipitate 
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proteins. The resulting solution was filtered through a 0.45-µm membrane prior to HPLC 
analysis. To increase the sensitivity of the above method, the supernatants of different tissue 
samples (liver, heart, brain, and kidney) were also concentrated. Each supernatant (5 mL) was 
evaporated to dryness in a Speed Vac (Savant, Hicksville, NY, USA). To the precipitate was 
added 500 µL acetonitrile and vortexed for 1 min, after which the CaCl2 - NaHSO4 solution was 
added as described above. For the control recovery studies, whole organs (liver, brain, spleen, or 
heart) were taken from non-treated quail and were spiked with varying concentrations of CL-20 
prior to being immediately frozen at -80°C for 24 h. The organs were then thawed in cold 
acetonitrile, and CL-20 was extracted as described above. 
 
Extraction of CL-20 from the test diet.  Acetonitrile extractions of test diet were also performed 
using the USEPA Method 8330A (USEPA, 1997). One mL of 1.6 mM NaHSO4 prepared in 
water was added to two grams of feed and vortexed for 10 s. To this was added 10 mL (for feed 
containing 10 mg CL-20/kg feed) or 20 mL of acetonitrile (for feed containing 100-1000 mg CL-
20/kg feed), prior to vortexing for 1 min.  
 
Analytical procedures.  CL-20 was analyzed as described in section VI.  
  
Statistical analysis.  The data were evaluated by two-way and repeated measures analysis of 
variance (ANOVA). Statistical comparisons between exposure groups were performed by 
Dunnett’s test (p � 0.05). Statistical analysis was performed using JMPIN (Version 4, SAS® 
Institute, Cary, NC, USA). 

 
Accomplishmets 
 
Subacute study.  No clinical or overt toxic symptoms were observed during the 5-d exposure 
period to CL-20. The change in average weight gain for each exposure group is shown in Figure 
53. Data indicate that a dose-dependent decrease in body weight gain occurred during the first 5 
days of this study (p � 0.05). On study days 1 to 3, the CL-20 quail exposure groups ≥ 964 mg/kg 
BW/d gained less weight than the control group (p � 0.05). However, this effect was not detected 
by the end of the study (day 14, or 10 d of no CL-20 exposure).  

Liver weights were significantly elevated in the highest dose group (5304 mg/kg BW/d), 
whereas other organ weights (brain and spleen) were not significantly different between CL-20 
treated and control groups (Figure 54). Increases in plasma sodium and creatinine levels were 
found in birds treated with 5304 mg CL-20/kg BW/d, compared with controls (Table 21). 
Hematological parameters (heterophil to lymphocyte ratios, and hematocrit) in the subacute study 
were not statistically different between exposure groups when compared to controls (data not 
shown). 

 
Subchronic study   No clinical or overt toxic symptoms were observed during the 42-d exposure 
period in this study. Aggressive behavior was noted in one individual who was subsequently 
isolated from the control group. Another bird from a different control group had to be euthanized 
due to injuries inflicted by an aggressive control bird (that was hence removed from the 
triplicate). These observations were not related to exposure. Based on feed consumption (feed 
consumed per number of individuals in each dose group) and the mean body weight, the 
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calculated daily doses to quail consuming the CL-20 diet were 0, 0.96, 10, and 94 mg CL-20/kg 
BW, for the measured 0, 11, 114, and 1085 mg CL-20/kg feed exposure groups, respectively. 
Throughout this study, no differences in feed consumption or body weight were observed 
between exposure groups (data not shown). Clinical chemistry analysis of quail blood taken from 
the subchronic study (Table 22) revealed that the aspartate aminotransferase (AST) level was 
increased by 1.25 times in the birds of the highest measured feed dose level (1085 mg CL-20/kg) 
relative to controls (p � 0.05).  
Embryo weight was found to decrease significantly and in a dose-dependent manner (Figure 55). 
Based on the measured exposure concentration, the unbounded lowest observed adverse effect 
level (LOAEL) for this effect was 11 mg/kg feed. Some of the embryos in the storage vials 
dehydrated making these samples unsuitable for further analysis. In the 114 mg/kg feed exposure 
group, two of the 6 embryos had multiple (both cranial and facial) deformities. Whereas in the 
highest dose group (1085 mg/kg feed), three of the 9 embryos experienced beak curvatures, 
possible mid brain enlargement, and classical one sided development with micro-opthalamia. 
These CL-20 exposure-related deformities were not observed in the control group; however, two 
of the nine control embryos showed very slight ocular asymmetric deviations. No decrease in the 
rate of development was detected, all embryos being at stages 30-31 (Hamburger and Hamilton, 
1951). In addition, CL-20 exposure tended to decrease the number of eggs laid per female (p > 
0.05) compared to controls (Figure 56).  
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Figure 53  Changes in body weight of juvenile Japanese quail gavaged with CL-20 for 5 days (subacute 
study). Exposure schedule is shown in Figure 52. Each value is the mean ± SD (standard deviation)(n = 
44 birds). * Above bars denotes value is statistically different from the control (p � 0.05). 
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Figure 54  Somatic index of selected organs of juvenile Japanese quail gavaged with CL-20 for 5 days followed by 10 days of vehicle only (no 
CL-20). Data are expressed as mean ± SD (n = 44 birds). Study design is shown in Fig. 52. * Above bars denotes value is statistically different 
from the control (p � 0.05
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Table 21  Selected plasma biochemical parameters of adult Japanese quail exposed to CL-20 by gavage for 5 d followed by 10 days exposure 
with no CL-20 

Parameters  CL-20 Exposure Groups (mg CL-20 per kg body weight per d) a 

 0 307  964 2439 3475 5304 
PO4 (mmol/L) b 3.22 ± 0.21 c  2.89 ± 0.26  2.91 ± 0.26  2.53 ± 0.21  2.73 ± 0.24  2.96 ± 0.39  
TP (g/L) 19.2 ± 3.6  22.0 ± 2.6  22.3 ± 2.9  18.4 ± 2.9  20.8 ± 2.8  21.63 ± 3.25  
Glu (mmol/L) 16.3 ± 1.0  17.0 ± 0.7  16.7 ± 1.0  16.4 ± 1.2  17.1 ± 1.3  16.36 ± 1.45  
Cre (�mol/L) 20.0 ± 2.6  18.6 ± 3.2  20.3 ± 4.0  18.2 ± 5.4  21.8 ± 4.4 25.00 ± 3.16* 
Na (mmol/L) 143.9 ± 0.8  145.5 ± 1.0  144.0 ± 0.8  144.6 ± 2.7 149.5 ± 1.6 151.7 ± 2.70* 
ALP (IU/L) 592 ± 327  711 ± 253  1056 ± 301  485 ± 396  328 ± 275  509 ± 230  
ALT (IU/L) 4.25 ± 1.50  4.20 ± 1.30  5.00 ± 0.82  4.80 ± 0.84  4.50 ± 1.05  4.50 ± 0.76  
Uric (�mol/L) 201.3 ± 53.3  239.2 ± 78.1  269.0 ± 134.8  195.0 ± 37.6  216.0 ± 101.8  300.6 ± 68.5  
AMY (IU/L) 336 ± 71  460 ± 190  377 ± 197  178 ± 60  436 ± 136 377 ± 193  
AST (IU/L) 101.3 ± 11.7  87.3 ± 10.0  94.0 ± 10.1  107.2 ± 21.9  95.5 ± 13.5  101.9 ± 11.8  
Chol (mmol/L) 5.32 ± 0.74  4.06 ± 0.91  5.17 ± 1.52  5.63 ± 2.50  4.67 ± 0.98  5.38 ± 1.44  
Dbili (�mol/L) 1.25 ± 0.24  0.95 ± 0.21  0.78 ± 0.31  1.40 ± 0.50  0.83 ± 0.27  1.16 ± 0.49  
Tbili- (�mol/L) 2.8 ± 0.5  2.6 ± 1.6  4.0 ± 1.2  2.2 ± 1.3  2.3 ± 1.1  3.5 ± 0.9  
GGT (IU/L) 6.5 ± 4.5 8.8 ± 2.3  8.0 ± 1.4  8.4 ± 0.9  7.5 ± 2.2 10.0 ± 2.2  
LDH (IU/L) 59.8 ± 13.0  48.8 ± 8.4 47.0 ± 9.5  49.2 ± 12.8  41.0 ± 12.7  56.4 ± 28.8 
TG (mmol/L) 1.84 ± 0.20  1.42 ± 0.32  2.05 ± 0.91  2.04 ± 0.52  1.49 ± 0.36  2.06 ± 0.78  
Mg (mmol/L) 0.15 ± 0.50  0.20 ± 0.01  0.28 ± 0.05  0.11 ± 0.14  0.10 ± 0.04  0.13 ± 0.7  

a Measured concentrations of CL-20 intake by gavaged quails. b Abbreviations used: Phosphate (PO4), Total Proteins (TP), Glucose (Glu), Creatinine (Cre), 
Alkaline phosphatase (ALP), Alanine aminotransferase (ALT), Amylase (AMY), Aspartate aminotransferase (AST), Cholestrol (Chol), Direct Bilirubin (Dbili), 
Total Bilirubin (Tbili), �-glutamyltransferase (GGT), Lactate dehydrogenase (LDH), Triglycerides (TG), Magnesium (Mg) c Data are expressed as mean ± SD 
(standard deviation) (n = 4-8 birds per exposure group).* Exposure group is significantly different from control using Dunnett’s test (p ≤ 0.05). 
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CL-20 recovery from tissue.  CL-20 was not detected in the plasma or selected organs (brain, 
spleen, heart and liver) of quail treated with CL-20 (data not shown), despite the excellent 
recovery of the chemical (99-105 %) using different spiked tissues (Figures 57 and 58).  

 

Table 22  Selected plasma biochemical parameters of adult Japanese quail fed CL-20 in the diet for 42 d 

Parameters   CL-20 Exposure Groups (mg CL-20/kg feed) a 

  0 11 114 1085 

PO4 (mmol/L) b  2.87 ± 0.63 c 2.56 ± 0.39 3.03 ± 0.84 2.11 ± 0.71 

TP (g/L)  31.6 ± 4.0 30.1 ± 2.3 33.5 ± 1.7 28.3 ± 3.2 

Glu (mmol/L)  15.1 ± 0.99 15.4 ± 1.29 14.5 ± 0.8 14.4 ± 0.9 

Cre (�mol/L)  30.3 ± 9.6 32.4 ± 4.7 24.4 ± 6.1 27.0 ± 9.6 

Na (mmol/L)  144.4 ± 3.6 142.3 ± 1.3 139.8 ± 3.5 142.3 ± 1.3 

ALT (IU/L)  5.16 ± 1.60 4.83 ± 2.22 6.00 ± 1.63 6.50 ± 1.51 

Uric (�mol/L)  213.4 ± 58.7 303.0 ± 147.0 136.8 ± 71.2 232.3 ± 131.5 

AMY (IU/L)  507 ± 179 368 ± 222 643 ± 304 472 ± 154 

AST (IU/L)  133.3 ± 11.6 144.8 ± 23.5 154.6 ± 27.4 167.2 ± 23.2 * 

Chol (mmol/L)  6.27 ± 2.06 4.84 ± 1.76 7.39 ± 3.85 4.63 ± 1.34 

Tbili- (�mol/L)  7.65 ± 1.97 6.94 ± 1.45 8.12 ± 1.39 6.98 ± 0.96 

GGT (IU/L)  5.88 ± 1.64 6.57 ± 1.13 6.13 ± 2.41 6.43 ± 1.90 

LDH (IU/L)  54.8 ± 59.0 31.3 ± 27.0 34.8 ± 51.0 74.2 ± 39.0 

TG (mmol/L)  11.7 ± 2.4 9.8 ± 2.7 10.8 ± 2.2 9.2 ± 2.7 

Mg (mmol/L)  1.63 ± 0.33 1.36 ± 0.23 1.48 ± 0.29 1.34 ± 0.25 

K (mmol/L)  2.9 ± 0.5 3.2 ± 0.3 2.7 ± 0.3 2.9 ± 0.4 

Cl (mmol/L)  110.1 ± 4.2 107.8 ± 3.9 107.1 ± 3.5 110.3 ± 3.2 

      

a Measured concentration in feed using USEPA Method 8330A (USEPA, 1997). 
bAbbreviations used: Phosphate (PO4), Total Proteins (TP), Glucose (Glu), Creatinine (Cre), Alanine 
aminotransferase (ALT), Amylase (AMY), Aspartate aminotransferase (AST), Cholestrol (Chol), Total Bilirubin 
(Tbili), �-glutamyltransferase (GGT), Lactate dehydrogenase (LDH), Triglycerides (TG). 
c Data are expressed as mean ± SD (standard deviation) (n= 7-9 birds per group). 

* denotes exposure group is significantly different from control using Dunnett’s test (p ≤ 0.05). 
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Figure 55  Effects of 42 days dietary exposure of CL-20 on Japanese quail embryo weights. Data are 
mean embryo weight ± SD. (n = number of embryos evaluated). * Above bars denotes values statistically 
different from the control (p � 0.05). 
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Figure 56  Effects of 42 d dietary exposure of CL-20 on the mean number of eggs produced per hen. 
These exposure effects were not significant compared to controls (p > 0.05). 
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Figure 57  Recovery of CL-20 using spiked tissue samples ( �, Brain; �, Spleen; �, Heart) and the 
modified USEPA Method 8330A (USEPA, 1997). Inset shows CL-20 recovery at spiked concentrations 
less than 0.8 �g CL-20/g tissue dry weights. R2 value was determined by linear regression using least-
squares method. 
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Figure 58  Recovery of CL-20 from spiked liver tissue using modified USEPA Method 8330A (USEPA, 
1998). 
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 Discussion 
 

Few acute and subchronic effects were found from oral CL-20 exposures to adult 
Japanese quail in this study. However, our 42-d subchronic study indicates that CL-20 exposure 
led to significant decreases in embryo weight without a corresponding effect on developmental 
stage. This would suggest an effect on energy metabolism rather than a decrease in the rate of 
embryonic development, per se. Although we have evidence that CL20 exposure caused 
abnormal developmental effects, these results should be considered preliminary until a more 
rigorous teratological evaluation is done. Bushan et al. (2004a, b) reported the formation of 
nitrite (NO2

-), nitrous oxide (N2O), ammonia, formic acid, ammonium or glyoxal from the 
enzymatic biodegradation of CL-20 by the flavin containing enzymes, nitroreductase and 
salicylate 1-monooxygenase. Quail have been found to possess both Phase I and II 
biotransformation enzymes (Gregus et al., 1983). It is possible that quail may possess similar 
enzymes capable of degrading CL-20, and that the presence of the resulting degradation products 
may be related to the observed CL-20 toxicity in our present studies. A preliminary survey of the 
avian toxicity literature failed to identify studies characterizing the toxic effects of the latter CL-
20 degradation products to quail. To further characterize the reported effect of embryo 
malformation by CL-20 and gain more information about the mechanism of CL-20 toxicity 
(direct and indirect effects of CL-20 on the embryo), in vitro approaches are recommended.  

Earlier studies have shown that exposure to the monocyclic nitramine explosive RDX 
causes central nervous system (CNS) disturbances in birds (northern bobwhite), terrestrial 
salamanders and mammals (rats and miniature swine) (Schneider et al., 1976; Levine et al., 
1981; Gogal et al., 2003; Johnson et al., 2004). Rats injected intraperitoneally with 500 mg 
RDX/kg BW had seizures prior to death. Miniature swine treated intravenously with RDX 
showed convulsions from 12 to 24 h after exposure. A recent study reported that red-backed 
salamanders (Plethodon cinereus) exposed to 5,000 mg RDX/kg soil in laboratory microcosms 
for 28 days showed signs of neuromuscular effects, including lethargy, convulsions, rolling and 
gaping motions, hyperactivity, as well as a marked weight loss (Johnson et al., 2004). In contrast 
to these earlier studies using RDX, none of the CL-20 treated birds in our present studies 
exhibited signs of neurotoxicity.  
Earlier studies by Gogal et al. (2003) showed that RDX in a water vehicle was lethal to the 
northern bobwhite at a single dose (≥ 187 mg RDX/kg BW) after 72 h exposure. In our subacute 
study, CL-20 caused no mortality in adult Japanese quail gavaged with up to 5304 mg CL-20/kg 

BW. These data suggest that CL-20 is not as lethal to galliform species as RDX. Physico-
chemical differences between RDX (aqueous solubility at 20°C = 42.58 mg/L, log Kow = 0.90) 
and CL-20 (aqueous solubility at 20°C = 3.16 mg/L, log Kow = 1.92) (Monteil-Rivera et al., 
2004) may favor the absorption or bioavailability of RDX relative to CL-20, and may help to 
explain the differences in acute toxicity.  Increased liver to BW ratios were observed in the 
highest dose group (5304 mg CL-20/kg BW/d), 10 d post CL-20 exposure, whereas the spleen- 
and heart- to body weight ratios were not significantly altered compared to controls. This effect 
contrasts with the earlier results showing decreased liver to BW ratios observed for northern 
bobwhite exposed to RDX in feed (Gogal et al., 2003). Birds exposed to RDX for 14 days caused 
significant increases in the hematological parameters such as heterophil counts, and the 
heterophil/lymphocyte ratio, as well as an increase in the packed cell volume (PCV) (Gogal et 
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al., 2003). In contrast, our study using CL-20 did not show an effect of exposure on the 
heterophil/lymphocyte ratio or on PCV, suggesting that CL-20 is not an immunotoxicant or a 
mitogen at least during this period of exposure. It is possible that immunological effects may 
have occurred but were reversed during our exposure schedule that allowed 10-d of no exposure 
with CL-20.  
 
 
Conclusion  Although CL-20 has certain structural similarities to the monocyclic nitramine RDX 
(Figure 1), this polycyclic nitramine does not appear to demonstrate the same profile of toxicities 
as RDX in quail. Our present study has provided basic toxicity data, and suggests that further 
research should be carried out to study the developmental effects of CL-20 in birds. 
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XVIII Bioaccumulation of CL-20 in plants and earthworms 
 

XVIII.1 Optimization of bioaccumulation test using ryegrass 
 
 Optimization of plant bioaccumulation tests including the determination of: 1) the 
optimal number of seeds to obtain maximal growth of shoots and roots, 2) the maximal duration 
of the bioaccumulation test, and 3) the minimal frequency of aeration necessary to maintain 
optimal growth (every two days, twice a week, once a week) was conducted. Preliminary results 
indicate that 50 seeds of ryegrass should be sown per 4 inch-pot, plant bioaccumulation test 
should be done over 42 days, and samples should be taken every week. Based on range-finding 
and limit tests performed earlier in the project, a first bioaccumulation test using unlabelled CL-
20 was initiated in October 2004 with ryegrass seeds exposed to 10, 100, 1000 and 10000 mg 
CL-20 per kg SSL amended soil.  
 

XVIII.2 Optimization of bioaccumulation test using earthworm Eisenia andrei 
 
A first bioaccumulation study using unlabelled CL-20 was initiated with the earthworm Eisenia 
andrei exposed to 10, 25, 50 and 200 mg CL-20 / kg SSL amended soil. Uptake kinetics were 
monitored for 28 days. Preliminary results presented in Figure 59 indicate that no CL-20 was 
degraded in the soil exposed to earthworms except at the highest concentration (200 mg/kg soil) 
where less than 10% was degraded after 7 days of exposure. No detectable CL-20 was 
bioaccumulated in earthworm tissue, which is consistent with earlier results obtained in our 
laboratory (Robidoux et al., 2004). Interestingly, exposure to all concentrations of CL-20 
rendered their body more rigid. Recently we received [14C]-CL-20 and thus bioaccumulation 
tests using the radiolabeled substrate will be performed in air-tight transparent desiccators 
designated as mesocosms.  
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Figure 59  Concentration of CL-20 in soil exposed and not exposed to Eisenia andrei (ongoing 
experiment). 
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XIX CL-20 metabolic products in plants, earthworms and quail  

 
Part of the work under this task was published in: 
 
1. Dodard S. G., G. I. Sunahara, M. Sarrazin, P. Gong, R.G. Kuperman, G. Ampleman, S. Thiboutot, and 

J. Hawari (2005). Survival and reproduction of enchytraeid worms (Oligochaeta) in different soil 
types amended with cyclic nitramine explosives.  Environmental Toxicology and Chemistry. 24(10): 
2579-2587 

2. Bardai, G, Sunahara, G.I., Spear, P. A., Grosz, S., and Hawari, J (2006) Purification of a cytosolic 
GST from Japanese quail(Coturnix coturnix japonica) capable of biotransforming CL-20 (submitted: 
Toxicological Sciences) 

 
 

In order to understand the mechanisms of CL-20 toxicity we are conducting experiments 
to determine degradation products of the energetic chemical in various tissue samples of quail, 
earthworms and plants.  

 
 
XIX.1 Toxicity of CL-20 metabolic products on earthworms 

 
The toxic effects of glyoxal and formic acid, two CL-20 products detected under both 

abiotic and biotic conditions, were measured in freshly amended SSL soil. Toxicity to the 
earthworm (Eisenia andrei) was evaluated using the USEPA earthworm survival test method 
(1989) at concentrations of 1, 10 and 100 mg/kg dry soil. Our results showed that glyoxal and 
formic acid were not lethal to E. andrei after a 14-d exposure (Table 23).  
 

Table 23  Lethal effects of CL-20, glyoxal and formic acid on earthworm Eisenia andrei in freshly 
amended Sassafras sandy loam (SSL) soil 

 CL-201 

(mg / kg) 

Glyoxal2 

(mg / kg) 

Formic acid2 

(mg / kg) 
Toxicological 
endpoint 

7 d Mortality 3 14 d Mortality 3 14 d Mortality 3 14 d Mortality 3 

NOEC 100 10 100 100 

LOEC 1000 100 > 100 > 100 

LC20 (95% CI) 490 67 > 100 > 100 

LC50 (95% CI) > 1000 331 > 100 > 100 
1 Based on measured concentrations.  2 Based on nominal concentrations. 
3 Based on the number of surviving adult earthworms on days 7 and 14 of the experiment. 
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XIX.2 Biotransformation of CL-20 in quail liver 
 
Work conducted under this task was submitted in: 

Ghalib K. Bardai, Halasz A, Sunahara G I, Dodard S, Spear PA, Grosse S,  Hoang J, Hawari J. (2006).  
In vitro Degradation of 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-Hexaazaisowurtzitane (CL-20) by 
Cytosolic Enzymes of Japanese Quail and the Rabbit.  (to Environ. Toxicol.  Chem, Jan 2006) 
 
 
Our earlier in vivo studies (reported in Section XVII) showed that subacute and subchronic CL-
20 exposure to adult quail had no observable effects on these individuals. Analysis of quail 
plasma and organs (liver, brain, heart and spleen) showed that CL-20 was not present. It is 
possible that the adult quail may possess an enzymatic mechanism to biotransform CL-20. In the 
adult quail, the liver is the primary organ for Phases I and II xenobiotic biotransformation 
reactions (Gregus et al., 1983). CL-20, an electrophilic molecule, is a possible substrate for 
nucleophilic reactions. Nucleophilic conjugation reactions with thiols, formed via the glutathione 
S-transferases (GST) enzyme and reduced glutathione (GSH) are well documented (Klaassen, 
1996). We hypothesize that the quail liver may contain a GST type enzyme capable of 
biotransforming CL-20 with glutathione as a required substrate. To test this hypothesis we 
incubated cytosol (100 K × g supernatant) from quail liver with CL-20, and found a time-
dependent and significant decrease in the quantity of CL-20 in vitro. Using two known inhibitors 
of GST (ethacrynic acid or S-octylglutathione, a glutathione analogue) the biotransformation of 
CL-20 was significantly inhibited in vitro. Furthermore, if liver cytosol is passed through a GSH-
Affinity column, and the resulting eluate is incubated with CL-20, we observed that the ability to 
biotransform CL-20 was lost. Diphenyliodonium (DPI), an inhibitor of flavin-containing 
enzymes, or carbon monoxide, a cytochrome P450 inhibitor, did not inhibit the biotransformation 
of CL-20. These preliminary studies indicate that CL-20 can be metabolized by bird liver through 
a mechanism related to glutathione S-transferase. Studies using purified enzyme preparations and 
14C-labeled CL-20 will be carried out to test this hypothesis. 
 
 
 Abstract 
 
Earlier studies show that exposure of adult quail to 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) increased liver weights and elevated plasma aspartate 
aminotransferase activities in treated animals. Analysis of plasma and tissue samples (liver, 
brain, heart, or spleen) indicated that CL-20 was not detectable in treated animals. We 
hypothesized that the liver was the organ of toxicity. The present in vitro study was then 
undertaken to determine if the quail liver could biotransform CL-20, using rabbit liver as a 
comparison. Results indicate that the biotransformation of CL-20 was inhibited by ethacrynic 
acid (93%), and by the glutathione (GSH) analogue, S-octylglutathione (80%), suggesting the 
involvement of glutathione S-transferase (GST). Partially purified cytosolic � and µ type GST 
(requiring presence of GSH as a cofactor) from either quail or rabbit liver was capable of CL-20 
biotransformation. The degradation of CL-20 (0.30 ± 0.05 and 0.40 ± 0.02 nmol/min/mg protein 
for quail and rabbit, respectively) was accompanied with the formation of nitrite and 
consumption of GSH.  Using  LC/MS we detected two intermediates  with the same deprotonated 
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molecular mass ion [M–H] at  700 Da, suggesting their presence as two isomeric species with 
the empirical formula C16H24N14O16S.  Further LC/MS analysis  using ring labeled [15N]CL-20 
and the nitro group-labeled [15NO2]CL-20 the [M–H]  of the two intermediates appeared at  706 
and 705 Da, respectively, suggesting that the metabolite (and its isomer) is a GS-monodenitrated 
CL-20 adduct. We concluded that the in vitro denitration of CL-20 by GST should also be a key 
initial step in the in vivo biotransformation of the chemical in quail.   

 
Introduction 

As we mentioned previously CL-20, an emerging energetic chemical, is a high-density caged 
polycyclic nitramine compound that is currently being considered for military application. 
Recently our laboratory (Bardai et al., 2005) investigated the toxic effects of this chemical on the 
gallinaceous test species, the Japanese quail (Coturnix coturnix japonica) and demonstrated that 
subchronic feeding CL-20 in the diet to adult quail (up to 1085 mg/kg BW for 42 d) increased 
liver weights and elevated plasma aspartate aminotransferase activities in treated animals, and led 
to significant developmental effects on embryos. However, no overt toxicological effects were 
observed in the CL-20 treated birds. This study also reported the absence of CL-20 in quail 
plasma and other major organs such as liver, brain, heart, and spleen, suggesting that C L-20 
might have been din these organs, particularly in liver.  The above hypothesis necessitates the 
identification and purification of possible enzymes capable of CL-20 biotransformation.   

The presence of highly oxidized NO2 groups in CL-20 makes the molecule a potential 
electrophilic substrate in many nucleophilic reactions (Armstrong, 1997; Eaton and Bammler, 
1999). Nucleophilic conjugation reactions with thiols on electrophilic substrates, formed via the 
glutathione S-transferases (GST) enzyme and glutathione (GSH) are well documented 
(Chasseaud, 1979; Jakoby, 1978). In the present study, we hypothesized that CL-20 might react 
with a nucleophile such as glutathione (GSH) in the presence of a GST type enzyme(s) in the 
liver.  In the present study we report the purification of an avian GST from quail liver capable of 
biotransforming CL-20.  Insights into the biotransformation of C L-20 in liver was studied using 
LC/MS in the presence of uniformly ring labeled [15N]CL-20 and  nitro labeled [15NO2]CL-20.   
For confirmatory purposes, we also report the purification of GST enzyme from rabbit 
(Sylvilagus floridanus) capable of biotransforming CL-20. 

 
Materials and Methods 

Chemicals and reagents.  CL-20 in the ε-form (purity > 95%), uniformly ring-labeled [UL-
14C]CL-20 (96.7% chemical purity, 95.7% radiochemical purity, and specific activity of 
294.5 µCi/mmol), [UL-15N]CL-20 (87.6% purity) and [UL-15NO2]CL-20 (99.4% purity) were 
obtained from ATK Thiokol Propulsion (Brigham City, Utah, USA). Reduced glutathione 
(GSH), 1-chloro-2,4-dinitrobenzene (CDNB), diphenyliodonium chloride (DPI), allopurinol, 
ethacrynic acid (EA) and S-octylglutathione (Oct-GSH) were purchased from Sigma Chemicals 
(Oakville, Ontario, Canada). Carbon monoxide (CO) was purchased from Aldrich Chemical 
Company (Milwaukee, WI). Sephadex G-25 and GSH-Sepharose affinity columns were obtained 
from Amersham Pharmacia Biotech (Uppsala, Sweden). All other chemicals and reagents were 
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the highest grades of purity available and were obtained from Sigma Chemicals. Deionized water 
was obtained using a Zenopure Mega-90 water purification system. All glassware was washed 
with phosphate-free detergent, rinsed with acetone, and acid-washed before a final rinse with 
deionized water. 

Enzyme purification. All procedures including FPLC™ (Amersham Pharmacia Biotech, 
Uppsala, Sweden) were performed at 4°C unless otherwise stated, and according to the method 
described by Dai et al. (1996) with the following modifications. Protein purification columns 
used in this study were pre-equilibrated in Buffer A (PBS; 140 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, 1.8 mM KH2PO4, pH 7.4) at 4°C. Adult female quails (9 weeks old) and adult rabbits 
were obtained from a local farm (Ferme Bourgois, Mirabel, PQ, Canada). Animals were 
sacrificed by decapitation, livers were then removed, washed with ice-cold isotonic saline, and 
minced (2-mm thickness). Seven quail livers (wet weight 35 g), or rabbit liver (wet weight 40 g) 
were pooled and rapidly homogenized in 50 ml of phosphate buffered saline (Buffer A) using a 
Polytron tissue grinder. The homogenate was centrifuged at 10,000g for 30 min, and the 
supernatant was further centrifuged at 100,000g for 60 min. The 100,000g supernatant 
(containing cytosol) was filtered through glass wool and used for further purification. A 50-ml 
aliquot of cytosol was then applied to a Pharmacia XK-50 desalting column. The desalted crude 
cytosolic fraction was then passed three times through a XK-16 column containing 15 ml of GSH 
Sepharose at 1 ml/min. Following each pass of crude cytosol, the column was washed 
extensively with Buffer A, and the bound GST was eluted with 50 mM Tris-HCl (pH 8.0) 
containing 10 mM GSH. Protein was monitored at 280 nm, and active fractions (those having 
high CDNB conjugating activity as described below) were collected. The buffer was then 
exchanged to Buffer A, and the protein was concentrated using Amicon centrifugal filter units 
(15 ml; 10,000 MW cut off). Aliquots (300 µl) of the above concentrated fractions were applied 
onto a Sepharose 12 column (previously equilibrated with Buffer A) and eluted with the same 
buffer at a flow rate of 0.5 ml/min. Active fractions were collected and pooled. Protein 
concentration was determined with a bicinchoninic acid protein assay kit from Pierce Chemical 
Company (Rockford, IL) using bovine serum albumin (BSA) as the standard. 

Sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE) and N-terminal 
sequencing. The SDS–PAGE was performed on 12% gels containing 0.1% SDS (Lammeli, 
1970) using a BioRad Mini Protean II electrophoresis system. The loading volume was 10 �l 
(containing 1 �g protein) per well. Molecular weights were determined from Rf values of 
standard marker proteins (BioRad Hercules, CA), and protein bands were visualized using a 
silver stain. Gel analysis was carried out using the Biorad Quantity One Analysis software. The 
N-terminal microsequencing was performed as described previously (Bhushan et al., 2005a). 

Glutathione-S-Transferase (GST) Assay. The GST assays were performed in a microtiter plate 
reader (Bio-Tek KC4; Bio-Tek® Instruments Inc, Winooski, VT) which measures absorbance 
(340 nm) in a 96-well microtiter plate. The GST activity was measured with CDNB as the 
substrate and reduced GSH as the cofactor. Solutions of CDNB (20 mM) dissolved in 95% 
ethanol, and GSH (20 mM) were prepared fresh daily in a sodium phosphate buffer (100 mM, pH 
6.5). The reaction mixture (250 µl) contained: 100 mM sodium phosphate buffer (pH 6.5), 1 mM 
GSH, and 1 mM CDNB. The ethanolic concentration was less than 5% unless otherwise stated. 
The increase in absorbance was recorded for 5 min to ensure that the reaction was completed. 
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The initial linear portion of the response curve (i.e., between 5 and 35 seconds after the initiation 
of the reaction) was used to determine the rate of product formed. Measurements were taken 
every 3 sec. Nonenzymatic base catalyzed conjugation of GSH with CDNB was subtracted from 
all assays, by including a blank (buffer only) consisting of all of the assay components except the 
active protein. One unit (U) of transferase activity was defined as the formation of one 
micromole of product (S-2,4-dinitrobenzene-glutathione) per minute, measured at 340 nm using 
an extinction coefficient of 9.6 mM-1 for the conjugate (Habig et al., 1974). Initial-velocity 
studies of the purified enzyme were performed using the GST assay described above, except that 
varying concentrations of CDNB (from 0.02 to 5 mM) and GSH (from 0.07 to 5 mM) were used. 
Apparent enzyme kinetic constants (app. Vmax and app. Km) were calculated according to the 
Michelis-Menten equation using the Eadie-Hofstee plot. Specific activities were defined as 
�mol/min/mg protein (U/mg).  

CL-20 Biotransformation Assay. Enzyme-catalyzed CL-20 biotransformation assays and 
inhibition studies were performed under anaerobic (i.e., samples purged with argon for 15 min) 
or aerobic conditions (air), using 6-ml glass septum-sealed vials with constant agitation in the 
dark at 37°C for 2 h. Each 1-ml test unit contained: CL-20 (25 µM), enzyme preparation (0.50 
mg protein) or cytosol (5 mg protein), reduced glutathione (200 �M) and Buffer A (described 
above). The CL-20 was used in excess to its water solubility (8.2 µM) to allow detection of trace 
amounts of intermediate(s). Inhibition studies were assessed by incubating cytosol or pure 
enzyme preparation, with the following inhibitors: diphenyliodonium chloride (DPI), allopurinol, 
ethacrynic acid (EA), S-octylglutathione (Oct-GSH), and carbon monoxide (CO). The reaction 
was stopped by addition of 1 ml acetonitrile, vortexed and placed in the dark at 4°C for 1 h to 
allow for protein precipitation. The solution was subsequently filtered through a 0.45 µm 
membrane. The CL-20 concentrations were measured by high-pressure liquid chromatography 
(HPLC), as described below. Activity of the enzymatic biotransformation of CL-20 was defined 
as nmole CL-20 per min per mg protein. Controls included: PBS only, GSH only, enzyme 
preparation (EP) only, EP +GSH, GSH + CL-20, EP + CL-20, and CL-20 with and without 
NADPH. Other CL-20 biotransformation assays were carried out as described above using [UL-
14C]CL-20, [UL-15N]CL-20, [UL-15NO2]CL-20, to help identify reaction intermediates.     

Analytical Procedures. Nitrite and nitrate concentrations were quantified using a reverse polarity 
capillary electrophoretic method described by Okemgbo et al. (1999) and used by Balakrishnan 
et al. (2003). Briefly, an Agilent 3D CE system was fitted with a bare silica bubble capillary 
(total length 64.5 cm, effective length 56 cm, internal diameter 50 µm). The separation buffer 
(pH 9.2) contained 25 mM sodium tetraborate and 25 mM hexamethonium bromide. Injections 
were performed hydrodynamically (25 sec, 50 mbar, injection volume 34 nl). The separation 
voltage was -30 kV (cathode at inlet). Quantification was obtained by peak area using direct 
absorbance at 220 nm. Using commercial external standards (Alltech Assoc., Deerfield, IL, 
USA), the instrumental quantification limit was 0.2 ppm (N = 10, peak area 4.5 mAU-s, RSD 
3.9%). The GSH was quantified according to Hissin and Hilf (1976). Glyoxal was quantified as 
previously described (Bhushan et al., 2004b). Analyses of formate (HCOO-), glycolate 
(HOCH2COO-) and oxalate were performed by ion chromatography (IC) equipped with a 
conductivity detector as previously described (Balakrishnan et al., 2004a). 
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CL-20 was quantified by HPLC-UV as previously described (Bardai et al., 2005). For the 
determination of [UL-14C]CL-20 and its biotransformation products, an HPLC system composed 
of a Waters 717 Plus autosampler, a Model 128 Beckman pump, LCN column (25 cm x 4.6 mm 
ID, 5 µm particles; Supelco, Bellefonte, PA, USA), a Beckman UV detector (λ=230 nm), and a 
radioisotope detector (In/Us) were used. The column heater was set to 27°C. The mobile phase 
consisted of acetonitrile/water (70/30, v/v) delivered at 1.0 ml/min. The sample volume injected 
was 100 µl with a 50-min run time. Radioactivity counts were performed in a liquid scintillation 
counter (Tri-Carb 2100TR; Canberra, Concord, Ontario). The [14C]CL-20 mass balance was 
calculated by determining the radioactivity collected in eluate fractions (3 ml) for the entire 
analysis period compared to total [14C]CL-20 activity. 

A Bruker bench-top ion trap mass detector attached to a Hewlett Packard 1100 Series HPLC 
system equipped with a PDA detector was used to identify reaction intermediates. The samples 
were injected into a 3-5 µm-pore size Intersil CN capillary column (0.5 mm ID by 150 mm; 
Alltech, IL) at 25°C. The solvent system was composed of a MeCN/Water gradient (10 % v/v to 
70 % v/v) at a flow rate of 12 µl/min. For mass analysis, ionization was performed in a negative 
electrospray ionization mode ES(–), producing mainly the deprotonated molecular mass ions 
[M–H]� or adduct mass ions [M+NO3]� for CL-20 and [M-2H +Na]� for intermediate products. 
The mass range was scanned from 100 to 800 Da.  

Statistical Analysis. Differences between the test and control samples were considered 
significant at P � 0.05, using the Student’s t-test for unpaired data. Statistical analysis was 
performed using JMPIN (Version 4, SAS® Institute, Cary, NC, USA). The GST kinetic constants 
(Km and Vmax) were determined by Eadie-Hofstee plots, and were compared to the Km and Vmax 
constants generated by the Michelis-Menten equation using Kaleidagraph® (Reading, PA). 

 
Accomplishments 

Enzyme purification studies. Table 24 shows the CDNB and CL-20 specific activities, 
distribution and recovery from the purification of hepatic glutathione S-transferase for both quail 
and rabbit. The specific CL-20 biotransformation rate in quail liver increased from 0.006 to 0.017 
nmol/min/mg protein, with each successive supernatant fraction (10,000g or 100,000g), while the 
specific GST activity remained the same. However, for rabbit both the GST activity (10 times 
quail) and removal rate of CL- 20 remained the same in both the 10,000g or 100,000g fractions 
(Table 24). Furthermore, the amount of CL-20 biotransformed under anaerobic conditions was 
greater than that under aerobic conditions in the cytosol fractions (Table 25). To identify the 
possible enzymes capable of CL-20 biotransformation in the cytosol, we tested several 
nonspecific and specific enzymes inhibitors to enzymes known to biotransform CL-20. Such 
enzymes include diphenyliodonium chloride (DPI, an inhibitor of flavoenzymes) (Bhushan et al., 
2003a), carbon monoxide (a cytochrome P450 inhibitor), allopurinol (a xanthine oxidase 
inhibitor) (Bhushan et al., 2003b), ethacrynic acid (EA, a GST inhibitor) (Cameron et al., 1995; 
Poleman et al., 1993; Schultz et al., 1997), and S-octylglutathione (Oct-GSH, a glutathione 
analogue. Only EA and Oct-GSH was found to cause a significant decrease in the 
biotransformation of CL-20 in the crude liver cytosol of quail (Table 25) and rabbit (data not 
shown).  
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Table 24  Purification of hepatic glutathione S-transferase from quail or rabbit 

 
Purification Step 
 

Total Protein 
(mg) 

Total Activity 
(U) 

GST 
Specific 
activity a 

CL-20 
Specific 
activity b 

Purification 
(-fold) 

Recovery 
(%) 

Ratioc 

Quail       
1. Crude Homogenate 6422 1416 0.22 0.004 1.0  52 
2. 10,000g supernatant 3845 1060 0.27 0.006 1.5 74 39 
3. 100,000g supernatant 1921 508 0.26 0.017 4.3 36 15 
4. GST-Affinity Chromatography 12 245 20.5 0.30 75 17 68 
Rabbit       
1. Crude Homogenate 10226 26106 2.6 0.008 1.0  325 
2. 10,000g supernatant 5378 12611 2.3 0.012 1.5 48 192 
3. 100,000g supernatant 3545 10657 3.0 0.014 1.8 41 214 
4. GST-Affinity Chromatography 99 3001 30 0.40 50 11.5 75 
a Specific activity measured according to Habig et al. (1974), using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate (U/mg protein) 
b Specific activity of CL-20 disappearance (nmol/min/mg protein) 
c Calculated as Specific activity of CDNB (U/mg protein)/Specific activity of CL-20 (nmol/min/mg protein
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Table 25  Effects of enzyme inhibitors and incubation conditions on CL-20 biotransformation activity in 
quail liver whole cytosol 

nhibitor (100 �M) or Incubation Condition % CL-20 biotransformed * % Activity 

Anaerobic 37.1 ± 1.3a 100 
Aerobic 19.8 ± 3.2 53 
Diphenyliodonium (DPI) 34.4 ± 2.1ns 93 
Carbon monoxide (CO) 35.8 ± 1.9ns 96 
Ethacrynic acid (EA) 2.5 ± 1.6b 7 
Allopurinol 40.3 ± 1.3ns 108 
S-octylglutathione (Oct-GSH) 7.5 ± 0.9b 20 

* Mean ± SE. (n=3). Hundred percent activities was equivalent to 0.01 nmol CL-20 transformed per mg protein per 
min. a Significantly different from control (Aerobic incubation) at P ≤ 0.05. b Significantly different from control 
(Anaerobic incubation) at P ≤ 0.05. ns denotes no significant difference vs. control (Anaerobic incubation) (P > 0.05) 

Enzyme identification studies. The SDS-PAGE analysis of the proteins (quail) eluted from the 
GSH affinity column resolved two bands, which were identified as, QL1 and QL2 (Figure 60, 
Lane 3) and were estimated to be ~ 27 and ~28 kDa, respectively, within the range of the 
molecular masses reported for avian GSTs (24-30 kDa) (Chang et al., 1990; Hsieh et al., 1999; 
Yeung and Gidari, 1980). The bands from the rabbit preparation were estimated to be ~ 28 and 
29 kDa. Partial N-terminal amino acid sequence analysis of QL1 and QL2 is listed in Table 26. 
An alignment of the N-terminal amino acid sequence of QL1 with the corresponding chicken and 
quail class (QL2) mu sequences shows 100% homology for the first 9 amino acids. Alignment of 
QL2 (class alpha and mu) with the corresponding chicken sequence, shows 100% homology for 
the first 12 amino acids, indicating that two different GSTs were retained on the affinity column. 
This confirms that the enzymes responsible for CL-20 biotransformation are GST type enzymes, 
and were used for CL-20 biotransformation assays. 

Time course of CL-20 biotransformation in vitro. Biotransformation of CL-20 only occurred 
when CL-20 was incubated in the presence of both the partially purified enzyme and GSH. This 
reaction was completely inhibited in the presence of ethacrynic acid for quail and rabbit (data not 
shown) and yielded results that were consistent with those obtained using whole cytosol (Table 
25). The incubation of CL-20 with only GSH (i.e., no enzyme added) did not cause 
biotransformation of CL-20.  

Also, no CL-20 biotransformation was observed when CL-20 was incubated with other stronger 
reducing agents such as �-mercaptoethanol (BME), dithiothreitol (DTT), or NADPH, (data not 
shown). Time course studies for both quail and rabbit purified GST incubated with CL-20 under 
aerobic conditions, showed that the disappearance of CL-20 (0.30 ± 0.05 and 0.40 ± 0.02 
nmol/min/mg protein for quail and rabbit, respectively) was accompanied by a decrease in GSH 
(Figure 61) and the formation of nitrite using the quail or rabbit GSTs (Figure 61). The 
accumulation of nitrate (NO3

-) was not detected in significant amounts when compared to 
controls (data not shown).  
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Figure 60  Silver stain of SDS-PAGE purification of quail and rabbit hepatic cytosolic CL-20 degrading 
enzyme. Lane 1, molecular weight markers from top to bottom (97 kDa Phosphorylase b, 66 kDa Serum 
albumin, 45 kDa Ovalbumin, 31 kDic anhydrase, 21.5 kDa Trypsin, 14.4 kDa Lysozyme); Lane 2, total 
rabbit proteins eluted from the Glutaa Carbonthione affinity column; Lane 3, total quail proteins (QL1 
and QL2) eluted from the Glutathione affinity column. 

Carbon Recovery and Metabolite Identification. To determine the carbon recovery of CL-20 
biotransformation, we carried out time course studies using [UL-14C]CL-20. We detected two 
peaks that eluted with retention times (Rt) of 4 and 5 min (Figure 62). The sum of radioactivity 
obtained from these peaks and the remaining radioactivity in unreacted CL-20 (27 min), 
accounted for 100% of original radioactivity in the munition compound (inset Figure 62). 

Degradation products of CL-20 were identified by their deprotonated molecular mass ion [M–H] 
using LC/MS (ES-). The two peaks, M and M’ detected with Rt at 2.5 and 4.9 min, respectively 
(Figure 63A), showed the same [M–H] at 699 Da (Figure 63D), each matching a molecular 
formula of C16H24N14O16S. Using uniformly ring labeled 15N-[CL-20] and uniformly labeled 
15NO2-[CL-20] the two intermediates M and M’ showed their [M-H] at 705 Da (an increase of 6 
amu, Figure 63E) and at 704 Da (an increase of 5 amu, Figure 63F), respectively, suggesting the 
involvement of six 15N atoms from the ring and five 15N atoms from NO2 in the formation of 
each intermediate. Insets 63B and 63C show the UV spectra of both metabolites.  
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Table 26  N-Terminal Amino Acid Sequences of Glutathione S-Transferases 

 
Transferase 

Alignment of N-terminal amino acid 
sequences 

 

GenBank primary 
accession number 

Reference 

Quail GST QL1 (class-mu) NH2-VVTLGYWDI  This study 
Chicken GST (class-mu)         -VVTLGYWDIRGLAHA S18464 (Chang et al., 1990) 
Mouse GST (class-mu 6)      MPVTLGYWDIRGLAHA CAA04060 (DeBruin et al., 1998) 
Quail GST QL2 (class mu)         VVTLGYWDIRGLA A  (Dai et al.,1996) 
Quail GST QL2 (class alpha) NH2- SGKPRLTYLNGR   This study 
Chicken GST (class alpha)        - SGKPRLTYVNGRGRMESIR NP990149 (Hsieh et al., 1999) 
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Figure 61  Time course study of enzyme dependent biotransformation of CL-20 under aerobic 
conditions. Symbols indicate concentration of CL-20 remaining (-�-), nitrite (-�-), or GSH (-�-). 
Incubation conditions: 37°C, 2 h under aerobic conditions. Data are the means of triplicates, and error 
bars represent SE. 

 

We have shown earlier that 15-d subacute and 42-d subchronic treatment of CL-20 to adult quail 
led to increased liver weights and elevated plasma aspartate transferase activities in treated birds, 
and significant developmental effects on embryos (Bardai et al., 2005). Despite these effects, CL-
20 was not detected in the plasma or in selected organs (brain, spleen, heart, and liver) of CL-20-
treated birds. We therefore carried out a series of experiments to test the possibility that CL-20 
can be biotransformed in vitro using hepatic subcellular fractions and partially purified enzyme 
preparations taken from untreated birds.  

Results of the present studies indicate that GST is involved in the biotransformation of CL-20 in 
vitro. The GST from quail and rabbit liver were isolated from crude cytosol using GSH affinity 
chromatography (Table 24). The quail GST type enzyme that was eluted from the affinity column 
(Figure 61) had a specific activity of 20.5 U/mg protein, which is comparable to that of the 
purified quail GST (24.8 U/mg) described by Dai et al. (1996). The rabbit GST type enzyme had 
a specific activity of 30 �mol/min/mg protein (Table 24). The similar ratios of CDNB/CL-20 
specific activity for crude extract and purified GST for quail (Table 24) show that all of the 
important CL-20 biotransformation activity was purified from the crude extract.  
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Figure 62  Time course study of enzyme dependent biotransformation of CL-20 under aerobic 
conditions. Symbols indicate concentration of CL-20 remaining (-�-), nitrite (-�-), or GSH (-�-). 
Incubation conditions: 37°C, 2 h under aerobic conditions. Data are the means of triplicates, and error 
bars represent SE. 

When CL-20 was incubated with purified GST in the presence of other stronger reducing agents 
such as BME, DTT, or NADPH, we found that no CL-20 biotransformation occurred. These 
results indicate that even though it is a highly oxidized molecule, CL-20 can not be 
biotransformed by simple reduction without the presence of both enzyme and GSH. The absolute 
requirement of both GSH and enzyme for the biotransformation of CL-20 offers further evidence 
that the enzyme responsible for the biotransformation of CL-20 may be a GST enzyme. The 
diuretic drug ethacrynic acid (EA), an �,�-unsaturated ketone, and the glutathione analogue S-
octylglutathione both inhibited the biotransformation of CL-20 (Table 25). Glutathione analogues 
bearing hydrophobic R groups are effective inhibitors of cytosolic GSTs via simultaneous 
occupation of the peptide and substrate binding site. For example, Poleman et al. (1993) and 
Cameron et al. (1995) reported that EA may bind to the active site of GST when it is used both 
as a substrate and as a competitive inhibitor of GST.    
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Figure 63  Extracted ion chromatogram of CL-20 and its intermediates M and M’ (A) obtained by LC-
MS of a mixture of CL-20 incubated for 20 minutes with GSH and cytosolic enzymes of quail. The UV 
spectrum of M (inset B) and M’ (inset C) are indicated. The mass spectrum of M’ obtained for 
intermediate of non labeled CL-20 (D), intermediate of 15N ring labeled CL-20 (E) and intermediate of 
15NO2 labeled CL-20 (F). 
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Thus far only bacterial enzymatic biotransformation of CL-20 under anaerobic conditions has 
been reported (Bhushan et al., 2003a, 2004a,b, 2005a).  In these studies biotransformation is 
suggested to proceed via initial formation of a CL-20 radical anion by the transfer of an electron 
from NADH to CL-20 followed by rapid denitration.  However, under aerobic conditions 
molecular oxygen (O2) quenches the electron from the CL-20 anion radical, converting it back to 
the parent molecule.  In the present study, we found that CL-20 was preferably biotransformed in 
crude hepatic cytosol under anaerobic conditions (Table 25) whereas the partially purified 
enzyme biotransformed CL-20 at the same rate under either aerobic or anaerobic conditions. A 
possible explanation for this observation is that under aerobic conditions, certain cellular 
oxidases including lipoxygenase, cyclooxygenase, xanthine oxidase, etc. within the liver cytosol 
may form reactive oxygen species (ROS) or radicals that would normally be removed by the 
GSH antioxidant system (Matés et al., 2000; Meister and Anderson, 1983). It is thus possible that 
the amount of GSH available to participate in the biotransformation of CL-20 in crude cytosol 
under aerobic conditions would be decreased. However, under anaerobic conditions, the rate of 
ROS formation decreases in the cytosol and amount of GSH available to participate in the 
biotransformation of CL-20 increases. Therefore, the use of a pure enzyme should not show 
differences in activity. We observed that the biotransformation of CL-20 using the partially 
purified enzyme preparation was not affected by ambient conditions (data not shown).  

Figure 61 shows that the disappearance of CL-20 is accompanied with the formation of nitrite, 
suggesting the initial occurrence of denitration.  Biotransformation of CL-20 via an initial 
denitration has been observed in both biotic and abiotic systems (Balakrishnan et al., 2003; 
Bhushan et al., 2004a). Ogawa et al. (1995a, b) demonstrated that the biotransformation of the 
organic nitrate esters, nitroglycerin and isosorbide dinitrate occurred in rabbit cytosol. These 
authors also demonstrated that the denitration of these compounds was potentiated by the 
presence of GSH, and was inhibited by S-alkyl GSH, a glutathione analogue similar to S-
octylglutathione used in the present study. Also, we detected glyoxal (data not shown) indicating 
the occurrence of complete ring cleavage.  This is in line with the formation of glyoxal following 
denitration of CL-20 under both abiotic (Balakrishnan et al. 2004a) and biotic conditions 
(Bhushan et al. 2004a, b). The formation of glyoxal may explain the decrease in GST enzyme 
activity (Fig. 2) because glyoxal can react with amino acids, specifically arginine residues present 
in proteins (Odani et al., 1998). Recently, Bhushan et al. (2004a, b; 2005a) demonstrated that a 
model flavin containing enzymes and a dehydrogenase can biodegrade CL-20 under anaerobic 
conditions via initial denitration to eventually produce glyoxal, formic acid, and ammonia. 

To determine the biotransformation intermediates of CL-20 we conducted in vitro 
biotransformation assays using [14C]CL-20 and [15N]CL-20. Data indicates that CL-20 was 
biotransformed into two polar intermediates, as evidenced by the two radioactive peaks obtained 
with Rt at 4 and 5 min. (Figure 62 and inset).  Using LC/MS we also detected two intermediates 
with the same [M–H] at 699 Da and a characteristic fragment ion 447 Da, therefore presumed to 
be isomers of the same empirical formula C16H24N14O16S (Figure 63). Figures 63B and 64C 
show that the metabolites while having identical masses also show identical UV spectra, offering 
further evidence that both intermediates may share similar structures and functional groups. 
When we used the uniformly ring-labeled [15N]CL-20 the [M–H] of M and M’ were observed at 
705, indicating an increase in mass by 6 Da, showing the presence of all six [15N]-ring atoms in 
the metabolites. Whereas the characteristic fragment ion, previously shown at 447 Da (Figure 
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63D) increased to 449 Da, indicating the presence of two 15N-ring atoms in the fragment (Figure 
63E).   Experiments performed with [15NO2]CL-20 yielded [M–H] products at 704 Da, 
indicating the incorporation of five [15NO2] in the metabolite. The mass change observed for the 
fragment ion was 448 Da, an increase of 1, corresponding to the presence of one 15NO2 atom in 
the fragment (Figure 63F).  The involvement of GSH in these intermediates is confirmed by the 
detection of the mass ion fragment 306, 272, and 128 Da are characteristics of GS involvement 
(Figure 63D, E and F). The deprotonated mass of GSH (306) and the fragmentation masses of 
128 and 272 have been  observed in other GSH conjugated products (Dieckhaus et al. 2005). The 
two peaks were thus tentatively identified as a pair of isomers of a product formed after the loss 
of one nitro group from CL-20 and conjugated with GSH (Figure 64).  

Figure 64 shows a proposed pathway of CL-20 biotransformation with a proposed intermediate 
and the structure of the two possible isomers. The biotransformation of hydrophobic compounds, 
such as CL-20, into more polar and excretable derivatives is a physiological role of the liver. One 
of the consequences of biotransformation by the liver is the propensity of a molecule to form a 
chemically reactive metabolites usually electrophiles. Glutathione conjugation reactions 
involving GST are typical examples of biotransformation reactions that may lead to the 
production of chemically reactive metabolites (Armstrong, 1997). Results presented in this article 
indicate that the quail liver contains GST capable of transforming CL-20 in vitro into a CL-20 
glutathione conjugate. It is possible that the increase in hepatic liver enzymes and liver weights 
which we previously observed in CL-20 treated animals (Bardai et al., 2005), could have been as 
a result of cellular damage of hepatocytes caused by the reactive glutathione CL-20 conjugate.  

The conjugated structures proposed in the present article (Figure 64) have reactive functional 
groups, such as aldehydes and a diazoniumhydroxide moiety (R-N�N-OH) that may react with 
biological receptors causing damage.  For example NHOH containing molecules, although are 
not completely identical to N�N-OH have been reported to cause embryonic cytotoxicity 
induced via a free radical mechanism (DeSesso et al., 2000). The embryonic cytotoxicity induced 
required the presence of a terminal hydroxylamine group for initiation (DeSesso et al., 2000) and 
may be implicated in the developmental toxicity we previously observed (Bardai et al., 2005).  
Whether the possible CL-20 metabolic product(s) may lead to adverse health effects in exposed 
individuals or non-target receptors is not presently known.   

In summary, we report the partial purification of avian and mammalian enzymes that are capable 
of significantly degrading CL-20. The enzyme preparation from quail described in this article 
contained a mixture of both � and � type GSTs that showed 100% homology to the first 12 
amino acids on similar chicken GST. Biotransformation of CL-20 was accompanied with the 
release of nitrite and the removal of glutathione as demonstrated by the observation of two key 
intermediates that were tentatively identified as GS conjugate adducts with denitrated C L-20.   
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Figure 64  Proposed biotransformation pathway of CL-20 with GSH.   
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XIX.3 Toxicity and bioaccumulation of CL-20 in ryegrass Lolium perene as 
compared to RDX and HMX 

 
Research findings in from this task is in the following manuscript. 
. 
Sylvie Rocheleau, Majorie Martel, Geneviève Bush, Roman G. Kuperman, Jalal Hawari, and 
Geoffrey I. Sunahara. Toxicity and bioaccumulation of CL-20, RDX and HMX in ryegrass 
Lolium perenn (In preparation) 
 
 
Abstract 
 
Some studies are available on the toxicity of CL-20 but very few address the bioaccumulation 
potential of CL-20 to soil organisms. The objectives of this study were to evaluate the toxicity 
and the bioaccumulation potential of CL-20 as compared to RDX and HMX in perennial ryegrass 
Lolium perenne L. exposed to a Sassafras sandy loam (SSL) soil and a sandy soil (DRDC) 
containing different clay content (11% and 0.3%, respectively) and using multiple 
concentrations. In the SSL soil, CL-20 inhibited shoot growth at concentration at and below 960 
mg kg-1, stimulated shoot growth at 9604 mg kg-1 and inhibited root growth at 9604 mg kg-1. In 
DRDC soil, the only significant deleterious effect of CL-20 was established for shoot growth at 
9810 mg kg-1 after 42 days of exposure. Greater CL-20 ryegrass tissue concentrations were found 
when grown in DRDC soil with lower clay content suggests that this sandy soil can sustain 
greater bioavailability of CL-20, as compared with the SSL soil. At the greater exposure 
concentrations ranging between 9604 and 10411 mg kg-1, the bioaccumulation factor (BAF) for 
RDX (0.14) was 7- and 14-times greater than BAFs for HMX (0.02) or CL-20 (0.01), 
respectively. The greater bioaccumulation of RDX in ryegrass tissue may be due to the greater 
solubility of this compound as compared to CL-20 and HMX. The BAFs greater than one (1.5, 
8.4 and 19.2) for ryegrass exposed to low CL-20 concentrations (9-11 mg kg-1) indicate that CL-
20 can bioaccumulate in plants and that CL-20 may potentially biomagnify across the food chain. 
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Introduction  
 
Hexanitrohexaazaisowurtzitane or CL-20 is a newly developed energetic compound which has 
enhanced performance in detonation velocity as compared to hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) (Larson et al., 2002). 
Information on the environmental impacts of CL-20 is limited. Gong et al. (2004) determined 
that CL-20 has no toxic effect on the bioluminescence of marine bacteria Vibrio fischeri 
(Microtox) and on the cell density of fresh water algae Selenastrum capricornutum, up to CL-20 
water solubility level (3.2 mg l-1). At concentrations up to 10,000 mg kg-1, Gong et al. (2004) 
also determined that CL-20 had no toxic effect on the activity of soil ammonium oxidizing 
bacteria, and on growth of alfalfa Medicago sativa L. and perennial ryegrass Lolium perenne L. 
in a Sassafras sandy loam soil. Robidoux et al. (2004) showed that CL-20 was lethal to 
earthworm Eisenia andrei at concentrations of 91 mg kg-1 in Sassafras sandy loam soil (SSL) and 
had deleterious effect on its reproduction at concentrations of 0.2 and 1.6 mg kg-1 in SSL and in 
forest sandy soil, respectively. Dodard et al. (2005) showed that CL-20 amended in three types of 
soil (SSL, agricultural, and composite agricultural-forest soils) was lethal and inhibited the 
reproduction of enchytraeid worms (Enchytraeus crypticus Westheide & Graefe 1992 and E. 
albidus Hence 1837), with EC50 values ranging from 0.1 to 0.7 and 0.08 to 0.62 mg kg-1, 
respectively. Similar toxicity of CL-20 to E. crypticus was reported by Kuperman et al. (2006). 
In Japanese quail (Coturnix coturnix japonica) sub-acute and sub-chronic feeding studies, Bardai 
et al. (2005) demonstrated that CL-20 decreased the adult body weight, increased the adult liver 
weight, plasma sodium and creatin levels, and impacted the embryo development.  
 
The ecotoxicity of RDX and of HMX has been more extensively studied. Bentley et al. (1984) 
determined that HMX was not lethal to the water flea Daphnia magna and to the fathead minnow 
Pimephales promelas up to its water solubility (3.3 mg l-1). Bentley et al. (1977) also determined 
that RDX and HMX were toxic to the fish Lepomis macrochirus, with LC50-96h of 3.6 mg l-1and 
0.015 mg l-1, respectively. HMX did not affect the lettuce Lactuva sativa L. and barley Hordeum 
vulgare growth at concentrations up to 1866 and 3320 mg kg-1 in silica artificial soil and sandy 
forest soil, respectively (Robidoux et al., 2003). In a comparative study on the toxicity of RDX to 
fifteen terrestrial plants exposed to concentrations up to 4,000 mg kg-1, Winfield et al. (2004) 
determined that the sunflower Helianthus annuus L. was the most sensitive plant exhibiting 
several adverse developmental effects, while RDX caused only yellow spots on ryegrass Lolium 
perenne L. leaves. RDX or HMX had no adverse effect in freshly amended SSL soil on potworm 
E. crypticus adult survival and juvenile production at concentrations up to 1,194 and 21,750 mg 
kg-1, respectively (Kuperman et al., 2003). RDX or HMX had no effect on earthworm Eisenia 
fetida adult survival, but respective EC20 values of 1.2 and 2.7 mg kg-1 for decreased cocoon 
production were established for exposures in freshly amended SSL soil. Toxicity data to cyclic 
nitramines by most soil test species reviewed above does not provide information on their 
bioaccumulation potential in ecological receptors. Such bioaccumulation potential requires 
investigation to assess ecological risks of food chain transfer of CL-20, RDX, and HMX to 
higher trophic levels (Major et al., 2002).  
 
The objectives of these studies were to evaluate the toxicity and the bioaccumulation potential of 
CL-20 as compared to RDX and HMX in perennial ryegrass L. perenne exposed to two types of 
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sandy and sandy loam soils with different bioavailability characteristics using multiple 
concentrations. Perennial ryegrass was chosen because of its relative sensitivity to EMs, such as 
2,4,6-trinitrotoluene (TNT), 1,3,5-trinitrobenzene (TNB), 2,4-dinitrotoluene (2,4-DNT), and 2,6-
dinitrotoluene (2,6-DNT), as compared to corn, lettuce, alfalfa, and millet (Rocheleau et al., 
2006). Ryegrass has also been extensively used in uptake studies of other energetic compounds 
(TNT, RDX, and HMX) and other chemicals, such as trifluralin, lindane, ethofumesate, copper 
and cadmium (Kohler and Branham, 2002; Li et al., 2002; Sidoli O'Connor et al., 2003). Finally, 
ryegrass is used as turf and foraging grass, therefore making it a relevant ecological receptor. 
 
Materials and Methods 
 
Chemicals and reagents.  Energetic materials RDX (CAS: 121-82-4; purity: 99%), and HMX 
(CAS: 2691-41-0; purity: 99%) were obtained from the Defense Research and Development of 
Canada (Val Bélair, QC, Canada). CL-20 (CAS: 135285-90-4; purity: 99.3%) was obtained from 
ATK Thiokol Propulsion (Brigham City, UT). Certified standards of the energetic materials 
(AccuStandard, Inc., New Haven, CT) were used for HPLC determinations. Boric acid (H3BO3; 
CAS: 10043-35-3; purity: 99.9%) was used as the positive control for the phytotoxicity tests. 
American Society for Testing and Materials (ASTM) type I water (ASTM, 2004) was obtained 
using the Millipore® Super Q water purification system (Millipore®, Nepean, ON, Canada) and 
was used throughout the studies. All other chemicals were either analytical or certified grade. 
Glassware was washed with phosphate-free detergent, followed by rinses with tap water, ASTM 
type I water, acetone, analytical reagent grade nitric acid 1% (v/v), then with ASTM type I water.  
 
 
Test Soil.  Two types of soil were used to assess the phytotoxicity and the bioaccumulation of 
EMs. Sassafras Sandy Loam (SSL) was collected from an open grassland field on the property of 
the U.S. Army Aberdeen Proving Ground (Maryland, USA), and a sandy soil (DRDC) 
representative of soil found on Canadian army sites was collected at the Defence Research and 
Development Canada in Val Bélair (Quebec, Canada).These soils were selected because of their 
relatively high bioavailability of EMs, i.e. low organic matter (1.2% in both soils) and relatively 
low clay contents (11% and 0.3%, respectively). Selected physico-chemical characteristics of the 
test soils are presented in Table 27. Vegetation and the organic horizon were removed to just 
below the root zone, and the top 15 cm of the A-horizon was then collected. The SSL and DRDC 
soils were air-dried, sieved through 5-mm2 and 2-mm2 mesh screens, respectively, and then 
stored at room temperature before use in testing. Soil analyses showed that no EM compound 
was present above analytical detection limits. Total concentrations of metals and nutrients in both 
soils were within regional background ranges. 
 
Soils were separately and independently amended with CL-20, RDX, or HMX. Individual EMs 
were dissolved in acetone and transferred evenly across the soil surface, ensuring that the volume 
of solution added at any one time did not exceed 15% (volume mass-1) of the dry mass soil. The 
acetone was allowed to volatilize (minimum of 18 h) in a darkened chemical hood, and then 
mixed overnight (18 ± 2 h) using a three-dimensional rotary mixer. ASTM type I water was 
added to adjust the soil moisture to a level equivalent to 75% of the water holding capacity 
(WHC, see Table 27).  
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Table 27  Selected physico-chemical characteristics of the test soils 

Parameters SSL 1 DRDC 2 

pH 5.5 4.9 

Water holding capacity (%, v/w) 18 23 

Organic matter (%, w/w) 3 1.2 1.2 

Texture Sandy loam Sandy 

Sand, 50-2000 µm 71 98 

Silt, 2-50 µm 18 1.7 

Clay, < 2 µm 11 0.3 

 KD for sorption 4 2.43 ± 0.04 5 0.84 ± 0.08 6 

KD for desorption 4 4.43 ± 0.11 5 0.09 ± 0.29 6 

   
1 SSL: Sassafras sandy loam soil from Aberdeen Proving Ground, MD, USA.; 2 DRDC: sandy soil from Defence 
Research and Development Canada, Val Bélair, QC, Canada.; 3 values are expressed as % w/w and include organic 
matter contents.; 4 distribution coefficient.; 5 values obtained by Balakrishnan et al. (2004b).; 6 Distribution 
coefficient determined as described in Balakrishnan et al. (2004b). 
 
 
 
Plant toxicity tests.  The plant toxicity tests were performed following ASTM (1998) and United 
States Environmental Protection Agency, USEPA (1982) standard protocols. Based on the results 
of our previous studies (Rocheleau et al., 2006), perennial ryegrass Lolium perenne L. “Express” 
(Pickseed Canada Inc., St-Hyacinthe, Quebec, Canada) was selected for testing because it has 
relatively high sensitivity to EMs. Nominal treatment concentrations for each EM included 10, 
100, 1000, and 10000 mg kg –1. Control treatments included a negative (ASTM type I water), a 
carrier (acetone), and a positive (boric acid at concentrations of 50, 80, 110, 150 and 200 mg kg-

1). All treatments were replicated (n = 3). Ryegrass shoot biomass exposed to RDX or HMX was 
measured after 19 d. Shoot and root biomass exposed to CL-20 were measured after 21 and 42 d. 
Roots were separated from soil using a 2-mm sieve, soil was washed away from roots with 
ASTM type 1 water, and excess water was absorbed with a paper towel. Shoots and roots were 
kept at -80°C until chemical extraction. Dry mass was determined after lyophilizing the plant 
tissue for 24 h. 
 
Chemical extractions and analyses.  For each soil treatment, triplicates of 2-g soil aliquots were 
weighed into 50-ml glass centrifuge tubes. Ten ml acetonitrile containing the appropriate 
recovery standard (2,4-DNT for RDX or HMX extractions; RDX for CL-20 extractions) was 
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added and the samples were vortexed for 1 min, then sonicated in the dark for 18 ± 2 h at 20°C 
(modified USEPA Method 8330A; USEPA, 1998). Five ml of supernatant was transferred to a 
glass tube, to which 5 ml of CaCl2 solution (5 g l-1) was added. For soil samples amended with 
CL-20, NaHSO4 was added to the CaCl2 solution to prevent CL-20 degradation. Supernatants 
were filtered through 0.45 µm Millex-HV syringe cartridges.  Extraction was repeated if internal 
standard recovery was lower than 90 percent.  
 
Lyophilized plant tissue was grinded and at least 0.02 g was transferred to a glass conical tube, to 
which a volume of internal standard / acetonitrile solution equivalent to 25 times dry biomass 
was added. Plant extracts were sonicated in the dark at 20°C for 18 h ± 2 h and then centrifuged 
at 1500 rpm (360 x g) for one hour. Supernatants were transferred in glass vials, to which an 
equivalent volume of ASTM type I water was added and kept at 4°C for 24 h. Supernatants were 
filtered on 0.45 µm cartridges and analyzed by HPLC. 
 
Soil and plant extracts were analyzed using an HPLC (Thermo Separation Products) composed of 
a pump (Model P4000), an auto injector (Model AS1000) and a photodiode-array detector 
(Model UV 6000LP). The HPLC operating conditions were as follows: column Supelcosil LC-
CN (25 cm x 4.6 mm, 5 µm), mobile phase 30% water and 70% methanol, flow rate 1 ml min-1, 
injection volume of 50 µl, auto sampler temperature 10°C, wavelength scan from 200 to 350 nm. 
The limits of quantification were 20, 50 and 100 �g l-1 for CL-20, RDX and HMX, respectively.  
 
 
Data analysis.  Analysis of Variance (ANOVA) was used to determine the difference between 
shoot or root biomass of exposed plants as compared to controls, with significance level set at p 
≤ 0.05. Means separations were done using Fisher’s Least Significant Difference (LSD) pairwise 
comparison tests. Data analyses were performed using SYSTAT 7.01 (SPSS, 1997). 
Bioaccumulation factors (BAFs) were calculated by dividing the EM ryegrass tissue 
concentration by the EM concentration in soil at the end of the exposure time.  
 
 
 
Accomplishments 
 
Effects of CL-20, RDX or HMX on ryegrass growth.  The effect of CL-20 on ryegrass shoot and 
root growth depended on the type of soil and the exposure concentration of CL-20. In SSL soil 
(Figures 65A and 66A), CL-20 inhibited shoot growth at concentration below 960 mg kg-1 (up to 
24% inhibition), stimulated shoot growth at 9604 mg kg-1 (up to 38% stimulation) and inhibited 
root growth at 9604 mg kg-1 (up to 57% inhibition). In DRDC soil (Figures 65B and 66B), the 
only significant deleterious effect (21% inhibition, p < 0.05) was established for shoot growth at 
9810 mg kg-1 after 42 days of exposure. In a previous study, CL-20 had a stimulatory effect on 
shoot growth at concentrations up to 9832 mg kg-1 in SSL soil, but this effect was not 
concentration-dependent after 19 days of exposure (Gong et al., 2004). Stimulation of ryegrass 
growth was also observed by Strigul et al. (2005) following the exposure of CL-20 in different 
types of sandy and sandy loam soils. 
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Figure 65  Effects of CL-20 in SSL soil (A), CL-20 in DRDC soil (B), and RDX or HMX in SSL soil 
(C) on ryegrass Lolium perenne shoot growth compared to carrier (acetone) control. Significant (p ≤ 
0.05, Fisher’s LSD) change from carrier control is indicated by [*]. Negative values indicate reduction in 
shoot growth. 
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Figure 66  Effects of CL-20 in SSL soil (A) and in DRDC soil (B) on ryegrass Lolium perenne root 
growth compared to carrier (acetone) control. Significant (p ≤ 0.05, Fisher’s LSD) change from carrier 
control is indicated by [*]. Negative values indicate reduction in shoot growth. 

 
The effect of RDX or HMX on ryegrass growth was assessed in SSL soil (Figure 65C). After 19 
days of exposure, RDX or HMX had a stimulatory effect on ryegrass shoots at concentrations 
ranging from 880 to 9363 mg kg-1 for RDX and at 10373 mg kg-1 for HMX. These results are 
similar to those obtained with lettuce and barley exposed to HMX in OECD artificial and forest 
soils at concentrations up to 3,320 mg kg-1 (Robidoux et al., 2003). 
 
 
Bioaccumulation of CL-20, RDX or HMX in ryegrass.  CL-20 concentrations in ryegrass tissue 
increased with CL-20 concentrations in soil, and remained the same throughout the exposure 
time at the same concentration (Figures 67 and 68). The only exception was measured in the SSL 
soil (Figure 67A), where CL-20 ryegrass shoot concentrations decreased significantly with time 
when exposed to 9604 mg kg-1. The highest CL-20 concentrations (95 µg g-1 in the shoots and 
5521 µg g-1 in the roots) were measured when ryegrass was exposed to 9810 mg kg-1 in the 
DRDC soil (Table 28). In the SSL soil, CL-20 concentrations in the ryegrass shoots were 68 µg 
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g-1 and 1655 µg g-1 in the roots when exposed to 9604 mg kg-1 in soil. In SSL soil, the highest 
BAFs were calculated when ryegrass was exposed to 8.6 mg kg-1, with BAF values of 1.5 in 
shoots and 8.4 in roots, respectively (Table 28).  
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Figure 67  Bioaccumulation of CL-20 in ryegrass Lolium perenne shoots exposed to SSL (A) and RDDC 
(B) amended soils.  

 
 
In DRDC soil, the highest BAFs were calculated when ryegrass was exposed to 11.2 mg kg-1, 
with BAF values of 0.5 in shoots and 19.2 in roots, respectively. BAF values decreased with CL-
20 exposure concentration in soil, indicating that the bioaccumulation in ryegrass tissue followed 
a non-linear increase with soil exposure concentration. CL-20 accumulated more in the roots than 
in the shoots in both soils (58 times in DRDC soil and 24 times in SSL soil). Higher CL-20 
ryegrass tissue concentrations when grown in DRDC soil may indicate that this soil presents 
higher bioavailability characteristics (KD for sorption in DRDC soil of 0.84 vs KD for sorption in 
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SSL soil of 2.43; Table 27) , which may be related to the lower clay content (0.3% in DRDC vs 
17% in SSL; Table 27). At median exposure concentrations of 103-120 mg kg-1, CL-20 
concentrations were 24-25 µg g-1in ryegrass shoots and 230-464 µg g-1 in ryegrass roots. These 
values are comparable to those obtained by Strigul et al. (2005) in a 2-month study addressing 
the effect of plant growth onto CL-20 degradation in soil (100 mg kg-1), during which they 
measured concentrations of 12 µg g-1 in ryegrass leaves. 
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Figure 68  Bioaccumulation of CL-20 in ryegrass Lolium perenne roots exposed to SSL (A) and RDDC 
(B) amended soils. 



 

 162 

 

Table 28  Bioaccumulation factor of CL-20, RDX and HMX in ryegrass Lolium perenne 

Energetic Exposure Concentration Concentration Concentration  Concentration  BAF 4  BAF 4  

compound time  in soil at To 1 

 
 in soil at Tf 2 

 
in shoots  in roots  in 

 shoots 
in 

 roots 
  

Soil 

(days) (mg kg-1 dry 
soil) 

(mg kg-1 dry 
soil) 

(µg g-1 dry 
plant) 

(µg g-1 dry 
plant) 

    

         
CL-20 SSL 42 8.9 ± 0.2 3 8.6 ± 0.2 13 ± 1 72 ± 4 1.51 8.37 
CL-20 SSL 42 103 ± 13 104 ± 3 25 ± 1 230 ± 8 0.24 2.21 
CL-20 SSL 42 960 ± 145 1024 ± 57 28 ± 3 222 ± 29 0.03 0.22 
CL-20 SSL 42 9604 ± 1187 9457 ± 129 68 ± 16 1655 ± 202 0.01 0.18 

         
CL-20 DRDC 42 11.2 ± 0.7 9.7 ± 0.3 5 ± 2 186 ± 14 0.52 19.18 
CL-20 DRDC 42 120 ± 6 99 ± 3 24 ± 0.3 464 ± 7 0.24 4.69 
CL-20 DRDC 42 1171 ± 117 1085 ± 90 38 ± 3 1558 ± 288 0.04 1.44 
CL-20 DRDC 42 9810 ± 1052 10312 ± 423 95 ± 7 5521 ± 1107 0.01 0.54 

         
RDX SSL 19 9740 ± 267 9373 ± 569 1335 ± 218 ND 5 0.14 ND 

         
HMX SSL 19 10411 ± 1398 9064 ± 868 189 ± 19 ND 5 0.02 ND 

                  
1 To: Initial concentration; 2 Tf: Concentration at the end of the exposure time; 3 Average value with ± standard 
deviation (n =3); 4 BAF: Bioaccumulation factor calculated with Tf concentrations; 5 ND: Not determined 
 
 
At exposure concentrations of 9363 and 10373 mg kg-1in SSL soil (Table 28), RDX and HMX 
accumulated 20 times (1335 µg g-1) and 3 times (189 µg g-1) more in ryegrass shoots than CL-20 
(68 µg g-1). BAF of RDX (0.14) was 7- and 14-times greater than BAFs in HMX (0.02) and CL-
20 (0.01), respectively. This higher bioaccumulation of RDX in ryegrass tissue may be due to the 
higher solubility of this compound as compared to CL-20. Indeed, the water solubility of RDX, 
HMX and CL-20 are 43, 3.3 and 3.2 mg  l-1 at 20°C, respectively (Monteil-Rivera et al., 2004).  
 
For phytoremediation purposes, Groom et al. (2002) compared the bioaccumulation of HMX in 
fourteen plant species, including ryegrass Lolium perenne. Following a 77d-exposure to firing-
range soil samples containing between 25 and 51 mg HMX kg-1, the highest concentration of 
HMX was measured in the canola Brassica rapa leaf tissue (677 µg g-1), while HMX 
concentration in ryegrass Lolium perenne leaves was 460 µg g-1, with BAFs ranging between 8.8 
and 18.0 in ryegrass tissue. These authors reported that the majority of accumulated HMX was 
found in the viable leaf tissue, with very low extractable HMX detected in the roots. Using 
different plant species, Checkai and Simini (1996) measured significant RDX uptake. When 
exposed to concentrations up to 100 µg l-1 in irrigation water, lettuce leave, corn stover and 
alfalfa shoot tissue concentrations were 77, 126 and 186 µg l-1, representing BAFs of 0.7, 1.26 
and 1.86, respectively. Using 2-week old seedlings and embryos of sunflower Helianthus annuus, 
Winfield (2001) calculated much higher BAFs of 310.8 and 381.5 after 6-weeks of exposure to 
RDX at concentrations up to 100 mg kg-1 of Grenada soils. Using bush bean Phaseolus vulgaris 
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Burbank exposed to 10 mg RDX kg-1, Cataldo et al. (1990) and Harvey et al. (1991) reported 
concentrations of 75, 217 and 603 µg g-1 fresh weight in roots, leaves and seeds, respectively. 
These studies indicate that RDX and HMX bioaccumulation in plant tissue is dependent of the 
plant species, and the exposure concentration. 
 
In summary, the effects of CL-20 on ryegrass shoot and root growth depended on the type of soil 
and the exposure concentration of CL-20. In SSL sandy loam soil, CL-20 inhibited shoot growth 
at concentration below 960 mg kg-1, and stimulated shoot growth and inhibited root growth at 
9604 mg kg-1. In DRDC sandy soil, the only significant deleterious effect of CL-20 was 
established for shoot growth at 9810 mg kg-1. Stimulatory effect on ryegrass shoot growth was 
established for RDX at concentrations greater than 880 mg kg-1 and for HMX at 10373 mg kg-1.  
 
CL-20 accumulated more in the roots than in the shoots, and accumulated more in the DRDC soil 
than in the SSL soil. Higher CL-20 ryegrass tissue concentrations when grown in DRDC soil 
with lower (0.3%) clay content suggests that this sandy soil can sustain greater bioavailability of 
CL-20, as compared with the SSL soil (11% clay). At the highest exposure concentration ranging 
between 9604 and 10411 mg kg-1, BAF of RDX (0.14) was 7- and 14-times greater than BAFs in 
HMX (0.02) and CL-20 (0.01), respectively. This higher bioaccumulation of RDX in ryegrass 
tissue may be due to the higher solubility of this compound as compared to CL-20. BAFs of 0.5-
1.5 and 8.4-19.2 in ryegrass shoots and roots exposed to 9-11 mg kg-1 indicates that CL-20 may 
bioaccumulate in plants exposed to low concentrations of CL-20 and that CL-20 may have some 
potential of biomagnification across the food chain. Additional studies concurrently using several 
trophic levels (plants - invertebrates – mammals – birds) may be needed to confirm this potential 
of biomagnification of CL-20. 
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XX Action item 

 
“In your Final Report, you may want to do a mass balance of CL-20 both comparatively and 
actually with respect to glyoxal.” 
 

Following the reception of uniformly [14C]-labeled, ring [15N]-labeled and [15NO2 ]- 
labeled CL-20 we were first able to confirm the identity of several intermediate degradation 
products and second to determine  the C and N mass balances of CL-20 transformations in 
several abiotic and biotic systems. Results are included in the following Chapters (VIII, page 31; 
IX, page 46; XII.1, page 81; XIV.1, page 116; and XIV.2, page 132).    
 
 
 
 
 
 
 
 
 
 

XXI Acknowledgements 
 

We would like to thank SERDP for funding, Thiokol personnel for providing the CL-20 
and [15N]-CL-20 samples, and for their interest. Also we would like to thank the following 
individuals for their excellent technical skills: Louise Paquet, BSc Chemistry; Chantale Beaulieu, 
BSc Chemistry; Stéphane Deschamps, BSc Biochemistry; Alain Corriveau, DEC Biology & 
Chemistry and France Dumas for the N-terminal analysis.. Finally, we would like to thank the 
project coordinators and the project managers Dr. Robin Nissan, Dr. Andrea Leeson and Dr. B. 
Holst.  
 
 



 

 165 

XXII References 
 
Aliverti A, Curti B, Vanoni MA. 1999. Identifying and quantifying FAD and FMN in simple and 

in iron-sulfur-containing flavoproteins. p. 9-23. In S. K. Chapman, and G. A. Reid (ed.), 
Flavoprotein protocols: Methods in molecular biology, vol. 131. Humana Press, Totowa, NJ. 

Alowitz MJ, Scherer MM. 2002. Kinetics of nitrate, nitrite, and Cr(VI) reduction by iron metal. 
Environ. Sci. Technol. 36: 299-306. 

Anusevicius Z, Sarlauskas J, Nivinskas H, Segura-Aguilar J, Cenas N. 1998. DT-diaphorase 
catalyzes N-denitration and redox cycling of tetryl. FEBS Lett. 436: 144-148. 

Arese M, Zumft WG, Cutruzzola F.  2003. Expression of a fully functional cd1 nitrite reductase 
from Pseudomonas aeruginosa in Pseudomonas stutzeri. Protein Expr. Purif. 27:42-48. 

Armstrong, RN. 1997. Structure, catalytic mechanism, and evolution of the glutathione 
transferases. Chem. Res. Toxicol. 10: 2-18. 

ASTM 1997. Standard Practice for Conducting Subacute Dietary Toxicity Tests with Avian 
Species. American Society for Testing and Materials, West Conshohocken, PA, E857-05. 

ASTM 1998. Standard guide for conducting terrestrial plant toxicity tests. American Society for 
Testing and Materials, West Conshohocken, PA, E1963-98. 

ASTM 2004. Standard specification for reagent water. American Society for Testing and 
Materials, ASTM D 1193-99e1, In: Book of ASTM Standards, Vol. 11.01. Philadelphia, PA, 
USA, ASTM International: 116-118. 

Balakrishnan VK, Halasz A, Hawari J. 2003. Alkaline hydrolysis of the cyclic nitramine 
explosives RDX, HMX, and CL-20: new insights into degradation pathways obtained by the 
observation of novel intermediates. Environ. Sci. Technol. 37: 1838-1843. 

Balakrishnan VK, Monteil-Rivera F, Halasz A, Corbeanu A, Hawari J. 2004a. Decomposition of 
the polycyclic nitramine explosive, CL-20, by Fe0. Environ. Sci. Technol. 38: 6861-6866. 

Balakrishnan VK, Monteil-Rivera F, Gautier MA, Hawari J. 2004b. Sorption and Stability of the 
Polycyclic Nitramine Explosive CL-20 in Soil. J. Environ. Qual. 33: 1362-1368. 

Bao M, Pantani F, Griffini O, Burrini D, Santianni D, Barbieri K. 1998. Determination of 
carbonyl compounds in water by derivatization-solid-phase microextraction and gas 
chromatographic analysis. J. Chromatogr. A 809: 75-87. 

Bardai G, Sunahara GI, Spear PA, Martel M., Gong P, Hawari, J. 2005. Effects of dietary 
administration of CL-20 on Japanese quail Coturnix coturnix japonica. Arch. Environ. 
Contamin. Toxicol. 49: 215-222. 

Beck W. 1994. In Applications of the HP 3D Capillary  Electrophorisis System, Volume 1; 
Heiger, D.N., Herold, M., Grimm, R., Eds.; Hewlett Packard Company: Waldbronn, 
Germany, p 53. 

Behrens R Jr., Bulusu S. 1991. Thermal decomposition of energetic materials. 2. Deuterium 
isotopic effects and isotopic scrambling in condensed-phase decomposition of octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine. J. Phys. Chem. 95:5838-5845. 

Bentley RE, Dean JW, Ells SJ, Hollister A, LeBlanc GA, Sauter S, Sleight BH. 1977. Laboratory 
evaluation of the toxicity of cyclotrimethylene (RDX) to aquatic organisms. U.S. Army 
Medical Research Development Command, Frederick, MD, Index 79(7) US NTIS AD-A061 
730, p 86. 

Bentley RE, Petrocelli SR, Suprenant DC. 1984. Determination of the toxicity to aquatic 
organisms of HMX and related wastewater constituents. Part III. Toxicity of HMX, TAX and 



 

 166 

SEX to aquatic organisms. Springborn Bionomics, Wareham, MA, USA., AD-A172 385. 
Bhushan B, Halasz A, Spain JC, Hawari J. 2002. Diaphorase catalyzed  biotransformation of 

RDX via N-denitration mechanism. Biochem. Biophys. Res. Commun. 296: 779-784. 
Bhushan B, Paquet L, Spain JC, Hawari J. 2003a. Biotransformation of 2,4,6,8,10,12-hexanitro-

2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) by denitrifying Pseudomonas sp. strain FA1. 
Appl. Environ. Microbiol. 69: 5216-5221. 

Bhushan, B., L. Paquet, A. Halasz, J. C. Spain, and J. Hawari. 2003b. Mechanism of xanthine 
oxidase catalyzed biotransformation of HMX under anaerobic conditions. Biochem. Biophys. 
Res. Commun. 306: 509-515. 

Bhushan B, Trott S, Spain JC, Halasz A, Paquet L, Hawari J. 2003c. Biotransformation of 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) by a rabbit liver cytochrome P450: Insight into 
the mechanism of RDX biodegradation by Rhodococcus sp. DN22. Appl. Environ. Microbiol. 
69: 1347-1351. 

Bhushan B, Halasz A, Hawari J. 2004a. Nitroreductase catalyzed biotransformation of CL-20. 
Biochem. Biophys. Res. Commun. 322: 271-276 

Bhushan B, Halasz A, Spain JC, Hawari J. 2004b. Initial reaction(s) in biotransformation of CL-
20 is catalyzed by salicylate 1-monooxygenase from Pseudomonas sp. strain ATCC 29352. 
Appl. Environ. Microbiol. 70: 4040-4047. 

Bhushan B, Halasz A, Thiboutot S, Ampleman G, Hawari J. 2004c. Chemotaxis-mediated 
biodegradation of cyclic nitramine explosives RDX, HMX and CL-20 by Clostridium sp. 
EDB2. Biochem. Biophys. Res. Commun. 316: 816-821. 

Bhushan B, Halasz A, Hawari J. 2005a. Biotransformation of CL-20 by a dehydrogenase enzyme 
from Clostridium sp. EDB2. Appl. Microbiol. Biotechnol. 69: 448-455. 

Bhushan B, Halasz A, Hawari J. 2005b. Stereo-specificity for pro-(R) hydrogen of NAD(P)H 
during enzyme-catalyzed hydride transfer to CL-20. Biochem. Biophys. Res. Commun. 337: 
1080-1083. 

Bose P, Glaze WH, Maddox S. 1998. Degradation of RDX by various advanced oxidation 
processes: II. organic by-products. Wat. Res. 32:1005-1018. 

Boyd SA, Sheng G, Teppen BJ, Johnston CT. 2001. Mechanisms for the adsorption of 
substituted nitrobenzenes by smectite clays. Environ. Sci. Technol. 35:4227-4234. 

Brannon JM, Price CB, Hayes C, Yost, SL. 2002. Aquifer soil cation substitution and adsorption 
of TNT, RDX, and HMX. Soil Sediment Contam. 11: 327-338. 

Brindley GW. 1981. Structures and chemical compositions of clay minerals. p. 1-21. In 
Longstaffe, F.J. Ed. Short course in clays and the resource geologist. Mineralogical 
Association of Canada: Edmonton, Canada. 

Bulusu S, Axenrod T, Milne GWA. 1970. Electron-impact fragmentation of some secondary 
aliphatic nitramines. Migration of the nitro group in heterocyclic nitramines. Org. Mass 
Spectrometry  3:13-21. 

Buncel, E, Dust, JM. 2003. p 8. In Carbanion Chemistry – Structures and Mechanisms, Oxford 
University Press, Inc.: New York, NY. 

Cameron AD, Sinning I, L'Hermite G, Olin B, Board PG, Mannervik B, Jones JA. 1995. 
Structural analysis of human alpha-class glutathione transferase in the apo-form and in 
complexes with ethacrynic acid and its glutathione conjugate. Structure 3: 717-727. 

Canadian Council on Animal Care Guidelines 1984. Japanese Quail. In: Guide to the Care and 
Use of Experimental Animals. 



 

 167 

http://www.ccac.ca/english/gui_pol/guides/english/TOC_V2.HTM 
Capellos C, Papagiannakopoulos P, Liang Y-L. 1989. The 248 nm photodecomposition of 

hexahydro-1,3,5-trinitro-1,3,5-triazine. Chem. Phys. Lett., 164:533-538. 
Cataldo DA, Harvey SD, Fellows RJ. 1990. An evaluation of the environmental fate and 

behavior of munitions material (TNT, RDX) in soil and plant systems. U.S. Army 
Biomedical Research and Development Laboratory, Frederick, MD, 88PP8853. 

Chakraborty S, Massey V. 2002. Reaction of reduced flavins and flavoproteins with 
diphenyliodonium chloride. J. Biol. Chem. 277: 41507-41516. 

Chang LH, Chuang LF, Tsai CP, Tu CPD, Tam MF. 1990. Characterization of glutathione S-
transferases from day-old chick livers. Biochem. 29: 744-750. 

Charlet L, Silvester E, Liger E. 1998. N-compound reduction and actinide immobilization in 
surficial fluids by Fe(II): the surface �FeIIIOFeIIOH° species, as major reductant. Chem. Geol. 
151: 85-93. 

Chasseaud LF. 1979. The role of glutathione and glutathione S-transferases in the metabolism of 
chemical carcinogens and other electrophilic agents. Adv. Cancer Res. 29: 175–274. 

Checkai RT, Simini M. 1996. Plant uptake of RDX and TNT utilizing site specific criteria for the 
Cornhusker Army Ammunition Plant (CAAP), Nebraska. U.S. Army ERDEC Technical 
report. Edgewood Research Development and Engineering Center, Aberdeen Proving 
Ground, MD, Project No. 56786M8AA. 

Childers SE, Ciufo S, Lovley DR. 2002. Geobacter metallireducens accesses insoluble Fe(III) 
oxide by chemotaxis. Nature 416: 767-769. 

Collado R, Schmelz RM, Moser T, Römbke J. 1999. Sublethal responses of two Enchytraeus 
species (Oligochaeta) to toxic chemicals. Pedobiologia 43: 625-629. 

Comfort SD, Shea PJ, Machacek TA, Satapanajaru T. 2003. Pilot-scale treatment of RDX-
contaminated soil with zerovalent iron. J. Environ. Qual. 32: 1717-1725. 

Dai HQ, Edens FW, Roe MR. 1996. Glutathione S-transferase in the Japanese quail: tissue 
distribution and purification of the liver isozymes. J. Biochem. Toxicol. 11: 85-96. 

DeBruin WC, Te Morsche RH, Wagenmans MJ, Alferink JC, Townsend AJ, Wieringa B, Peters 
WH. 1998. Identification of a novel murine glutathione S-transferase class mu gene. 
Biochem. J. 330: 623-626. 

DeSesso JM, Jacobson CF, Scialli AR, Goeringer GC. 2000. Hydroxylamine moiety of 
developmental toxicants is associated with early cell death: A structure-activity analysis. 
Teratology 62: 346-355. 

Dieckhaus CM, Fernandez-Metzler CL, King R, Krolikowski PH, Baillie TA. 2005. Negative ion 
tandem mass spectrometry for the detection of glutathione conjugates. Chem. Res. Toxicol. 
18: 630-638. 

 Dodard SG, Renoux AY, Powlowski J, Sunahara GI. 2003. Lethal and subchronic effects of 
2,4,6-trinitrotoluene (TNT) on Enchytraeus albidus in spiked artificial soil. Ecotoxicol. 
Environ. Safety. 54: 131-138. 

Dodard SG, Powlowski J, Sunahara GI. 2004. Biotransformation of 2,4,6-trinitrotoluene (TNT) 
by enchytraeids (Enchytraeus albidus) in vivo and in vitro. Environ. Pollut. 131: 263-273. 

Dodard SG, Sunahara GI, Kuperman RG, Sarrazin M, Gong P, Ampleman G, Thiboutot S, 
Hawari, J., 2005. Survival and reproduction of enchytraeid worms, oligochaeta, in different 
soil types amended with energetic cyclic nitamines. Environ. Toxicol. Chem. 24: 2579-2587. 



 

 168 

Druckrey, H. 1973. Specific carcinogenic and teratogenic effects of ‘indirect’ alkylating methyl 
and ethyl compounds, and their dependency on stages of ontogenic development. Xenobiotica 
3: 271-303. 

Dubé P, Ampleman G, Thiboutot S, Gagnon A, Marois A. 1999. Report DREV –TR-1999-13. 
Defence Research Establishment Valcartier. Department of National Defence Canada.  

Eaton DL, Bammler TK. 1999. Concise review of the glutathione S transferases and their 
significance to toxicology. Toxicol. Sci. 49: 156-164. 

Forte E, Urbani A, Saraste M, Sarti P, Brunori M, Giuffre A. 2001. The cytochrome cbb3 from 
Pseudomonas stutzeri displays nitric oxide reductase activity. Eur. J. Biochem. 268:6486-
6490. 

Fournier D, Halasz A, Spain JC, Fiurasek P, Hawari J. 2002. Determination of key metabolites 
during biodegradation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) with Rhodococcus sp. 
strain DN22. Appl. Environ. Microbiol. 68: 166-172. 

Fournier D, Halasz A, Thiboutot S, Ampleman G, Manno D, Hawari J. 2004a. Biodegradation of 
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) by Phanerochaete chrysosporium: 
new insight into the degradation pathway. Environ. Sci. Technol. 38: 4130-4133. 

Fournier D, Halasz A, Spain JC, Spanggord RJ, Bottaro JC, Hawari J. 2004b. Biodegradation of 
the hexahydro-1,3,5-trinitro-1,3,5-triazine ring cleavage product 4-nitro-2,4-diazabutanal 
(NDAB) by Phanerochaete chrysosporium. Appl. Environ. Microbiol. 70:1123-1128. 

Fournier D, Monteil-Rivera F, Halasz A, Bhatt M, Hawari J. 2005. Degradation of CL-20 by 
white-rot fungi, Chemosphere, In Press 

Ganzhorn AJ, Plapp BV. 1988. Carboxyl groups near the active site zinc contribute to catalysis 
in yeast alcohol dehydrogenase. J. Biol. Chem. 263: 5446-5454. 

Geetha M, Nair UR, Sarwade DB, Gore GM, Asthana SN, Singh H. 2003. Studies on CL-20: The 
most powerful high energy material. J. Therm. Anal. Calorim. 73: 913-922. 

Gerhardt P. 1981. Manual of methods for general bacteriology, American society for 
Microbiology, Washington, DC. 

Giles J. 2004. Green explosives: collateral damage. Nature 427: 580-581. 
Gogal RM, Johnson MS, Larsen CT, Prater MR, Duncan RB, Ward DL, Lee RB, Salice CJ, 

Jortner B, Holladay SD. 2003. Dietary oral exposure to 1,3,5-trinitro-1,3,5-triazine in the 
northern bobwhite (Colinus virginianus). Environ. Toxicol. Chem. 22: 381-387 

Gong P, Hawari J, Thiboutot S, Ampleman G, Sunahara GI. 2001. Ecotoxicological effects of 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) on soil microbial activities. Environ. Toxicol. 
Chem. 20 : 947-951. 

Gong P, Sunahara GI, Rocheleau S, Dodard SG, Robidoux PY, Hawari J. 2004. Preliminary 
ecotoxicological characterization of a new energetic substance, CL-20. Chemosphere 56: 
653-658. 

Greenberg EP. 2003. Bacterial communication: Tiny teamwork. Nature 424: 134-134. 
Gregory KB, Larese-Casanova P, Parkin GF, Scherer MM. 2004. Abiotic transformation of 

hexahydro-1,3,5-trinitro-1,3,5-triazine by FeII bound to magnetite. Environ. Sci. Technol. 39: 
1408-1414. 

Gregus Z, Watkins JB, Thompson TN, Harvey MJ, Rozman K, Klaassen CD. 1983. Hepatic 
phase I and phase II biotransformations in quail and trout: comparison to other species 
commonly used in toxicity testing. Toxicol. Appl. Pharmacol. 67: 430-441. 



 

 169 

Groom CA, Halasz A, Paquet L, Morris N, Olivier L, Dubois C, Hawari J. 2002. Accumulation 
of HMX (octahydro-1,3,5,7-tetranitri-1,3,5,7-tetrazocine) in indigenous and agricultural 
plants grown in HMX-contaminated anti-tank firing-range soil. Environ. Sci. Technol. 36: 
112-118.  

Groom CA, Halasz A, Paquet L, D’Cruz P, Hawari J. 2003. Cyclodextrin-assisted capillary 
electrophoresis for determination of the cyclic nitramine explosives RDX, HMX and CL-20: 
Comparison with high-performance liquid chromatography. J. Chromatogr. A 999: 17-22.  

Groom C, Halasz A, Paquet L, Thiboutot S, Ampleman G, Hawari J. 2005. Detection of 
nitroaromatic and cyclic nitramine compounds by cyclodextrin assisted electrophoresis 
quadrupole ion trap mass spectrometry. J. Chromatogr. A 1072: 73-82. 

Gui L, Gillham RW, Odziemkowski MS. 2000. Reduction of N-nitrosodimethylamine with 
granular iron and nickel-enhanced iron. 1. Pathways and kinetics. Environ. Sci. Technol. 34: 
3489-3494. 

Haas R, Schreiber I, Low EV, Stork G. 1990. Conception for the investigation of contaminated 
munitions plants. 2. Investigation of former RDX-plants and filling stations. Fresenius’ J. 
Anal. Chem. 338: 41-45. 

Habig WH, Pabst MJ, Jakoby WB. 1974. Glutathione S-transferases. The first enzymatic step in 
mercapturic acid formation. J. Biol. Chem. 249: 7130-7139. 

Halasz A, Spain J, Paquet L, Beaulieu C, Hawari J. 2002. Insights into the formation and 
degradation of methylenedinitramine during the incubation of RDX with anaerobic sludge. 
Environ. Sci. Technol. 36: 633-638. 

Hamburger V, Hamilton HL. 1951. A series of normal stages in the development of the chick 
embryo. J. Morphol. 88: 49-92. 

Harvey SD, Fellows RJ, Cataldo DA, Bean, RM. 1991. Fate of the explosive hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX) in soil and bioaccumulation in bush bean hydroponic plants. 
Environ. Toxicol. Chem. 10: 845-855. 

Hawari J, Halasz A, Beaudet S, Paquet L, Ampleman G, Thiboutot S.  1999. Biotransformation 
of 2,4,6-trinitrotoluene with Phanerochaete chrysosporium in agitated cultures at pH 4.5. 
Appl. Environ. Microbiol. 65: 2977-2986.  

Hawari J. 2000. Biodegradation of RDX and HMX: From basic research to field application. In 
Biodegradation of Nitroaromatic Compounds and Explosives. Spain JC, Hughes JB, and 
Knackmuss HJ, Eds.; CRC Press, Boca Raton: FL, pp. 277-310. 

Hawari J, Beaudet S, Halasz A, Thiboutot S, Ampleman G. 2000a. Microbial degradation of 
explosives: biotransformation versus mineralization. Appl. Microbiol. Biotechnol. 54: 605-
618. 

Hawari J, Halasz A, Sheremata T, Beaudet S, Groom C, Paquet L, Rhofir C, Ampleman G, 
Thiboutot S. 2000b. Characterization of metabolites during biodegradation of hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX) with municipal sludge. Appl. Environ. Microbiol. 66: 
2652-2657. 

Hawari J, Halasz A, Beaudet S, Paquet L, Ampleman G, Thiboutot S. 2001. Biotransformation 
routes of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine by municipal anaerobic sludge. 
Environ. Sci. Technol. 35: 70-75. 

Hawari J, Halasz A, Groom C, Deschamps S, Paquet L, Beaulieu C, Corriveau A. 2002. 
Photodegradation of RDX in aqueous solution : a mechanistic probe for biodegradation with 
Rhodococcus sp. Environ. Sci. Technol. 36: 5117-5123. 



 

 170 

Hawari J, Deschamps S, Beaulieu C, Paquet L, Halasz A. 2004. Photodegradation of CL-20: 
insights into the mechanisms of initial reactions and environmental fate. Water Res. 38: 
4055-4064. 

Heilmann HM, Wiesmann U, Stenstrom MK. 1996. Kinetics of the alkaline hydrolysis of  high 
explosives RDX and HMX in aqueous solution and adsorbed to activated carbon.  Environ. 
Sci. Technol. 30:1485-1492. 

Helland B, Alvarez PJJ, Schnoor JL. 1995. Reductive dechlorination of carbon tetrachloride with 
elemental iron. J. Hazard. Mater. 41: 205-216. 

Hissin PJ, Hilf R. 1976. A fluorometric method for determination of oxidized and reduced 
glutathione in tissues. Anal. Biochem. 74: 214-226. 

Hoek B. 2004. Military explosives and health: organic energetic compound syndrome. Med. 
Confl. Surviv. 20: 326-333. 

Hoffsommer JC, Kubose DA, Glover DJ. 1977. Kinetic Isotope Effects and intermediate 
formation for the aqueous alkaline homogeneous hydrolysis of 1,3,5-triaza-1,3,5-
trinitrocyclohexane (RDX).  J. Phys. Chem. 81:380-385. 

Hofrichter M. 2002. Review: lignin conversion by manganese peroxidase (MnP). Enzyme Microb 
Tech. 30: 454-466. 

Hsieh CH, Liu LF, Tsai CP, Tam MF. 1999. Characterization and cloning of avian-hepatic 
glutathione S-transferases. Biochem. J. 343: 87-93. 

Hundal LS, Singh J, Bier EL, Shea PJ, Comfort SD, Powers WL. 1997. Removal of TNT and 
RDX from water and soil using iron metal.  Environ. Pollut. 97: 55-64. 

ISO (International Organization for Standardization). 1994. Soil Quality – Determination of pH. 
ISO 10390: 1994 (E). Geneva, Switzerland. 

ISO (International Organization for Standardization). 2001. Soil quality: effects of pollutants on 
Enchytraeidae (Enchytraeus sp) – determination of effects on reproduction and survival. ISO 
DIS 16387: 2001, ISO, Geneva, Switzerland. 

Jakoby WB. 1978. The glutathione S transferases: a group of multifunctional detoxification 
proteins. Adv. Enzymol. Relat. Areas Mol. Biol. 46: 383-414. 

Jarvis SA, McFarland VA, Honeycutt ME. 1998. Assessment of the effectiveness of composting 
for the reduction of toxicity and mutagenicity of explosive-contaminated soil. Ecotoxicol 
Environ Safety 39: 131-135. 

Jenkins TF, Walsh ME, Thorne PT, Miyares PH, Ranney TA, Grant CL, Esparza JR. 1998. 
CRREL Special Report 98-9. Cold Regions Research and Engineering Laboratory, US Army 
Corps of Engineers, Office of the Chief of Engineers. 

Johnson MS, Paulus HI, Salice CJ, Checkai RT, Simini M. 2004. Toxicologic and 
histopathologic response of the terrestrial salamander Phethodon cinereus to soil exposure of 
1,3,5-trinitrohexahydro-1,3,5-triazine. Arch. Environ. Contam. Toxicol. 47: 496-501. 

Kamin H, White-Stevens RH, Presswood RP. 1978. Salicylate hydroxylase. Methods Enzymol. 
53: 527-543. 

Katagiri M, Maeno H, Yamamoto S, Hayaishi O, Kitao T, Oae S. 1965. Salicylate hydroxylase, a 
monooxygenase requiring flavin adenine dinucleotide. ii. the mechanism of salicylate 
hydroxylation to catechol. J. Biol. Chem. 240: 3414-3417. 

Kielemoes J, de Boever P, Verstraete W. 2000. Influence of denitrification on the corrosion of 
iron and stainless steel powder. Environ. Sci. Technol. 34: 663-671. 

Kiyoura, T.; Kogure, Y. 1997. Synthesis of hydroxyacetic acid and its esters from glyoxal 



 

 171 

catalyzed by multivalent metal ions. Appl. Catal. A: General 156: 97-104. 
Klaassen CD. 1996. Casarett and Doull’s Toxicology - The Basic Science of Poisons. Fifth ed.,  

Mc Graw-Hill,  New York. 
Klausen J, Trober SP, Haderlein SB, Schwarzenbach RP. 1995. Reduction of substituted 

nitrobenzenes by Fe(II) in aqueous mineral suspensions. Environ. Sci. Technol. 29: 2396-
2404. 

Klupinski TP, Chin Y-P. 2003. Abiotic degradation of trifluralin by Fe(II) : Kinetics and 
transformation pathway. Environ. Sci. Technol. 37: 1311-1318.  

Koder RL, Haynes CA, Rodgers ME, Rodgers DW, Miller AF. 2002. Flavin thermodynamics 
explain the oxygen insensitivity of enteric nitroreductases, 
Biochemistry, 41: 14197-14205. 

Kohler EA, Branham BE, 2002. Site of uptake, absorption, translocation, and metabolism of 
ethofumesate in three turfgrass species. Weed Sci. 50: 576-580. 

Korsounskii BL, Nedel’ko VV, Chukanov NV, Larikova TS, Volk F. 2000. Kinetics of thermal 
decomposition of hexanitrohexaazaisowurtzitane. Russ. Chem. Bull. 49:812-818. 

Kuperman RG, Simini M, Phillips CT, Checkai RT. 1999. Comparison of malathion toxicity 
using enchytraeid reproduction test and earthworm toxicity test in different soil types. 
Pedobiologia 43: 630-634. 

Kuperman RG, Checkai RT, Simini M, Phillips CT, Kolakowski JE, Kurnas C,  Sunahara GI, 
2003. Survival and reproduction of Enchytraeus crypticus (Oligochaeta, Enchytraeidae) in a 
natural sandy loam soil amended with the nitro-heterocyclic explosives RDX and HMX. 
Pedobiologia 47: 651-656. 

Kuperman RG, Checkai RT, Simini M, Phillips CT. 2004a. Manganese toxicity in soil for 
Eisenia fetida, Enchytraeus crypticus (Oligochaeta), and Folsomia candida (Collembola). 
Ecotoxicol. Environ. Safety. 57: 48-53. 

Kuperman RG, Simini M, Phillips CT, Checkai RT, Kolakowski JE, Kurnas CW, Sunahara GI. 
2004b. Survival and reproduction of Enchytraeus crypticus (Oligochaeta, Enchytraeidae) in a 
natural sandy loam soil amended with the nitro-heterocyclic explosives RDX and HMX. 
Pedobiologia 47: 651-656. 

Kuperman RG, Checkai RT, Simini M, Phillips CT, Anthony JS, Kolakowski JE, Davis EA. 
2006. Toxicity of emerging energetic soil contaminant CL-20 to potworm Enchytraeus 
crypticus in freshly amended or weathered and aged treatments. Chemosphere, In press. 

Lachance B, Renoux AY, Sarrazin M, Hawari J, Sunahara GI. 2004. Toxicity and 
bioaccumulation of reduced TNT metabolites in the earthworm Eisenia andrei exposed to 
amended forest soil. Chemosphere 55: 1339-1348. 

Lammeli UK. 1970. Cleavage of structural proteins during the assembly of the head of the 
bacteriophage T4. Nature 227: 580–685. 

Larson SL, Felt DR, Davis JL, Escalon L. 2002. Analysis of CL-20 in environmental matrices: 
Water and soil. J. Chromatographic Sci. 40: 201-206. 

Law AMJ, Aitken MD. 2003. Bacterial chemotaxis to naphthalene desorbing from a nonaqueous 
liquid. Appl. Environ. Microbiol. 69: 5968-5973.  

Leggett DC. 1985. Sorption of military explosive contaminants on bentonite drilling muds. 
CRREL Report 85-18. US Army Cold Regions Research and Engineering Laboratory, 
Hanover, NH. 

Levine BS, Furedi EM, Gordon DE, Burns JM, Lish PM. 1981. Thirteen-week toxicity study of 



 

 172 

hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) in Fischer 344 rats. Toxicol. Lett. 8: 241-245. 
Li H, Sheng G, Sheng W, Xu O. 2002. Uptake of trifluralin and lindane from water by ryegrass. 

Chemosphere 48: 335-341. 
Lovley DR, Greening RC, Ferry JG. 1984. Rapidly growing rumen methanogenic organism that 

synthesizes coenzyme M and has a high affinity for formate. Appl. Environ. Microbiol. 48: 
81-87. 

Lynch JC, Myers KF, Brannon JM, Delfino JJ. 2001. Effects of pH and temperature on the 
aqueous solubility and dissolution rate of 2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). J. 
Chem. Eng. Data 46: 1549-1555. 

Major MA, Johnson MS, Salice CJ. 2002. Bioconcentration, bioaccumulation and 
biomagnification of nitroaromatic and nitramine explosives and their breakdown products. 
U.S. Army Center for Health Promotion and Preventive Medicine, Aberdeen Proving 
Ground, MD, 87-MA-4677-01. 

March, J. 1985. Advanced Organic Chemistry. Third ed., Wiley-Interscience Publication, John 
Wiley and Sons: New York, pp 784-785. 

Marx, RB, Aitken MD. 2000. Bacterial chemotaxis enhances naphthalene degradation in a 
heterogeneous aqueous system. Environ. Sci. Technol. 34: 3379-3383. 

Matés JM, Pérez-Gómez C, Blanca M. 2000. Chemical and biological activity of free radical 
‘scavengers’ in allergic diseases. Clinica Chimica Acta 296: 1-15.  

Matheson, L.J.; Tratnyek, P.G. Reductive dehalogenation of chlorinated methanes by iron metal. 
Environ. Sci. Technol. (1994) 28, 2045-2053. 

McCormick NG, Cornell JH, Kaplan AM. 1981. Biodegradation of hexahydro-1,3,5-trinitro-
1,3,5-triazine. Appl. Environ. Microbiol. 42: 817-823. 

Meister A, Anderson ME. 1983. Glutathione. Ann. Rev. Biochem. 52: 711-760. 
Monteil-Rivera F, Brouwer EB, Masset S, Deslandes Y, Dumonceau J. 2000. Combination of X-

ray photoelectron and solid-state 13C nuclear magnetic resonance spectroscopy in the 
structural characterisation of humic acids. Anal. Chim. Acta 424: 243-255. 

Monteil-Rivera F, Groom C, Hawari J. 2003. Sorption and degradation of octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine in soil. Environ. Sci. Technol. 37: 3878-3884. 

Monteil-Rivera F, Paquet L, Deschamps S, Balakrishnan VK, Beaulieu C, Hawari J. 2004. 
Physico-chemical measurements of CL-20 for environmental applications: Comparison with 
RDX and HMX. J. Chromatogr. A 1025:125-132. 

Murata-Kamiya N, Kamiya H, Kaji H, Kasai H. 1997. Mutational specificity of glyoxal, a 
product of DNA oxidation, in the lacI gene of wild-type Escherichia coli W3110. Mutat. Res. 
377: 255-262. 

Myers TE, Brannon JM, Pennington JC, Davis WM, Myers KF, Townsend DM, Ochman MK, 
Hayes CA. 1998. Laboratory studies of soil sorption/transformation of TNT, RDX, and 
HMX. Technical Report IRRP-98-8. US Army Corps of Engineers, Waterways Experiment 
Station, Vicksburg, MS. 

Myler CA, Sisk W. 1991. Bioremediation of explosives contaminated soils. In: Environmental 
Biotechnology for Waste Treatment, Sayler GS, Fox R, Blackburn JW. (ed.), Plenum Press, 
New York, NY, p 137-46. 

Nielsen AT, Christian SL, Moore DW, Gilardi RD, George CF. 1987. Synthesis of 3,5,12-
triazawurtzitanes (3,5,12-triazatetracyclo[5.3.1.12,6.04,9]dodecanes). J. Org. Chem. 52: 1656-



 

 173 

1662. 
Nielsen AT, Nissan RA, Vanderah DJ, Coon CL, Gilardi RD, George CF, Flippen-Anderson J. 

1990. Polyazapolycyclics by condensation of aldehydes with amines. 2. Formation of 
2,4,6,10,12-hexabenzyl-2,4,6,8,10,12-hexaazatetracyclo[5.5.0.05,9.03,11]dodecanes from 
glyoxal and benzylamines. J. Org. Chem. 55: 1495-66. 

Nielsen AT, Chafin AP, Christian SL, Moore DW, Nadler MP, Nissan RA, Vanderah DJ, Gilardi 
RD, George CF, Flippen-Anderson JL. 1998. Synthesis of polyazapolycyclic caged 
polynitramines. Tetrahedron 54: 11793-11812. 

OECD 1984a. Guidelines for Testing of Chemicals: Earthworm Acute Toxicity Test. 
Organization for Economic Co-operation and Development, Guideline No. 207, Paris, 
France. 

OECD 1984b. Guidelines for Testing of Chemicals. Avian dietary toxicity test. Organization for 
Economic Co-operation and Development, Paris, France. 

OECD 1984c. Guidelines for Testing of Chemicals. Avian reproduction test. Organization for 
Economic Co-operation and Development, Paris, France. 

Odani H, Shinzato T, Usami J, Matsumoto Y, Brinkmann Frye E, Baynes JW, Maeda K. 1998. 
Imidazolium crosslinks derived from reaction of lysine with glyoxal and methylglyoxal are 
increased in serum proteins of uremic patients: evidence for increased oxidative stress in 
uremia. FEBS Letters 427: 381-385. 

O’Donnell VB, Smith GC, Jones OT. 1994. Involvement of phenyl radicals in iodonium 
inhibition of flavoenzymes. Mol. Pharmacol. 46: 778-785. 

Odziemkowski MS, Gui L, Gillham RW. 2000. Reduction of N-nitrosodimethylamine with 
granular iron and nickel-enhanced iron. 2. Mechanistic studies. Environ. Sci. Technol. 34: 
3495-3500. 

Ogawa NO, Hirose T, Tsukamoto M, Fukushima K, Suwa T, Satoh T. 1995a. GSH-independent 
denitration of organic nitrate esters in rabbit hepatic cytosol and vascular cytosol. Res. Comm. 
Mol. Pathol. Pharmacol. 88: 153-161. 

Ogawa NO, Hirose T, Tsukamoto M, Fukushima K, Suwa T, Satoh T. 1995b. Purification and 
characterization of glutathione-independent denitration enzyme of organic nitrate esters in 
rabbit hepatic cytosol Biol. Pharm. Bull. 18: 1352-1355. 

Oh B-T, Just CL, Alvarez PJJ. 2001. Hexahydro-1,3,5-trinitro-1,3,5-triazine mineralization by 
zerovalent iron and mixed anaerobic cultures. Environ. Sci. Technol. 35: 4341-4346. 

Oien N, Stenerson J. 1984. Esterases of earthworms - III. Electrophoressis reveals that Eisenia 
foetida (Savigny) is two species. Comp. Biochem. Physiol. 78c, 277-282. 

Okemgbo AA, Hill HH, Metcalf SG, Bachelor MA. 1999. Determination of nitrate and nitrite in 
Hanford defense waste by reverse-polarity capillary zone electrophoresis. J. Chromatogr. A 
844: 387-394. 

Orna MV, Mason RP. 1989. Correlation of kinetic parameters of nitroreductase enzymes with 
redox properties of nitroaromatic compounds. J. Biol. Chem. 264: 12379-12384. 

Oxley JC, Kooh AB, Szekeres R, Zheng W. 1994. Mechanisms of nitramine thermolysis. J. 
Phys. Chem. 98: 7004-7008. 

Pace MD. 1991. EPR spectra of photochemical NO2 formation in monocyclic nitramines and 
hexanitrohexaazaisowurtzitane. J. Phys. Chem. 95: 5858-5864. 

Pace MD, Kalyanaraman B. 1993. Spin trapping of nitrogen dioxide radical from photolytic 
decomposition of nitramines. Free Radical Bio. Med. 15: 337-342. 



 

 174 

Palleroni NJ. 1984. Gram-negative aerobic rods and cocci: family I Pseudomonadaceae, p. 140-
198. In N. R. Krieg, and J. G. Holt (eds.), Bergey’s manual of systematic bacteriology, vol. 1. 
Williams & Wilkins, Baltimore, MD. 

Pandey G, Jain RK. 2002. Bacterial chemotaxis toward environmental pollutants: role in 
bioremediation. Appl. Environ. Microbiol. 68: 5789-5795. 

Parales RE, Ditty JL, Harwood CS. 2000. Toluene-degrading bacteria are chemotactic towards 
the environmental pollutants benzene, toluene, and trichloroethylene. Appl. Environ. 
Microbiol. 66: 4098-4104. 

Parales RE, Harwood CS. 2002. Bacterial chemotaxis to pollutants and plant-derived aromatic 
molecules. Curr. Opin. Microbiol. 5: 266-273. 

Park S, Wolanin PM, Yuzbashyan EA, Silberzan P, Stock JB, Austin RH. 2003. Motion to form 
a quorum. Science 301: 188. 

Parkinson GN, Skelly JV, Neidle S. 2000. Crystal structure of FMN-dependent nitroreductase 
from Escherichia coli B: a prodrugactivating enzyme. J. Med. Chem. 43: 3624-3631. 

Patil, DG, Brill TB. 1991. Thermal decomposition of energetic materials 53. Kinetics and 
mechanisms of thermolysis of hexanitrohexaazaisowurtzitane. Combust. Flame 87: 145-151. 

 Peyton GR, LeFaivre MH, Maloney SW. 1999. Verification of RDX photolysis mechanism. 
CERL Technical Report 99/93, (www.CECER.Army/TechReports). 

Phillips CT, Checkai RT, Wentsel RS. 1993. Toxicity of Selected Munitions and Munition-
contaminated Soil on the Earthworm (Eisenia foetida). Technical Report, U.S. Army 
Chemical and Biological Defense Agency, Aberdeen Proving Ground, MD, USA. 

Phillips C, Kuperman R. 1999. A rapid and highly-efficient method for extracting enchytraeids 
from soil. Pedobiologia 43: 523-527. 

Poleman JHTM, van Ommen B, Bogaards JPP, van Bladeren PJ. 1993. Ethacrynic acid and its 
glutathione conjugates as inhibitors of glutathione S-transferases. Xenobiotica 23: 913-923. 

Pollock VV, Barber MJ. 2001. Kinetic and mechanistic properties of biotin sulfoxide Reductase. 
Biochemistry 40: 1430-1440. 

Posthuma L, Baerselman R, van Veen RPM, Dirven van Breemen EM. 1997. Single and joint 
toxic effects of copper and zinc on reproduction of Enchytraeus crypticus in relationship to 
sorption of metals in soil. Ecotoxicol. Environ. Safety 38: 108-121. 

Puurtinen HM, Martikainen EAT. 1997. Effect of soil moisture on pesticide toxicity to an 
enchytraeid worm, Enchytraeus sp. Arch. Environ. Contam. Toxicol. 33: 34-41. 

Ran Y, Huang W, Rao PSC, Liu D, Sheng G, Fu J. 2002. The role of condensed organic matter 
in the nonlinear sorption of hydrophobic organic contaminants by a peat and sediments. J. 
Environ. Qual.: 1953-1962. 

Robidoux P-Y, Hawari J, Thiboutot S, Ampleman G, Sunahara GI. 1999. Acute toxicity of 2,4,6-
trinitrotoluene in earthworm (Eisenia andrei). Ecotoxicol. Environ. Safety 44: 311-321. 

Robidoux P-Y, Svendsen C, Caumartin J, Hawari J, Ampleman G, Thiboutot S, Weeks JM, 
Sunahara GI. 2000. Chronic toxicity of energetic compounds in soil determined using the 
earthworm (Eisenia andrei) reproduction test. Environ. Toxicol. Chem. 19: 1764-1773. 

Robidoux P-Y, Hawari J, Thiboutot S, Ampleman G, Sunahara GI. 2001. Chronic toxicity of 
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) in soil using the earthworm (Eisenia 
andrei) reproduction test. Environ. Pollut. 111: 283-92. 

Robidoux P-Y, Hawari J, Bardai G, Paquet L, Ampleman G, Thiboutot S, Sunahara GI. 2002. 
TNT, RDX and HMX decrease earthworm (Eisenia andrei) life-cycle responses in a spiked 



 

 175 

natural forest soil. Arch. Environ. Contam. Toxicol. 43: 379-388. 
Robidoux P-Y, Bardai G, Paquet L, Ampleman G, Thiboutot S, Hawari J, Sunahara GI. 2003. 

Phytotoxicity of 2,4,6-trinitrotoluene (TNT) and octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) in amended artificial and forest soils. Arch. Environ. Contamin. Toxicol. 
44: 198-209. 

Robidoux P-Y, Sunahara GI, Savard K, Berthelot Y, Dodard S, Martel M, Gong P, Hawari J. 
2004. Acute and chronic toxicity of the new explosive CL-20 to the earthworm (Eisenia 
Andrei) exposed to amended natural soils. Environ. Toxicol. Chem. 23: 1026-1034. 

Rocheleau S, Kuperman RG, Martel M, Paquet L, Bardai G, Wong S, Sarrazin M, Dodard S, 
Gong P, Hawari J, Checkai RT, Sunahara GI. 2006. Phytotoxicity of nitroaromatic energetic 
compounds freshly amended or weathered and aged in sandy loam soil. Chemosphere 62: 
545-558. 

Römbke J, Moser T. 1999. Organization and Performance of an International Ringtest for the 
Validation of the Enchytraeid Reproduction Test. Research Report 296 64 906 (UBA-FB 98-
104). Environmental Research of the Federal Ministry of the Environment, Nature 
Conservation and Nuclear Safety. German Federal Environment Agency, Berlin, Germany. 

Rosenthal H, Adrian L, Steiof M. 2004. Dechlorination of PCE in the presence of Fe0 enhanced 
by a mixed culture containing two Dehalococcoides strains. Chemosphere 55: 661-669. 

Ryzhkov LR, McBride JM. 1996. Low temperature reactions in single crystals of two 
polymorphs of the polycyclic nitramine 15N-HNIW.  J. Phys. Chem. 100: 163-169. 

Sablji� A, Güsten H, Verhaar H, Hermens J. 1995. QSAR modelling of soil sorption. 
Improvements and systematics of log Koc vs. log Kow correlations. Chemosphere 31:489-
4514. 

Samanta SK, Bhushan B, Chauhan A, Jain RK. 2000. Chemotaxis of a Ralstonia sp. SJ98 toward 
different nitroaromatic compounds and their degradation. Biochem. Biophys. Res. Commun. 
296: 117-123. 

Schäfer RK. 2002. Evaluation of the Ecotoxicological Threat of Ammunition Derived 
Compounds to the Habitat Function of Soil. Ph.D. Thesis. Free University of Berlin, Berlin, 
Germany. 

Schäfer R, Achazi RK. 1999. The toxicity of soil samples containing TNT and other ammunition 
derived compounds in the enchytraeid and collembola-biotest. Environ. Sci. Pollut. Res. 6: 
213-219. 

Scherer MM, Richter S, Valentine RL, Alvarez PJJ. 2000.  Chemistry and microbiology of 
permeable reactive barriers for in situ groundwater clean up. Crit. Rev. Environ. Sci. Technol. 
26: 221-264. 

Schneider NR, Bradley SL, Andersen ME. 1976. Toxicology of cyclotrimethylene-trinitramine 
(RDX): distribution and metabolism in the rat and miniature swine. AFRRI SR76-34. Armed 
Forces Radiobiology Research Institute, Bethesda, MD. 

Schultz M, Dutta S, Tew KD. 1997. Inhibitors of glutathione S-transferases as therapeutic agents. 
Adv. Drug. Del. Rev. 26: 91-104. 

Shangari N, Bruce WR, Poon R, O'Brien PJ. 2003. Toxicity of glyoxals - role of oxidative stress, 
metabolic detoxification and thiamine deficiency. Biochem. Soc. Trans. 31: 1390-1393. 

Sheremata TW, Hawari J. 2000a. Cyclodextrins for desorption and solubilization of 2,4,6-
trinitrotoluene and its metabolites from soil. Environ. Sci. Technol. 34: 3462-3468. 

Sheremata TW, Hawari J. 2000b. Mineralization of RDX by the white rot fungus Phanerochaete 



 

 176 

chrysosporium. Environ. Sci. Technol. 34: 3384-3388. 
Sheremata TW, Halasz A, Paquet L, Thiboutot S, Ampleman G, Hawari J. 2001. The fate of the 

cyclic nitramine explosive RDX in natural soil. Environ. Sci. Technol. 35: 1037-1040. 
Shu Y, Dubikhin VV, Nazin GM, Manelis G.B. 2002. Chain and monomolecular decomposition 

of hexogen in solutions.  Russ. Chem. Bull., Int. Ed. 51:1433-1440. 
Sidoli O'Connor C, Lepp NW, Edwards R, Sunderland G. 2003. The combined use of 

electokinetic remediation and phytoremediation to decontaminate metal-polluted soils: a 
laboratory-scale feasability study. Environ. Monitoring Assess. 84: 141-158. 

Sikder AK, Sikder N, Gandhe BR, Agrawal JP, Singh H. 2002. Hexanitrohexaazaisowurtzitane 
or CL-20 in India: Synthesis and characterization. Def. Sci. J. 52: 135-146. 

Simini M, Kuperman RG, Phillips CT, Checkai RT, Kolakowski JE, Kurnas CW, Sunahara GI. 
2004. Reproduction and survival of Eisenia andrei in a sandy loam soil amended with the 
nitro-heterocyclic explosives RDX and HMX. Pedobiologia 47: 657-662. 

Singh J, Comfort SD, Shea PJ. 1998. Remediating RDX-contaminated water and soil using zero-
valent iron. J. Environ. Qual.  27: 1240-1245. 

Stookey LL. 1970. Ferrozine – A new spectrophotometric reagent for iron. Anal. Chem. 42: 779-
781. 

Strigul N, Braida W, Christodoulatos C, Balas W, Nicolich S. 2005. The assessment of the 
energetic compound 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaisowurtzitane (CL-20) 
degradability in soil. Environ. Poll. 139: 353-361. 

Su C, Puls RW. 2004.  Nitrate reduction by zerovalent iron: effects of formate, oxalate, citrate, 
chloride, sulfate, borate, and phosphate. Environ. Sci. Technol.  38: 2715-2720. 

Sucharitakul J, Chaiyen P, Entsch B, Ballou DP. 2005. The reductase of p-hydroxyphenylacetate 
3-hydroxylase from Acinetobacter baumannii requires p-hydroxyphenylacetate for effective 
catalysis. Biochemistry 44: 10434-10442. 

Summers, W.R. 1990. Characterization of formaldehyde and formaldehyde-releasing 
preservatives by combined reversed phase cation-exchange high performance liquid 
chromatography with postcolumn derivitization using Nash’s reagent. Anal. Chem. 62: 1397-
1402. 

Sunahara GI, Dodard S, Sarrazin M, Paquet L, Hawari J, Greer CW, Ampleman G, Thiboutot S, 
Renoux AY. 1999. Ecotoxicological characterization of energetic substances using a soil 
extraction procedure. Ecotoxicol. Environ. Safety 43: 138-148. 

Sunahara GI, Robidoux P-Y, Gong P, Lachance B, Rocheleau S, Dodard SG, Sarrazin M,  
Hawari J, Thiboutot S, Ampleman G, Renoux AY 2001. Laboratory and field approaches to 
characterize the ecotoxicology of polynitro explosives. In: Environmental Toxicology and 
Risk Assessmen: science, Policy, and Standardization – Implications for Environmental 
Decisions, Greenberg BM, Hull RN, Roberts MH Jr, Gensemer RW (eds.), 10th Vol. STP 
1403, ASTM, West Conshohocken, PA, p. 293-312. 

Suzuki K, Gomi T, Kaidoh T, Itagaki E. 1991. Hydroxylation of o-halogenophenol and o-
nitrophenol by salicylate hydroxylase. J. Biochem. (Tokyo). 109: 348-353. 

Szecsody JE, Girvin DC, Devary BJ, Campbell JA. 2004. Sorption and oxic degradation of the 
explosive CL-20 during transport in subsurface sediments. Chemosphere 56: 593-610.  

Talmage SS, Opresko DM, Maxwell CJ, Welsh CJE, Cretella FM, Reno PH, Daniel FB. 1999. 
Nitroaromatic munition compounds: Environmental effects and screening values. Rev. 
Environ. Contam. Toxicol. 161: 1-156. 



 

 177 

Tedeschi G, Chen S, Massey V. 1995. DT-diaphorase: redox potential, steady-state, and rapid 
reaction study. J. Biol. Chem. 270:1198-1204. 

The Merck Index. 2001. O’Neil MJ, Smith A, Heckelman PE (ed.), Merck & Co., Inc., 
Whitehouse Station, NJ. 

Tien M, Kirk TK. 1988. Lignin peroxidase of Phanerochaete chrysosporium. Methods Enzymol. 
161: 238-249. 

Trott S, Nishino SF, Hawari J, Spain JC. 2003. Biodegradation of the nitramine explosive CL-20. 
Appl. Environ. Microbiol. 69: 1871-1874. 

US EPA 1979. Methods for chemical analysis of water and wastes - Nitrogen, Nitrite. Method 
354.1, United States Environmental Protection Agency, Washington, DC, USA. 

US EPA, Office of Toxic Substances. 1982. Early seedling growth toxicity test. EG-13, United 
States Environmental Protection Agency, Washington, D.C, USA. 

US EPA. 1989. Earthworm survival (Eisenia foetida). In Protocols for Short Term Toxicity 
Screening for Hazardous Waste Sites. EPA/600/3-88/029. Environmental Research 
Laboratory, Corvallis, OR, USA. 

US EPA 1996a. Avian Dietary Toxicity Tests Ecological effects guidelines. EPA 712/C/96/140, 
United States Environmental Protection Agency, Washington, DC, USA. 

US EPA 1996b. Avian Reproduction Test Ecological effects guidelines. EPA 712/C/96/141, 
United States Environmental Protection Agency, Washington, DC, USA. 

US EPA 1998. Nitroaromatics and nitramines by high performance liquid chromatography.  
(HPLC). Method 8330A, United States Environmental Protection Agency, Washington, DC, 
USA. 

United States Department of Agriculture, National Resources Conservation sevice. 1999. Soil 
Taxonomy (Second Edition), Handbook No. 436, United States Government Printing Office, 
Washington, DC, USA.  

Uter W, Schwanitz HJ, Lessmann H, Schnuch A. 2001. Glyoxal is an important allergen for 
(medical care) cleaning staff. Int. J. Hyg. Environ. Health. 204: 251-253.  

Wang LH, Tu SC, Lusk RC. 1984. Apoenzyme of Pseudomonas cepacia salicylate hydroxylase. 
Preparation, fluorescence property, and nature of flavin binding. J. Biol. Chem. 259: 1136-
1142. 

Wardle RB, Hinshaw JC, Braithwaite P, Rose M, Johnson G, Jones R, Poush K. 1996. Synthesis 
of the caged nitramine HNIW (CL-20) 27.1-27.10; 27th Int. Annu. Conf. ICT, ADPA, 
Arlington, VI, USA. Chem. Abstr. 125: 172464v. 

Wardman P, Clark ED. 1976. Oxygen inhibition of nitroreductase: electron transfer from nitro 
radical-anions to oxygen. Biochem. Biophys. Res. Commun. 69: 942-949. 

Weber WJ, DiGiano FA. 1996. Energy Relationships: Applications to Heterogeneous Systems. p. 
317-421. In Process dynamics in environmental systems. Wiley-Interscience, New-York, NY. 

Weber WJ, Huang W, Yu H. 1998. Hysteresis in the sorption and desorption of hydrophobic 
organic contaminants by soils and sediments: 2. Effects of soil organic matter heterogeneity. 
J. Contam. Hydrol. 31:149-165. 

Westerhoff P, James J.  2003. Nitrate removal in zero-valent iron packed columns. Water Res. 
37:1818-1830. 

White-Stevens RH, Kamin H. 1972. Studies of a flavoprotein, salicylate hydroxylase. I. 
Preparation, properties, and the uncoupling of oxygen reduction from hydroxylation. J. Biol. 
Chem. 247: 2358-2370.  



 

 178 

Whittaker MM, Kersten PJ, Nakamura N, Sanders-Loehr J, Schweizer ES, Whittaker JW. 1996. 
Glyoxal oxidase from Phanerochaete chrysosporium is a new radical-copper oxidase. J. Biol. 
Chem. 271: 681-687. 

Winfield LE. 2001. Development of a plant-based, short-term (<12 days) screening method for 
determination of 1,3,5-trinitro-1,3,5-triazine (RDX) bioavailability, bioconcentration, and 
phytotoxicity to selected terrestrial plants from soil matrices. Ph. D. thesis, University of 
Mississipi, MS, USA. 

Winfield LE, Rodgers JHJ, D'Surney SJ. 2004. The responses of selected plants to short (<12 
days) and long term (2, 4 and 6 weeks) hexahydro-1,3,5-trinitro-1,3,5triazine (RDX) 
exposure. Part I: growth and developmental effects. Ecotoxicology 13: 335-347. 

Vyas PV, Shah BG, Trivedi GS, Gaur PM, Ray P, Adhikary SK. 2001. Separation of inorganic 
and organic acids from glyoxal by electrodialysis. Desalination 140: 47-54. 

Xinqi Z, Nicheng S. 1996. Crystal and molecular structures of ε-HNIW. Chinese Sci. Bull. 41: 
574-576. 

Xue SK, Iskandar IK, Selim HM. 1995. Adsorption-desorption of 2,4,6-trinitrotoluene and 
hexahydro-1,3,5-trinitro-1,3,5-triazine in soils.  Soil Sci. 160: 317-327. 

Yadav GD, Gupta VR. 2000. Synthesis of glyoxalic acid from glyoxal. Process Biochem. 36: 73-
78. 

Yeung TC, Gidari, AS. 1980. Purification and properties of a chicken liver glutathione S-
transferase. Arch. Biochem. Biophys. 205: 404-411. 

Yinon J. 1990. Toxicity and metabolism of explosives. CRC Press, Boca Raton, FL, USA, pp 
145-170. 

Yoon JM, Oh BT, Just CL, Scnoor JL. 2002. Uptake and leaching of octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine by hybrid poplar trees. Environ. Sci. Technol. 36: 4649-4655.  

You KS. 1982. Stereospecificities of the pyridine nucleotide-linked enzymes. Meth. Enzymol. 87: 
101-126. 

Zhao X, Yinon J. 2002. Identification of nitrate ester explosives by liquid chromatography-
electrospray ionisation and atmospheric pressure chemical ionization mass spectrometry. J. 
Chromatogr. A  977:59-68. 

Zhao X, Shi N. 1996. Crystal and molecular structures of ε-HNIW. Chi. Sci. Bull. 41: 574-576. 
Zuckermann H, Greenblatt GD, Haas Y. 1987. OH Formation in the infrared multiphoton 

decomposition of jet-cooled cyclic nitramines. J. Phys. Chem. 91:5159-5161. 
 
 
 
 
 
 
 
 
 
 



 

 179 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

XXIII Appendix: Output 
  



 

 180 

 
Publications 
1. Bardai, G, Sunahara, G.I., Spear, P. A., Grosz, S., and Hawari, J. (2006) Purification of a 

cytosolic GST from Japanese quail(Coturnix coturnix japonica) capable of biotransforming 
CL-20 (submitted: Environ. Toxicol.  Chem.) 

2. Bhushan, B., A. Halasz, and J. Hawari (2005) Biotransformation of CL-20 by a 
dehydrogenase enzyme from Clostridium sp. EDB2. Appl. Microbiol. Biotechnol. 69: 448-
455 

3. Bhushan, B., Halasz, A., and Hawari, J. (2005) Stereo-specificity for pro-(R) hydrogen of 
NAD(P)H during enzyme-catalyzed hydride transfer to CL-20. Biochem. Biophys. Research 
Communication 337: 1080-1083. 

4. Bhushan, B, Halasz, A., and Hawari, J. (2006) Effect of iron (III), humic acid, and 
anthraquinone-2,6-disulphonate on biodegradation of cyclic-nitramines by Clostridium sp. 
EBD2. J. Appl. Microbiology 100: 555-563. 

5. Fournier, D., Monteil-Rivera, F., Halasz, A., Bhatt, M., and Hawari, J. (2005) Degradation of 
CL-20 by white-rot fungi. Chemosphere (In press). 

6. Bardai, G., Sunahara, G. I., Spear, P. A., Martel, M., Gong, P., and Hawari, J. (2005) Effects 
of Dietary Administration of CL-20 on the Japanese Quail (Coturnix coturnix japonica), 
Archives of Environmental Contamination and Toxicology 49: 215-222.     

7. Bonin, M.L., Bejan, D., Radovic-Hrapovic, Z., Halasz, A., Hawari, J., and Bunce, N.J. (2005) 
Indirect oxidation of RDX, HMX and CL-20 explosives in aqueous solution at boron-doped 
diamond electrodes. Environmental Chemistry 2(2): 125-129.  

8. Dodard, S.G., Sunahara, G.I., Sarrazin, M., Gong, P., Kuperman, R.G., Ampleman, G., 
Thiboutot, S., and Hawari, J. (2005) Survival and reproduction of enchytraeid worms 
(Oligochaeta) in different soil types amended with cyclic nitramine explosives.  
Environmental Toxicology and Chemistry. 24(10): 2579-2587. 

9. Groom, C., Halasz, A., Paquet, L., Thiboutot, S., Ampleman, G., and Hawari, J. (2005) 
Detection of nitroaromatic and cyclic nitramine compounds by cyclodextrin assisted 
electrophoresis quadrupole ion trap mass spectrometry. J. Chromatogr. A 1072: 73-82. 

10. Balakrishnan, V.K., Monteil-Rivera, F., Halasz, A., Corbeanu, A., and Hawari, J. (2004) 
Decomposition of the polycyclic nitramine explosive, CL-20, by Fe0. Environ. Sci. Technol. 
38: 6861-6866. 

11. Balakrishnan, V.K., Monteil-Rivera, F., Gautier, M.A., and Hawari J. (2004) Sorption and 
stability of the polycyclic nitramine CL-20 in soil. J. Environ. Qual. 33:1362-1368. 

12. Bhushan, B., Halasz, A., Spain, J.C., and Hawari J. (2004) Initial reaction(s) in 
biotransformation of CL-20 is catalyzed by salicylate 1-monooxygenase from Pseudomonas 
sp. strain ATCC 29352. Appl. Environ. Microbiol. 70:4040-4047. 

13. Bhushan, B., Halasz, A., and Hawari, J. (2004) Nitroreductase catalyzed biotransformation of 
CL-20. Biochem. Biophys. Res. Commun. 322:271-276. 

14. Bhushan, B., Halasz, A., Thiboutot, S., Ampleman, G., and Hawari J. (2004) Chemotaxis-
mediated biodegradation of cyclic nitramine explosives RDX, HMX and CL-20 by 



 

 181 

Clostridium sp. EDB2. Biochem. Biophys. Res. Commun. 316:816-821 

15. Gong, P., Sunahara, G.I., Rocheleau, S., Dodard, S.G., Robidoux, P.Y., and Hawari J. (2004) 
Preliminary ecotoxicological characterization of a new energetic substance, CL-20. 
Chemosphere 56:653-658. 

16. Hawari, J., Deschamps, S., Beaulieu, C., Paquet, L., Halasz, A. (2004) Photodegradation of 
CL-20: insights into the mechanisms of initial reactions and environmental fate. Water Res. 
38: 4055-4064. 

17. Monteil-Rivera, F., Paquet, L., Deschamps, S., Balakrishnan, V.K., Beaulieu, C., and Hawari, 
J. (2004) Physico-chemical measurements of CL-20 towards environmental applications:  
comparison with RDX and HMX.  J. Chromatogr. A 1025:125-132. 

18. Robidoux, P.Y., Sunahara, G.I., Savard, K., Berthelot, Y., Leduc, F., Dodard, S., Martel, M., 
Gong, P., and Hawari, J. (2004) Acute and chronic toxicity of the new explosive CL-20 to the 
earthworm (Eisenia andrei) exposed to amended natural soils. Environ. Toxicol. Chem. 23: 
1026-1034. 

19. Bhushan, B., Paquet, L., Spain, J.C., and Hawari, J. (2003) Biotransformation of 
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) by denitrifying 
Pseudomonas sp. Strain FA1. Appl. Environ. Microbiol. 69:5216-5221. 

20. Balakrishnan, V.K., Halasz, A., and Hawari, J. (2003) Alkaline hydrolysis of the cyclic 
nitramine explosives RDX, HMX and CL-20: New insights into degradation pathways 
obtained by the observation of novel intermediates. Environ. Sci. Technol., 37:1838-1843. 

21. Trott, S., Nishino, S.F., Hawari, J., and Spain, J.C. (2003) Biodegradation of the nitramine 
explosive CL-20. Appl. Environ. Microbiol. 69: 1871-1874. 

22. Groom, C.A., Halasz, A., Paquet, L., D’Cruz, P., and Hawari, J. (2003) Cyclodextrin assisted 
capillary electrophoresis for determination of the cyclic nitramine explosives RDX, HMX 
and CL-20: a comparison with high performance liquid chromatography (HPLC). J. 
Chromatogr. A, 999:17-22. 

 
Book Chapters & Critical Reviews: 
1. Monteil-Rivera, F., A. Halasz, C. Groom, J.-S. Zhao, S. Thiboutot, G. Ampleman, and J. 

Hawari. (2005) “Fate and Transport of Explosives in the Environment:  A Chemist’s View” 
In “Ecotoxicology of Explosives and Unexploded Ordnance" EET Series Textbook, CRC, Ed 
Sunahara, Kuperman, Lutofo and Hawari  (accepted). 

2. Zhao, J. S., D. Fournier, S. Thiboutot, G. Ampleman and Hawari J. (2004) Biodegradation 
and Bioremediation of Explosives. In ¨Soil Biology¨, Bioremediation, Phytoremediation and 
Natural Attenuation, Springer-Verlag Berlin Heidelberg, Ed A. Singh and O. Ward. 55-80. 

3. Hawari J.A., and A. Halasz (2002) Microbial Degradation of Explosives ¨In The 
Encyclopedia of Environmental Microbiology, (Ed) Gabriel Bitton, University of Florida,¨ 
John Wiley & Sons ltd, NY Amsterdam, The Netherlands 1979-1993. 
 



 

 182 

Symposia & Proceedings 
1. Hawari J. Biodegradation of Explosives: Environmental Fate, 18th Eastern Canadian Sym. of 

the Can. Assoc. on Water Quality (CAWQ), Ecole Polytechnique, Oct 18, 2002, Montreal, 
Canada. 

2. Groom C, Hawari J. 2002. Cyclodextrin Assisted Capillary Electrophoresis for the 
Monitoring of Cyclic Nitramine Explosive Degradation.  Proc. EnviroAnalysis, 2002, 
Toronto, Canada, ISBN  0-7709-0470-X, pp 453-458. 

3. Hawari J, Zhao JS, Bhushan B, Hooper T, Halasz A, Spain J, Thiboutot S. Biodegradation of 
RDX, HMX and CL-20 by Isolates from Anaerobic Sludge and Soil. Partners in 
Environmental Technology, Tech. Symp. & Workshop (SERDP/ESTCP), Dec. 3-5, 2002, 
Washington, DC, USA. 

4. Groom C, Halasz A, Monteil-Rivera F, Hawari J. Extraction Technologies and Analytical 
Tools to Provide Insight into the Environmental Fate and Degradation Pathways of the New 
Explosive CL-20, 5th International Symposium on Advances in Extraction Technologies 
(ExTech), March 5-7, 2003, Tampa, FL, USA. 

5. Balakrishnan VK, Halasz A, Hawari, J. The Alkaline Hydrolysis of the Cyclic Nitramine 
Explosives RDX, HMX, and CL-20: New Insights into Degradation Pathways Obtained by 
the Observation of Novel Intermediates. 39th IUPAC Congress and the 86th Conference of 
the Canadian Society for Chemistry, Aug. 10-15, 2003, Ottawa, Canada. 

6. Dodard SG, Hawari J, Sarrazin M, Gong P, Paquet L, Ampleman G, Thiboutot S, Sunahara 
GI. Toxic effects of polynitro-organic compounds on enchytraeids (Oligochaeta) in freshly 
amended natural soils. The 30th Annual Aquatic Toxicity Workshop, Sept. 28 – Oct. 01, 
2003, Ottawa, Canada. 

7. Robidoux PY, Sunahara GI, Savard K, Berthelot Y, Dodard S, Leduc F, Sarrazin M, Hawari 
J. Acute and chronic toxicity of the new explosive CL-20 in the earthworm (Eisenia andrei) 
exposed to amended natural soils. The 30th Annual Aquatic Toxicity Workshop, Sept. 28 – 
Oct. 01, 2003, Ottawa, Canada. 

8. Robidoux PY, Leduc F, Savard K, Berthelot Y, Dodard S, Martel M, Sarrazin M, Hawari J, 
Sunahara GI. Acute and chronic toxicity of the new explosive CL-20 in the earthworm 
(Eisenia andrei) exposed to amended natural soils. SETAC 24nd Annual Meeting Abstract 
Book, Nov. 8 –13, 2003, Austin Convention Center, Austin, TX, USA. 

9. Dodard SG, Gong P, Sarrazin M, Hawari J, Kuperman RG, Sunahara GI. Toxicity of CL-20 
and other explosives to two species of enchytraeid worms. Partners in Environmental 
Technology Technical Symposium & Workshop (SERDP/ESTCP), Dec. 2-4, 2003, 
Washington, DC, USA. 

10. Rocheleau S, Gong P, Dodard SG, Martel M, Sarrazin M, Bush G, Hawari J, Sunahara GI. 
Effect of CL-20, a new explosive, on selected terrestrial plants, soil microbes, freshwater 
algae and marine bacteria. Partners in Environmental Technology, Technical Symposium & 
Workshop (SERDP/ESTCP), Dec. 2-4, 2003, Washington, DC, USA. 

11. Balakrishnan VK, Monteil-Rivera F, Gautier MA, Hawari J. Fate of the new explosive, CL-
20, in soil. Partners in Environmental Technology, Technical Symposium & Workshop 
(SERDP/ESTCP), Dec. 2-4, 2003, Washington, DC, USA.  

12. Monteil-Rivera F, Manno D, Balakrishnan VK, Fournier D, Hawari J. Behavior of CL-20 in 
natural soil environments, Remediation of Chlorinated and Recalcitrant Compounds: The 
Fourth International Conference, May 24-27, 2004, Monterey, CA, USA. 



 

 183 

13. Fournier D, Bhatt M, Halasz A, Spain JC, Hawari J. Aerobic Degradation of the cyclic 
nitramines HMX and CL-20 by Phanerochaete chrysosporium. 104th General Meeting of the 
American Society for Microbiology (ASM), May 23-27, 2004, New Orleans, LA, USA. 

14. Halasz A, Groom C, Paquet L, Hawari J. Detection of nitroaromatics and cyclic nitramines 
by mass spectrometry (CE/MS and LC/MS). 6th International Symposium on Advances in 
Extraction Technologies (ExTech), Sept 6-8, 2004, Leipzig, Germany. 

15. Monteil-Rivera F, Halasz A, Bhushan B, Spain JC, Hawari J. Degradation routes of CL-20, 
Partners in Environmental Technology, Technical Symposium & Workshop 
(SERDP/ESTCP), Nov. 30-Dec. 2, 2004, Washington, DC, USA. 

16. Bardai G, Sunahara GI, Spear P, Martel M, Gong P, Hawari J. Effects of dietary 
administration of CL-20 to the Japanese quail (Coturnix coturnix japonica). Partners in 
Environmental Technology, Technical Symposium & Workshop (SERDP/ESTCP), Nov. 30-
Dec. 2, 2004, Washington, DC, USA. 

17. Bardai G, Spear PA, Halasz A, Hawari J, Dodard S, Grosse S, Hoang J, Sunahara GI. 
Biotransformation of CL-20: New Toxicant Old Enzyme. TOXEN Conference Dec 9, 2005. 
Montreal, Quebec 

18. Bardai, G, Hawari J, Halasz A, Dodard S, Spear  PA, Grosse S, Hoang J, Sunahara GI. 
Purification of a cytosolic GST from Japanese quail (Coturnix coturnix japonica) and the 
rabbit (Oryctolagus cuniculus) capable of biotransforming CL-20.Society of Environmental 
Toxicology and Chemistry.2005.13 Nov- 17 Nov. Baltimore, MY.  

19. Bardai G, Hawari J, Halasz A, Dodard S, Spear  PA, Grosse S, Hoang J, Sunahara GI. 
Purification of Japanese quail and rabbit cytosolic glutathione S-transferases capable of 
biotransforming CL-20. 2005. Proceedings of the 32nd Annual Aquatic Toxicity Workshop: 
October 3 to 5 Waterloo, ONT.  

20. Hawari et al. 2005 Laboratory Research Findings on the Environmental Behavior of the New 
Energetic Chemical, CL-20. SERDP 2005, 29Nov-2Dec), Washington, USA 

21. Biotransaformation of CL-20 by glutathione S-transferase. Proc of the 322nd Annual  Aquatic 
Toxicity Workshop  Oct 2-5, 2005, Waterloo, Canada.  

22. Environmental Biotechnology at BRI, NRCC, (Sep 9, 2004): UFZ: Center for Environmental 
Sciences, Leipzig, Germany 

 
Award(s) 
1. NRC-CANADA Outstanding achievement award-external recognition (2004) 
2. UQAM-TOXEN Best Student Oral Presentation (2005) 
3. Co-recipient of TTCP Frances Beaupre Award, UK: Fate and Impact of ECs (2005) 
 
Students 
1. Dominic Manno, 2003, DEC Ecology, College Vannier, Montreal, Canada. 
2. Mathieu Gautier, 2003, MSc Chemistry, University of Poitiers, France. 
3. Aurelian Corbeanu, 2004, BSc Chemistry, University of Concordia, Montreal, Canada. 
4. Mélissa Banville, 2004, BSc Chemistry, University of Montreal, Canada. 
5. Frédérique Matteau, 2004, DEC Ecology, College Vannier, Montreal, Canada. 
6. Ghalib Bardai, 2004, MSc Environmental Toxicology, UQAM, Montreal, Canada. 
 



 

 184 

Related Technical reports   
1. Toxicity of Nitro-Heterocyclic and Nitroaromatic Energetic Chemicals to terretrial Plants in a 

Natural Sandy Loam Soil, April 2005, US Army Research, Developemnt and Engineering 
Commandnd Edgewood Chemical Biological Center ECBC-TR-351, Aberdeen Proving 
Ground, MD 21010-5424.  

2. In ovo Effects of Selected Energetic Substances on the Japanese Quail (coturnix coturnix 
japonica) Embryo (Report submitted to Sonia Thiboutot, DRDC Valcartier, DND Canada). 
NRCC # 45940  

3. Characterization and Degradation of RDX, HMX and CL-20 in Soil, Sediments and Water. 
Final Report submitted to Sonia Thiboutot, DRDC, DND, Valcartier, Quebec, June 10, 2005, 
175 pages + annexes.  NRC # 47238 

4. Characterization and Degradation of RDX, HMX and CL-20 in Soil Sediments and Waters, 
Submitted to Sonia Thiboutot, DRDC, DND, Valcartier, Quebec, July 2004, 118 pages + 
annexes.   

5. Environmental Fate and Transport of a New Energetic Material, CL-20 (SERDP CP1256), 
Submitted to Bob Holst, 901 N Stuart St. #303, Arlington, Virginia 22203, 2003, 98 pages.  

6. Environmental Fate and Transport of a New Energetic Material, CL-20 (SERDP CP1256), 
Submitted to Bob Holst, 901 N Stuart St. #303, Arlington, Virginia 22203, 2002, 80 pages 

 
Collaborations 
1. DRDC, DND, Canada, Guy Ampleman, Sonia Thiboutot: Provision of  potential  degradation 

products of CL-20 as reference standards to determine degradation/biotransformation 
pathways 

2. Georgia Institute of Technology (formerly AFRL, FL), Jim Spain: Aerobic degradation of 
CL-20 using soil isolates 

3. US Army Edgewood Chemical Biological Center (ECBC), MD, Roman Kuperman:  
Comparison of Toxicity data 

4. Pacific Northwest National Laboratories (PNNL), Richland, WA, Jim Szecsody: Comparison 
of sorption/desorption data.  

5. Guelph University, Guelph, Canada, Nigel Bunce and Pascale Bonnin: Electrochemical 
decomposition of CL-20 

 
Cooperative Development   
1. US Army Engineer Research and Development Center, Vicksburg, MS, H. Fredrickson: 

Knowledge exchange on CL-20 biodegradation.   
2. Center for Environmental Engineering, Stevens Institute of Technology, Hoboken, NJ, C. 

Christodoulates: Meetings and knowledge exchange on CL-20 biodegradation.   
3. Mitretek Systems, Atlanta, GA; Catherine Vogel: information provided to draft a report 

documenting and comparing all available data on the physiochemical parameters, fate and 
transport properties, and toxicities for CL-20 and RDX.  The target audience for this report 
will be DOD acquisition program managers, their environmental support staffs, and DOD 
policy makers 

4. Cranfield University, Shrivenham, Swindon , United Kingdom;    Dr.Bellamy:   we crossed 
checked interemdiate reductive degradation products of CL-20 from our system using  



 

 185 

Fe(0)/CL-20 annd his system using   metal powders (Pb) and SnCl2.    Results were harmonic 
with each other  

 
Other Contributors 
1. A.T.K. Thiokol Propulsion, Brigham City, UT, USA, Scott Hamilton, Scott Lusk and Karen 

Anderson. 
2. NAWCWD, China Lake, CA, USA, Robin Nissan 
3. SERDP, Dr. Andrea Leeson, Dr. Charles J. Pellerin and Dr. Robert W. Holst.  
 
Program Manager:   Dr. Andrea Leeson 



 

 186 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

XXIV Appendix: Publications 
 
 
 
 
 
 
 
 

 



Alkaline Hydrolysis of the Cyclic
Nitramine Explosives RDX, HMX,
and CL-20: New Insights into
Degradation Pathways Obtained
by the Observation of Novel
Intermediates
V I M A L K . B A L A K R I S H N A N ,
A N N A M A R I A H A L A S Z , A N D
J A L A L H A W A R I *

Biotechnology Research Institute,
National Research Council of Canada,
6100 Royalmount Avenue,
Montréal, Quebec, Canada H4P 2R2

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX, I) and octa-
hydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) hydrolyze
at pH > 10 to form end products including NO2

-, HCHO,
HCOOH, NH3, and N2O, but little information is available on
intermediates, apart from the tentatively identified
pentahydro-3,5-dinitro-1,3,5-triazacyclohex-1-ene (II).
Despite suggestions that RDX and HMX contaminated
groundwater could be economically treated via alkaline
hydrolysis, the optimization of such a process requires more
detailed knowledge of intermediates and degradation
pathways. In this study, we hydrolyzed the monocyclic
nitramines RDX, MNX (hexahydro-1-nitroso-3,5-dinitro-1,3,5-
triazine), and HMX in aqueous solution (pH 10-12.3) and
found that nitramine removal was accompanied by formation
of 1 molar equiv of nitrite and the accumulation of the
key ring cleavage product 4-nitro-2,4-diazabutanal (4-NDAB,
O2NNHCH2NHCHO). Most of the remaining C and N
content of RDX, MNX, and HMX was found in HCHO, N2O,
HCOOH, and NH3. Consequently, we selected RDX as a
model compound and hydrolyzed it in aqueous acetonitrile
solutions (pH 12.3) in the presence and absence of
hydroxypropyl-â-cyclodextrin (HP-â-CD) to explore other
early intermediates in more detail. We observed a transient
LC-MS peak with a [M-H] at 192 Da that was tentatively
identified as 4,6-dinitro-2,4,6-triaza-hexanal (O2NNHCH2-
NNO2CH2NHCHO, III) considered as the hydrolyzed product
of II. In addition, we detected another novel intermediate
with a [M-H] at 148 Da that was tentatively identified
as a hydrolyzed product of III, namely, 5-hydroxy-4-nitro-
2,4-diaza-pentanal (HOCH2NNO2CH2NHCHO, IV). Both III and
IV can act as precursors to 4-NDAB. In the case of the
polycyclic nitramine 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20), denitration (two NO2

-) also
led to the formation of HCOOH, NH3, and N2O, but neither
HCHO nor 4-NDAB were detected. The results provide strong
evidence that initial denitration of cyclic nitramines in

water is sufficient to cause ring cleavage followed by
spontaneous decomposition to form the final products.

Introduction
The cyclic nitramines hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
(HMX) are highly energetic compounds used in various
propellants and conventional munitions (Figure 1). The
manufacturing and usage of these toxic munitions (1-3) have
resulted in severe contamination of both soils and ground-
water (4, 5), thus necessitating their safe removal from the
environment.

Numerous investigations have established that the typical
decomposition (photochemical (6-8), thermal (9, 10), mi-
crobiological (11-15), or hydrolytic (16-18)) of RDX produces
end products including nitrite (NO2

-), nitrous oxide (N2O),
N2, ammonia (NH3), formaldehyde (HCHO), formic acid
(HCOOH), and CO2. Hoffsommer and co-workers (16)
reported that RDX degradation in alkaline medium was
initiated by a single denitration step to first form pentahydro-
3,5-dinitro-1,3,5-triazacyclohex-1-ene (II), which then hy-
drolyzed further leading to rapid ring cleavage and decom-
position. While only a few studies have been conducted with
HMX, it has been shown that HMX undergoes alkaline
hydrolysis at a slower rate than RDX (17, 18), to give a product
distribution (NO2

-, N2O, NH3, N2, and HCOOH) similar to
that obtained with RDX (19). The polycyclic nitramine 2,4,6,8,-
10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20)
has only recently been synthesized (20, 21). Therefore, little
information is currently available on its chemical and
biological activity and fate.

Recently, we showed that both Rhodococcus sp. strain
DN22 (11) and light (350 nm) (8) can successfully decompose
RDX in water via initial denitration to produce 4-nitro-2,4-
diazabutanal (4-NDAB, O2NNHCH2NHCHO) as a major ring
cleavage product in both cases. In addition the end products
that we found in the previous photochemical (8) and
enzymatic (11) studies are basically similar and included
NO2

-, N2O, NH3, HCHO, CO2, and H2NCHO.
While many of the end products of RDX hydrolysis are

known, intermediates and decomposition pathways are not
well understood. Heilmann et al. (18) suggested that RDX
and HMX contaminated waters could be economically treated
using granular activated carbon (GAC) to first adsorb the
explosive, followed by off-line regeneration of the laden GAC
through alkaline hydrolysis. However, for this technology to
be optimized, knowledge of intermediates and the degrada-
tion pathways of these two monocyclic nitramines is critical
both to predict their behavior and enhance their removal
from the environment.

Since the end products of RDX decomposition during
enzymatic biodegradation with strain DN22 (11) were similar
to those obtained via both alkaline hydrolysis (16-18) and
photolysis (8), we hypothesize that following initial deni-
tration of the cyclic nitramine, ring cleavage, and subsequent
decomposition is largely dictated by the aqueous chemistry
of the resulting intermediates. Therefore, if other cyclic
nitramines such as MNX (hexahydro-1-nitroso-3,5-dinitro-
1,3,5-triazine), HMX, and CL-20 produce end products similar
to those of RDX, then their decomposition mechanisms
should also be similar (18, 19). Hence, our objective in the
present study was to provide additional insight into the
degradation pathways of these cyclic nitramines by first
determining whether RDX, HMX, MNX, and CL-20 hydrolyzed

* Corresponding author phone: (514)496-6267; fax: (514)496-6265;
e-mail: jalal.hawari@nrc.gc.ca.
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in aqueous, alkaline (pH 10) conditions to produce similar
end products. We then selected RDX as a model cyclic
nitramine compound and hydrolyzed it in aqueous aceto-
nitrile solutions (pH 12.3) in the presence and absence of
hydroxypropyl-â-cyclodextrin (HP-â-CD) in an attempt to
explore other early intermediates in more detail.

Experimental Section
Chemicals. Commercial grade RDX (purity > 99%), ring-
labeled [15N]-RDX (purity ca. 98%), HMX (purity > 99%), and
hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX, 99% pure)
were provided by the Defense Research and Development
Canada (DRDC), Valcartier, Canada. 2,4,6,8,10,12-Hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (ε-CL-20) was provided
by A.T.K. Thiokol Propulsion (Brigham City, UT). Hexahydro-
1-nitroso-3,5-dinitro-1,3,5-triazine (MNX, 99% pure) was
provided by R. Spanggord (SRI, Menlo Park, Ca). 4-Nitro-
2,4-diazabutanal (4-NDAB) was obtained as described by
Fournier et al. (11), and during revisions to this manuscript
we confirmed its identity against an authentic sample of
4-NDAB synthesized by Dr. Jeffery Bottaro and Dr. Ron
Spanggord (SRI, Menlo Park, CA). Methylene dinitramine
was obtained from the rare chemical department, Aldrich,
Canada. All other chemicals used in this work were reagent
grade.

Hydrolyses of RDX, MNX, HMX, and CL-20 in Aqueous
Solution at pH 10. To a series of dry 20 mL vials (each
wrapped in aluminum foil) was added an aliquot of cyclic
nitramine stock solution prepared in acetone. The acetone
was evaporated in a fume hood, followed by the addition of
10 mL of a NaOH solution (pH 10) to give the following
concentrations 215, 180, 110, and 100 mg L-1 for RDX, MNX,
HMX, and CL-20, respectively. The initial concentrations were
kept well in excess of the maximum water solubility of each
nitramine (ca. 50 mg L-1 for RDX (22), 5 mg L-1 for HMX (22),
and 3.6 mg L-1 for CL-20 (23)) in an attempt to generate
sufficient amounts of intermediates to allow detection. The
vials were sealed with Teflon coated serum caps and placed
in a thermostated benchtop shaker at 30 °C and 200 rpm.
Some vials were sparged with Argon for 2 h to allow analysis
for N2.

A second hydrolysis of HMX was also performed the same
manner as described above, but at pH 12.3 instead of pH 10.
The products formed at this elevated pH were identified after
60 h and after 120 h.

We used a gastight syringe to measure gaseous products
(N2O and N2) in the headspace, but for the analysis of the
liquid medium we first quenched the reaction by adding an
acidic MeCN solution (10 mL, pH 4.5). MeCN also solubilized
undissolved starting material for subsequent analysis. The
quenched vials were then stored in a refrigerator at 4 °C until
analyzed.

Hydrolysis of RDX in 70% MeCN:30 H2O (v/v) Mixture.
RDX (0.1 g) or [15N]-RDX was placed into a vial to which a
10 mL solution of NaOH (pH 12.3) in 70:30 (v/v) acetonitrile:
water was added, giving an initial RDX concentration of 10 000
mg L-1. MeCN was used to solubilize the high RDX
concentration used, while a high pH was used to accelerate
the reaction. The vial was sealed with a Teflon coated serum
cap and placed in a thermostated benchtop shaker at 30 °C
and 200 rpm. After 22 h, the reaction was quenched by the
addition of HCl (1 M), and the mixture was then concentrated
under reduced pressure (18 mmHg). The remaining mixture
was passed through a column containing 3-aminopropyl-
functionalized silica gel (Aldrich) using a 70% acetonitrile:
30% water (v/v) mixture to remove chloride and nitrite anions,
preventing interference during LC-MS (ES-) analysis (dis-
cussed below).

Hydrolysis of RDX in the Presence of Hydroxypropyl-
â-cyclodextrin (HP-â-CD). HP-â-CD was used in an effort
to stabilize putative early intermediates such as pentahydro-
3,5-dinitro-1,3,5-triazacyclohex-1-ene (II) and its ring cleav-
age products (O2NNHCH2NNO2CH2NHCHO (III) and HOCH2-
NNO2CH2NHCHO (IV)) by forming inclusion complexes.
RDX (0.1 g) or [15N]-RDX (0.1 g) was placed in a vial, followed
by the addition of 10 mL of NaOH (pH 12.3) in 65:35 (v/v)
acetonitrile:water containing 3% (wt/v) HP-â-CD. Hydrolysis
and sample preparation for subsequent analysis was con-
ducted as discussed above.

Analytical Procedures. The concentration of RDX, MNX,
HMX, and CL-20 was determined using a reversed-phase
HPLC connected to a photodiode array (PDA) detector, as
described previously (11). Formaldehyde (HCHO) (24),
15N14NO (45 Da), and 14N14NO (44 Da) analyses were carried
out as described by Sheremata and Hawari (25). Analyses of
nitrite (NO2

-), nitrate (NO3
-), formate (HCOO-), and am-

monium (NH4
+) were performed by capillary electrophoresis

on a Hewlett-Packard 3D-CE equipped with a Model 1600
photodiode array detector and a HP capillary part number
1600-61232. The total capillary length was 64.5 cm, with an
effective length of 56 cm and an internal diameter of 50 µm.
For nitrite, nitrate, and formate, analyses were performed
using sodium borate (25 mM) and hexamethonium bromide
(25 mM) electrolytic solution at pH 9.2 (26). NH3 (determined
as NH4

+) was analyzed using a formic acid (5 mM), imidazole
(10 mM), and 18-crown-6 (50 mM) electrolytic solution at
pH 5. In all cases, UV detection was performed at 215 nm
(27).

A Micromass benchtop single quadropole mass detector
attached to a Hewlett-Packard 1100 Series HPLC system
equipped with a DAD detector was used to analyze RDX ring
cleavage intermediates. The samples were injected into a 4
µm-pore size Supelcosil CN column (4.6 mm i.d. × 25 cm;
Phenomenex, Torrance, Ca) at 35 °C. The solvent system
was composed of 20% acetonitrile:80% water (v/v). For mass
analysis, ionization was performed in a negative electrospray
ionization mode, ES(-), producing mainly the deprotonated
molecular mass ions [M - H]. The mass range was scanned
from 30 to 400 Da with a cycle time of 1.6 s, and the resolution
was set to 1 Da (width at half-height).

Results and Discussion
Alkaline Hydrolysis of Cyclic Nitramines: Product Distri-
bution. Figure 2 shows that disappearance of RDX during
hydrolysis in water (pH 10) is concomitant with the formation
and accumulation of NO2

-, N2O, and formaldehyde (HCHO).
Although we were unable to detect formamide, we detected
its hydrolyzed products HCOO- (0.18 µmol) and NH3 (0.20
µmol, detected as NH4

+). Amides are known to undergo
spontaneous hydrolysis under alkaline conditions (28) to
produce the corresponding amines and acids. Figure 2 also
shows that the disappearance of RDX was accompanied by

FIGURE 1. Representative structures of various cyclic nitramines.
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the accumulation of the ring cleavage product 4-nitro-2,4-
diazabutanal (4-NDAB,O2NNHCH2NHCHO), which was also
a key product during photodenitration (8) and enzymatic
degradation (11) of RDX. With the exception of our observa-
tion of 4-NDAB, the product distribution of the present RDX
hydrolysis resembles that reported by Hoffsommer et al. (16),
Croce and Okamoto (17), and Heilmann et al. (18).

Table 1 summarizes the normalized molar yields for the
products obtained at the end of the hydrolysis experiments
for RDX, MNX, HMX, and CL-20 at pH 10. From this table,
it is apparent that the monocyclic nitramines (RDX, MNX,
and HMX) lose 1 equiv of NO2

- and form O2NNHCH2NHCHO
(4-NDAB) as a major product. This is the first time that
4-NDAB formation has been conclusively demonstrated as
a common feature in the alkaline hydrolyses of RDX, MNX,
and HMX (Figure 3).

In addition to forming NO2
- and 4-NDAB, MNX hydrolysis

(see Supporting Information) produced N2O (trace quanti-
ties), HCHO, and small amounts of HCOO- (0.35 µmol) and
NH3 (0.33 µmol) (Table 1), which presumably formed from
the hydrolysis of formamide as discussed above. Likewise,
HMX hydrolysis (Supporting Information) was accompanied
by the release of 1 molar equiv of NO2

- with the formation
of the end products N2O, HCHO, and 4-NDAB (Table 1).
Since HMX hydrolyzes an order of magnitude more slowly
than RDX (17), we followed only the first 5% of the reaction
(i.e., 21 days) and were thus unable to unequivocally confirm
the presence of NH3 and HCOO-. However, when we
increased the pH to accelerate the reaction, we detected NH3

and HCOO-. After 60 h at pH 12.3, HMX decomposed to
produce NO2

-, N2O, HCHO, 4-NDAB, NH3, and HCOO-, just
as we observed at pH 10 for RDX and MNX. Interestingly,
after an additional 60 h at this elevated pH, 4-NDAB
completely disappeared. This instability explains why 4-ND-
AB was not reported during earlier hydrolysis studies (16-
19).

Finally, when we hydrolyzed CL-20 at pH 10 (Supporting
Information), 2 molar equiv of NO2

- were released instead
of one and N2O, NH3, and HCOO- formed, while HCHO and
4-NDAB did not (Table 1). The observation of NO2

- em-
phasized once again the importance of initial denitration in
the subsequent decomposition of CL-20. However, our
inability to observe 4-NDAB is not surprising in view of the
structural differences between the rigid caged polycyclic CL-
20 which is characterized by the presence of C-C bonds
(elongated) that are absent in the case of the monocyclic
ones (Figure 1). CL-20 hydrolysis occurred at a faster rate
(1.09 × 10-2 h-1) than was observed for either RDX (7.21 ×

10-3 h-1) or HMX (∼1 × 10-4 h-1) but slower than we found
for MNX (2.83 × 10-2 h-1). The faster rate of hydrolysis
observed with CL-20 compared to RDX and HMX decom-
position most likely arises from the highly strained nature
of the polycyclic nitramine cage (29), which renders CL-20
more susceptible to nucleophilic attack.

We were unable to observe any RDX nitroso products
(hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahy-
dro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), and hexahy-
dro-1,3,5-trinitroso-1,3,5-triazine (TNX)), which is also con-
sistent with other reports on the alkaline hydrolysis of RDX
(16-18). Indeed we found that hydrolysis on MNX under the
same conditions failed to produce the dinitroso (DNX) or
the trinitroso (TNX) compounds. Likewise, when we hydro-
lyzed HMX and CL-20 at pH 10, none of their corresponding
nitroso products were observed. These results provide strong
evidence that initial denitration is a key step responsible for
the decomposition of cyclic nitramines in water.

For RDX, we found a C mass balance of 97% distributed
as follows: HCHO (31.3%), HCOOH (2.3%), and O2NNHCH2-
NHCHO (63.4%) and a N mass balance of 90.7% distributed
as follows: NO2

- (16.2%), N2O (25.6%), NH3 measured as
NH4

+ (1.3%), and O2NNHCH2NHCHO (47.6%). For MNX, we
found a C mass balance of 87.8% in HCHO (26.6%), HCOOH
(5.05%), and O2NNHCH2NHCHO (56.1%) and a N mass
balance of 60.45% distributed as follows: NO2

- (15.6%), N2O
(0.14%), NH3 measured as NH4

+ (2.35%), and O2NNHCH2-
NHCHO (42.1%). Whereas for HMX, we found a C mass
balance of 90% distributed as follows: HCHO (46.2%), O2-
NNHCH2NHCHO (43.8%) and a N mass balance of 86%
distributed as follows: NO2

- (14.7%), N2O (38.5%), O2-
NNHCH2NHCHO (32.8%).

Identification of Early Intermediates in RDX Hydrolysis.
In none of the LC/MS chromatograms shown (Figures 3 and

FIGURE 2. Time course of the alkaline hydrolysis of RDX at pH 10.
Data points are the mean and error bars the standard deviation (n
) 3).

FIGURE 3. Typical LC/MS chromatograms of intermediates formed
during hydrolysis of cyclic nitramines RDX, MNX and HMX in
aqueous media at pH 10. (A) RDX after 8 days, (B) MNX after 1 day,
(C) HMX after 15 days. Note that 4-nitro-2, 4-diaza-butanal (4-NDAB)
appears as a key product in each case.
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4) were we able to directly detect pentahydro-3,5-dinitro-
1,3,5-triaza-1-ene (II). Since II is an enamine, it should react
quite readily with water through its reactive -CdN bond
(30), and in fact, it is known that II hydrolyzes at a rate 5
orders of magnitude higher than RDX (I) (16, 17). Therefore,
we hydrolyzed RDX in a MeCN:H2O mixture in the presence
and absence of HP-â-CD in an attempt to generate and
stabilize sufficient amounts of II and other suspected key
intermediates to allow their detection.

Figure 4A shows that RDX hydrolysis in a MeCN:H2O
mixture (70% v/v) produced 4-NDAB (r.t. 3.6 min) and two
additional peaks marked III (r.t. 6.7 min) and IV (r.t. 4.4
min). III was detected only in trace amounts, but, as discussed
below, the presence of HP-â-CD increased its yield (Figure
4B). Figure 5A shows III with a [M - H] at 192 Da, matching
a molecular mass formula of C3H7N5O5, and three other mass
ion fragments at 46, 61, and 118 Da, representing -NO2,
-NHNO2, and the deprotonated mass ion of O2NNHCH2-
NHCHO (4-NDAB), respectively. When ring-labeled [15N]-
RDX was used, the [M - H] ion appeared at 195 Da,
confirming that this intermediate contained all three 15N
atoms originally present in the ring structure of RDX. In
addition, the mass ion fragments appearing at 118 and 61 Da
were shifted to 120 Da (O2

14N15NHCH2
15NHCHO) and 62 Da

(-15NH14NO2), respectively. We tentatively identified III as
the ring cleavage intermediate 4,6-dinitro-2,4,6-triaza-hexa-
nal (O2NNHCH2NNO2CH2NHCHO), considered as a hydro-
lyzed product of the presumably formed denitrated cyclo-
hexene intermediate (II). Previously, we demonstrated that
RDX photolysis in aqueous solution in a Rayonet photoreactor
at 350 nm also produced intermediate O2NNHCH2NNO2-
CH2NHCHO, which was also attributed to the hydration of
the initially formed denitrated intermediate II (8). This,
however, is the first report of the formation of intermediate
O2NNHCH2NNO2CH2NHCHO via the alkaline hydrolysis of
RDX.

Meanwhile, the peak labeled IV exhibited a [M - H] at
148 Da, matching a molecular mass formula of C3H7N3O4. IV
showed three other mass ion fragments at 46, 61, and 118
Da, representing -NO2, -NHNO2, and the [M - H] of O2-

NNHCH2NHCHO, respectively (Figure 5B). When ring-
labeled [15N]-RDX was used, the [M - H] ion of IV shifted
to 150 Da (Figure 5C), indicating that the intermediate
contained only two of the three ring-labeled 15N atoms in
RDX. In addition, the [M - H] peaks that were detected at
118 and 61 Da shifted to 120 (O2

14N15NHCH2
15NHCHO) and

62 Da (-15NH14NO2) Da, respectively. Therefore, we suggest-
ed that the [M - H] peak detected at 148 Da arose from the
ring cleavage product 5-hydroxy-4-nitro-2,4-diaza-pentanal
(HOCH2NNO2CH2NHCHO, IV) that likely formed upon
hydrolysis of O2NNHCH2NNO2CH2NHCHO (III).

When we hydrolyzed RDX (1% w/v) in the presence of 3%
HP-â-CD in a 65:35 (v/v) acetonitrile:water mixture at pH
12.3, we only observed III and 4-NDAB (Figure 4B). As
indicated above, we had hoped that the use of HP-â-CD
during the hydrolysis of I would stabilize its initial denitrated
intermediate (II) through the formation of an inclusion
complex and thus facilitate its detection. Instead, it appears
that the addition of HP-â-CD stabilized III and allowed its
unequivocal detection.

Decomposition Pathways of RDX. Based on product
distribution and mass balance studies (Table 1) and the
critical observation that denitration was a key step responsible
for degradation of cyclic nitramines we proposed a degrada-
tion pathway for RDX as shown in Figure 6. The novel input
in the present study is the discovery of several ring cleavage
products including III, IV, and 4-NDAB (Figure 6). Although
we were unable to detect the initially denitrated intermediate
3,5-dinitro-1,3,5-triazacyclohex-1-ene (II) due to its rapid
hydrolysis in water (16), we were able to detect its hydrolyzed
product III.

Figure 2 shows that for every mole of RDX that disappears,
approximately 1 mol of 4-nitro-2,4-diaza-butanal (4-NDAB)
is formed. However, we found that the disappearance of 0.14
µmol of RDX was accompanied by the formation of only 0.04

FIGURE 4. LC/MS chromatograms of RDX and the early intermediates
formed during its degradation in acetonitrile:water (70:30% v/v) at
pH 12.3. (A) In the absence of HPâCD and (B) in the presence of
HPâCD (3% w/v). In the case of (B), the chromatogram was obtained
using a SynergiPolar-RP column (4.6 mm id. × 15 cm; Phenomenex,
Torrance, CA) at 25 °C, and eluted using a methanol:water gradient.
III: 4,6-dinitro-2,4,6-triaza-hexanal, IV: 5-hydroxy-4-nitro-2,4-diaza-
pentanal.

FIGURE 5. LC-MS (ES) mass spectra of 4,6-dinitro-4,6-diaza-hexanal
(III) (A), 5-hydroxy-4-nitro-2,4-diaza-pentanal (IV) (B), and its 15N
labeled analogue 15N-IV (C).
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µmol of 4-NDAB during the first 3 h, suggesting that there
are intermediates en route to 4-NDAB. Also, both intermedi-
ates III and IV were found to contain a strong mass ion
fragment at 118 Da (Figure 5) characteristic of the [M - H]
assigned to 4-NDAB, indicating that both III and IV act as
precursors to the dead end product 4-NDAB.

Intermediates III and IV have different C-N bonds that
are subject to hydrolytic cleavage. A plausible route for the
formation of the novel intermediate observed with a [M -
H] at 148 Da (IV) could be via nucleophilic attack by OH-

at the C atom of the NH-C1 bond in III, accompanied by
the loss of NH2NO2 (Figure 6). IV could then decompose to
form 4-NDAB and HCHO. Alternatively, cleavage of the C1-
NNO2 bond in III would directly give rise to 4-NDAB and

hydroxymethyl nitramide, O2NNHCH2OH (Figure 6). How-
ever O2NNHCH2OH, being an R-hydroxyalkyl nitramine, is
expected to be unstable in water and should thus decompose
to HCHO and N2O (31). Finally, cleavage at the C2-NNO2

bond in III would lead to the production of methylene
dinitramine (V) and formamide, NH2CHO (Figure 6). Al-
though V was not detected, its presence cannot be excluded
since it decomposes rapidly under alkaline conditions to
produce HCHO and N2O (32).

Clearly, nucleophilic attack at the C1 position in III is
favored because C1, being surrounded on both sides by
stronger electron-withdrawing nitramine groups, is more
electrophilic than C2. Consequently, C1 is more susceptible
to nucleophilic attack by OH- than C2, explaining why attack

TABLE 1. Normalized Molar Yields of the Products Obtained upon Alkaline Hydrolysis (pH 10) of the Cyclic Nitramines RDX, MNX,
HMX, and CL-20d

cyclic nitramine NO2
- N2O NH4

+ 4-NDAB HCHO HCOO-

RDXa 0.972 ( 0.056 0.770 ( 0.130 0.075 ( 0.032 0.951 ( 0.005 0.939 ( 0.037 0.070 ( 0.005
MNXa 0.935 ( 0.005 0.008 ( 0.001 0.141 ( 0.035 0.842 ( 0.032 0.800 ( 0.027 0.152 ( 0.008
HMXb 1.15 ( 0.03 1.48 ( 0.06 ndc 0.859 ( 0.016 1.82 ( 0.04 ndc

CL-20b 1.91 ( 0.09 0.910 ( 0.100 0.793 ( 0.049 not formed not formed 0.493 ( 0.007
a Values are the average of data from three replicate measurements; error values are the standard deviation. b Values are the average of data

from duplicate measurements; error values are the standard deviation. c Due to its slow reaction rate, monitoring of HMX hydrolysis was stopped
after 21 days. It is possible that NH3 and HCOO- formed but were at levels less than the detection limit of the capillary electrophoresis method.
dValues were calculated from the product concentrations obtained at the end of each experiment, and the stoichiometries are calculated based
on the number of moles of product observed for each mole of reactant consumed.

FIGURE 6. Major (attack at C1) and minor (attack at C2) pathways for the alkaline hydrolysis of RDX. Bracketed compounds were not
observed.
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at C2 (producing HCOO- and NH4
+) is of only minor

importance (Table 1). Interestingly, we observed III during
both RDX photodenitration at 350 nm (8) and the present
alkaline hydrolysis but were unable to observe IV prior to
this work. However, the C1-NH bond cleavage that produces
IV (Figure 6) is favored only when the solution pH exceeds
the nitramine pKa of 6.55 (33), at which point nitramine can
serve as a leaving group. Hence, we were able to observe
intermediate IV during alkaline hydrolysis at pH 10 but not
during photolysis at pH 5.5 (8).

The pathway proposed previously for photodenitration
(8) is strikingly similar to the one proposed in the present
study. However, in contrast to the single denitration event
seen during either alkaline hydrolysis (present study) or
photodenitration (8), Fournier et al. (11) reported the
occurrence of two enzymatic denitration events en route to
producing 4-NDAB. However, under extreme conditions
([NaOH] > 19 M), the occurrence of two denitration events
has been reported for RDX (16).

Both MNX and HMX also hydrolyze via initial denitration
to produce NO2

-, followed by a ring cleavage and spontane-
ous decomposition to N2O, HCHO, and 4-NDAB. These
findings indicate that the mechanism postulated for the
alkaline hydrolysis of RDX applies more broadly to other
monocyclic nitramine explosives. For MNX, the analogous
intermediate to III is ONNHC1H2NNO2C2H2NHCHO (4-nitro-
6-nitroso-2,4,6-triaza-hexanal). Since the C-2 position of this
analogue is expected to be more electrophilic than the C-2
position in III itself, it becomes more amenable for nucleo-
philic substitution by OH-. As a result, the minor pathway
producing NH3 and HCOO- is of somewhat more importance
with MNX than it is for RDX (see Table 1 for product
distribution).

Finally, although the polycyclic nitramine CL-20 is
structurally different from the monocyclic RDX, MNX, and
HMX, its decomposition was also found to proceed via initial
denitration (2 molar equiv of NO2

-) to give end products
including N2O, NH3, and HCOO- (Table 1). However, further
studies are warranted to determine its intermediates and
other ring cleavage products.

In conclusion, the present results confirm the hypothesis
that a successful initial (primary) attack, denitration in this
case, is the most critical step in the degradation of monocyclic
and polycyclic nitramines. Once denitration occurs, ring
cleavage becomes spontaneous and is dictated by the
chemistry of the ensuing intermediates in water. The
similarities observed in the decomposition patterns of cyclic
nitramines under various chemical (present study), photo-
chemical (8), and biochemical (11) conditions suggest that
the employment of a more rapid chemical denitration process
might serve as a useful probe into the early stages of the
enzymatic and microbial mechanisms responsible for their
decomposition.
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The microbial and enzymatic degradation of a new energetic compound, 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20), is not well understood. Fundamental knowledge about the mechanism of
microbial degradation of CL-20 is essential to allow the prediction of its fate in the environment. In the present
study, a CL-20-degrading denitrifying strain capable of utilizing CL-20 as the sole nitrogen source, Pseudo-
monas sp. strain FA1, was isolated from a garden soil. Studies with intact cells showed that aerobic conditions
were required for bacterial growth and that anaerobic conditions enhanced CL-20 biotransformation. An
enzyme(s) involved in the initial biotransformation of CL-20 was shown to be membrane associated and NADH
dependent, and its expression was up-regulated about 2.2-fold in CL-20-induced cells. The rates of CL-20
biotransformation by the resting cells and the membrane-enzyme preparation were 3.2 � 0.1 nmol h�1 mg of
cell biomass�1 and 11.5 � 0.4 nmol h�1 mg of protein�1, respectively, under anaerobic conditions. In the
membrane-enzyme-catalyzed reactions, 2.3 nitrite ions (NO2

� ), 1.5 molecules of nitrous oxide (N2O), and 1.7
molecules of formic acid (HCOOH) were produced per reacted CL-20 molecule. The membrane-enzyme
preparation reduced nitrite to nitrous oxide under anaerobic conditions. A comparative study of native
enzymes, deflavoenzymes, and a reconstituted enzyme(s) and their subsequent inhibition by diphenyliodonium
revealed that biotransformation of CL-20 is catalyzed by a membrane-associated flavoenzyme. The latter
catalyzed an oxygen-sensitive one-electron transfer reaction that caused initial N denitration of CL-20.

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(CL-20) is a high-energy polycyclic nitramine compound (17)
with a rigid caged structure (Fig. 1). Due to its high energy
content and superior explosive properties, it may replace con-
ventionally used explosives such as hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) in the future. The environmental,
biological, and health impacts of this energetic chemical and its
metabolic products are not known. The severe environmental
contamination and biological toxicity of the widely used mono-
cyclic nitramine explosives RDX and HMX are already well
documented (11, 13, 16, 22). It is likely that due to its structural
similarity with RDX and HMX, CL-20 may also pose a serious
threat to the environment by contaminating soils, sediments,
and groundwater. Therefore, the microbial degradation of
CL-20 should be studied under in vitro and in vivo conditions
in order to determine the reaction products and to gain in-
sights into the mechanisms involved in its degradation.

Previous reports on the biodegradation and biotransforma-
tion of RDX and HMX by a variety of microorganisms (aer-
obic, anaerobic, and facultative anaerobes) and enzymes have
shown that initial N denitration can lead to ring cleavage and
decomposition (3, 5–6, 9, 12–15, 21, 26). In a recent study,
Trott et al. (24) reported the aerobic biodegradation of CL-20
by the soil isolate Agrobacterium sp. strain JS71. The isolate

utilized CL-20 as the sole nitrogen source and assimilated 3
mol of nitrogen per mol of CL-20. However, no information
was provided about the mechanism of CL-20 biodegradation.

In the present study, a denitrifying Pseudomonas sp. strain,
FA1, that utilized CL-20 as a sole nitrogen source was isolated
from a garden soil sample. The CL-20 biotransformation con-
ditions were optimized in aqueous medium. The nature and
function of the enzyme(s) responsible for the biotransforma-
tion of CL-20 by strain FA1 were studied. Stoichiometries of
the products formed during the biotransformation of CL-20 by
the membrane-associated enzyme(s) from Pseudomonas sp.
strain FA1 were determined, and an initial enzymatic N deni-
tration reaction mechanism is proposed.

MATERIALS AND METHODS

Chemicals. CL-20 in ε form and at 99.3% purity was provided by ATK Thiokol
Propulsion, Brigham City, Utah. NADH, NADPH, diphenyliodonium chloride
(DPI), flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD),
NaNO2, dicumarol, 2,2-dipyridyl, 2-methyl-1,2-di-3-pyridyl-1-propanone (me-
tyrapone), and phenylmethanesulfonyl fluoride were purchased from Sigma
Chemicals, Oakville, Ontario, Canada.

Nitrous oxide (N2O) was purchased from Scott specialty gases, Sarnia, On-
tario, Canada. Carbon monoxide (CO) was purchased from Aldrich Chemical
Company, Milwaukee, Wis. All other chemicals were of the highest purity avail-
able.

Isolation and identification of the CL-20-degrading strain. One gram of gar-
den soil was suspended in 20 ml of minimal medium (ingredients per liter of
deionized water: K2HPO4, 1.22 g; KH2PO4, 0.61 g; NaCl, 0.20 g; MgSO4, 0.20 g;
and succinate, 8.00 g [pH 7.0]) supplemented with CL-20 at a final concentration
of 4.38 mg liter�1 added from a 10,000-mg liter�1 stock solution made in
acetone. The inoculated medium was incubated under aerobic conditions at 30°C
on an orbital shaker (150 rpm) in the dark. The disappearance of CL-20 was
monitored over several days. The enriched culture was plated periodically onto
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the same medium with 1.8% agar (Difco, Becton Dickinson and Co., Sparks,
Md.), and surfaces of solidified agar plates were layered with 10 �M CL-20. The
isolated colonies were subcultured three times with the same agar plates and
were tested for their ability to biotransform CL-20 in liquid medium. Of the few
isolated bacterial strains, a denitrifying strain capable of utilizing CL-20 as a sole
nitrogen source, FA1, was selected for further study.

For identification and characterization of strain FA1, we used the standard
biochemical techniques reported in Bergey’s Manual of Systematic Bacteriology
(19). Total cellular fatty acids (fatty acid methyl ester) analysis and 16S rRNA
gene analysis were performed and analyzed by MIDI Laboratories (Newark,
Del.).

Biotransformation studies with strain FA1. In biotransformation studies,
CL-20 was added to the medium in concentrations above saturation levels (i.e.,
�10 �M or 4.38 mg liter�1) from a 10,000-mg liter�1 stock solution made in
acetone. The aqueous solubility of CL-20 has been reported as 3.6 mg liter�1 at
25°C (10). Higher CL-20 concentrations were used in order to detect and quan-
tify the metabolites which are otherwise produced in trace amounts during
biotransformation. To determine the residual CL-20 during biotransformation
studies, the media were inoculated in multiple identical batches of serum bottles.
At each time point, the total CL-20 content in one serum bottle was solubilized
in 50% aqueous acetonitrile and analyzed by a high-performance liquid chro-
matography (HPLC) (mentioned below).

A minimal medium (MM) was used for the CL-20 biotransformation studies
and was composed of (per liter of deionized water) 1.22 g of K2HPO4, 0.61 g of
KH2PO4, 0.20 g of NaCl, 0.20 g of MgSO4, 8.00 g of succinate, and 10 ml of trace
elements (pH 7.0). Modified Wolfe’s mineral solution was used as the trace
element solution and was composed of (per liter of deionized water) 0.20 g of
MnSO4�H2O, 0.10 g of CaCl2�2H2O, 0.10 g of CoCl2�6H2O, 0.15 g of ZnCl2,
0.01 g of CuSO4�5H2O, 0.10 g of FeSO4�7H2O, 0.05 g of Na2MoO4, 0.05 g of
NiCl2�6H2O, and 0.05 g of Na2WO4�2H2O.

A comparative-growth experiment was performed with (NH4)2SO4 and CL-20
as sole nitrogen sources to determine the number of nitrogen atoms from CL-20
that were incorporated into the biomass. Cells were grown in MM containing
increasing concentrations of either (NH4)2SO4 or CL-20 as a sole nitrogen
source at 30°C under aerobic conditions on an orbital shaker (150 rpm) in the
dark for 16 h. After the incubation period, the microbial growth yield in the form
of total viable-cell counts were determined by a standard plate count method. In
this method, the cultures were serially diluted in sterile phosphate-buffered
saline (PBS) and spread plated onto Luria-Bertani agar plates (per liter of
deionized water, 10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, and 15 g of
agar). All ingredients, except NaCl, were purchased from Becton Dickinson and
Company. The plates were incubated at 30°C overnight. After incubation, the
number of bacterial colonies grown in the plates was considered to determine the
total viable-cell count per ml of the culture.

In order to determine the effect of alternate cycles of aerobic and anaerobic
growth conditions on CL-20 biotransformation by the isolate FA1, cells were
grown in MM containing 10 mM (NH4)2SO4 and 25 �M CL-20 in two serum
bottles under aerobic conditions up to a late log phase (optical density at 600 nm
[OD600], �0.60), and then anaerobic conditions were created in one of the two
growing cultures by flushing the headspace with argon for 30 min. The cultures
were further grown to stationary phase. Growth and CL-20 disappearance in
both serum bottles were monitored over the course of the experiment.

To determine whether the enzyme system responsible for CL-20 biotransfor-
mation was induced or constitutive, two batches of cells were grown in MM
containing 10 mM (NH4)2SO4 in the presence and absence of CL-20 (10 �M). At
mid-log phase, the cells were harvested by centrifugation at 4°C and washed
three times with PBS, pH 7.0. The washed cells (5 mg of wet biomass/ml) were

tested for their ability to biotransform CL-20 under aerobic and anaerobic
conditions.

Preparation of cytosolic and membrane-associated enzymes. Bacterial cells
were cultured in 2 liters of MM containing 10 mM (NH4)2SO4 up to a mid-log
phase (8 to 9 h; OD600, 0.45) at 30°C and then induced with 10 �M CL-20. After
induction, the cells were further incubated up to 12 to 16 h (OD600, 0.95). Cells
were harvested by centrifugation, washed three times with PBS (pH 7.0), and
then suspended in 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM
phenylmethanesulfonyl acid and 100 mM NaCl. The washed cell biomass (0.2
g/ml) was subjected to disruption with a French press at 20,000 lb/in2. The
disrupted cell suspension was centrifuged at 9,000 � g for 30 min at 4°C to
remove cell debris and undisrupted cells. The supernatant was centrifuged at
165,000 � g for 1 h at 4°C. The pellet (membrane protein fraction) and super-
natant (soluble-protein fraction) thus obtained were separated and mixed with
10% glycerol, and aliquots were prepared and stored at �20°C until further use.
The protein content was determined with a bicinchoninic acid protein assay kit
from Pierce Chemical Company, Rockford, Ill.

Total flavin (FMN and FAD) contents in the crude extract, the membrane
fraction, and the soluble-protein fractions were determined by a spectrophoto-
metric method described by Aliverti et al. (1). Deflavoenzyme(s) and reconsti-
tuted deflavoenzyme(s) were prepared as described before (3).

Biotransformation assays. Enzyme-catalyzed biotransformation assays were
performed under aerobic as well as anaerobic conditions in 6-ml glass vials.
Anaerobic conditions were created by purging all the solutions with argon gas
three times (10 min each time at 10-min intervals) and replacing the headspace
air with argon in sealed vials. Each assay vial contained, in 1 ml of assay mixture,
CL-20 (25 �M), NADH or NADPH (150 �M), a soluble-enzyme or membrane
enzyme preparation (1.0 mg), and potassium phosphate buffer (50 mM, pH 7.0).
Reactions were performed at 30°C. Different controls were prepared by omitting
enzyme, CL-20, or NADH from the assay mixture. Boiled enzyme was also used
as a negative control. Residual NADH or NADPH was measured as described
before (3). Samples from the liquid and gas phases in the vials were analyzed for
residual CL-20 and biotransformed products. The CL-20 biotransformation ac-
tivity of the enzyme(s) was expressed as nanomoles per hour per milligram of
protein unless otherwise stated.

The bioconversion of nitrite to nitrous oxide was determined by incubating 20
�M NaNO2 with a membrane enzyme preparation using NADH as the electron
donor. The disappearance of nitrite and the formation of nitrous oxide were
measured periodically. Results were compared with those for a control without
NaNO2.

Enzyme inhibition studies. Inhibition with DPI, an inhibitor of flavoenzymes
that acts by forming a flavin-phenyl adduct (7), was assessed by incubating the
enzyme preparation with DPI at different concentrations (0 to 2.0 mM) at room
temperature for 30 min before CL-20 biotransformation activities were deter-
mined. Other enzyme inhibitors, such as dicumarol, carbon monoxide (60 s of
bubbling through the enzyme solution), metyrapone, and 2,2-dipyridyl, were
incubated with the enzyme preparation at different concentrations for 30 min at
room temperature. Thereafter, the CL-20 biotransformation activity of the
treated enzyme was determined.

Analytical procedures. CL-20 was analyzed with an HPLC connected to a
photodiode array detector (�, 230 nm). Samples (50 �l) were injected into a
Supelcosil LC-CN column (4.6 mm [inside diameter] by 25 cm) (Supelco,
Oakville, Ontario, Canada), and the analytes were eluted with an isocratic mobile
phase of 70% methanol in water at a flow rate of 1.0 ml/min.

Nitrite (NO2
�), nitrous oxide (N2O), and formaldehyde (HCHO) were ana-

lyzed by previously reported methods (3–5).
Formic acid (HCOOH) was measured using an HPLC from Waters (pump

model 600 and autosampler model 717 plus) equipped with a conductivity de-
tector (model 430). The separation was made on a DIONEX IonPac AS15
column (2 by 250 mm). The mobile phase was 30 mM KOH, with a flow rate of
0.4 ml/min at 40°C. The detection of formic acid was enhanced by reducing the
background with an autosuppressor from ALTECH (model DS-Plus), and the
detection limit was 100 ppb.

Nucleotide sequence accession number. The 16S rRNA gene sequence of
Pseudomonas sp. strain FA1 was deposited in GenBank under accession number
AY312988.

RESULTS AND DISCUSSION

Isolation and identification of CL-20-degrading strain FA1.
The standard enrichment techniques were used to isolate CL-
20-degrading strains from garden soil samples. The enrichment

FIG. 1. Molecular structure of CL-20.
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experiments were carried out over a period of 3 weeks, and
four CL-20-degrading strains designated FA1 to FA4 were
isolated. Strain FA1 biotransformed CL-20 at a higher rate
than those of the other isolates (data not shown) and was
capable of utilizing CL-20 as a sole nitrogen source; therefore,
it was selected for further study.

Strain FA2 was identified as a Bacillus species by 16S rRNA
gene analysis, while strains FA3 and FA4 remained unidenti-
fied. FA1 was characterized by standard biochemical tests
mentioned in Bergey’s Manual of Systematic Bacteriology (19).
Strain FA1 was a non-spore-forming, gram-negative, motile
bacterium with a small rod structure (approximately 1.5 to 2.0
�m). Biochemically, it showed positive results for oxidase,
catalase, and nitrite reductase and utilized succinate, fumarate,
acetate, glycerol, and ethanol as sole carbon sources. It utilized
CL-20, ammonium sulfate, ammonium chloride, and sodium
nitrite as sole nitrogen sources. Total cellular fatty acid methyl
ester analysis of strain FA1 showed a similarity index of 0.748
with Pseudomonas putida biotype A. On the other hand, 16S
rRNA gene analysis showed that strain FA1 was 99% similar to
Pseudomonas sp. strain C22B (GenBank accession number
AF408939) isolated from a soil sample in a shipping container.
No published data are available with regard to strain C22B. On
the basis of the above data, we identified and named strain
FA1 Pseudomonas sp. strain FA1.

Growth of strain FA1 on CL-20 as a nitrogen source. As
mentioned above, strain FA1 was capable of utilizing CL-20,
ammonium sulfate, ammonium chloride, and sodium nitrite as
sole nitrogen sources. In order to determine the number of
nitrogen atoms from CL-20 that were incorporated into bio-
mass, cells were grown in MM containing different concentra-
tions of either (NH4)2SO4 or CL-20. After incubation, the
growth yield in the form of total viable-cell counts was deter-
mined. The growth yield using CL-20 as the nitrogen source
was about 1.83-fold higher than that observed with (NH4)2SO4

(Fig. 2). No growth was observed in the control experiment
without any nitrogen source. The ratio of growth yields in
(NH4)2SO4 to those in CL-20 (Fig. 2) indicated that of the 12
nitrogen atoms per CL-20 molecule, approximately 4 nitrogen
atoms were assimilated into the biomass. In a previous report,
a soil isolate, Agrobacterium sp. strain JS71, utilized CL-20 as a
sole nitrogen source and assimilated 3 mol of nitrogen per mol
of CL-20 (24).

Biotransformation of CL-20 by intact cells. In a study of the
effect of an alternate cycle of aerobic and anaerobic growth
conditions on CL-20 biotransformation, we observed that after
anaerobic conditions were created in one of the two growing
cultures at 9 h of growth, most of the CL-20 was biotrans-
formed in the subsequent 2 h of incubation but that under
aerobic conditions, it took more than 20 h to biotransform the
same amount of CL-20 (Fig. 3). This experimental finding
indicated that the growth of Pseudomonas sp. strain FA1 was
faster under aerobic conditions and that CL-20 biotransforma-
tion by the mid-log-phase (8- to 9-h) culture was more rapid
under anaerobic conditions.

An experiment with uninduced and CL-20 (10 �M)-induced
cells showed CL-20 biotransformation activities of 1.4 � 0.05
and 3.2 � 0.1 nmol h�1 mg of protein�1, respectively, indicat-
ing that CL-20 was biotransformed at a 2.2-fold-higher rate by
the induced cells than by the uninduced cells. This experimen-

tal finding indicated that there may have been an up-regulation
of an enzyme in the induced cells that might have been re-
sponsible for CL-20 biotransformation. In addition, the in-
crease in activity may have been due to an improved uptake of
CL-20 following induction of the cells with CL-20.

Localization of the enzyme(s) responsible for CL-20 bio-
transformation. The CL-20 biotransformation activities of cell
crude extract, the cytosolic soluble enzyme(s), and the mem-
brane enzyme(s) were determined under aerobic as well as
anaerobic conditions. We found that all three enzyme fractions

FIG. 2. Growth of Pseudomonas sp. strain FA1 at various concen-
trations of CL-20 (E) and (NH4)2SO4 (F). The viable-cell count in
early-stationary-phase culture (16 h) was determined for each nitrogen
concentration. The linear-regression curve for (NH4)2SO4 has a gra-
dient of 0.122 and an r2 of 0.990. The linear-regression curve for CL-20
has a gradient of 0.224 and an r2 of 0.992. Data are means of results
from duplicate experiments, and error bars indicate standard errors.
Some error bars are not visible due to their small size.

FIG. 3. Effects of an alternating cycle of aerobic and anaerobic
growth conditions on the biotransformation of CL-20 by Pseudomonas
sp. strain FA1. Shown are levels of growth (Œ) and CL-20 degradation
(F) under aerobic conditions. Open triangles and circles show the
levels of growth and CL-20 biotransformation, respectively, under aer-
obic conditions (for the first 9 h) and then under anaerobic conditions.
Data are means of results from triplicate experiments, and error bars
indicate standard errors. Some error bars are not visible due to their
small size.
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exhibited higher activities under anaerobic conditions (Table
1) than those observed under aerobic conditions (data not
shown). In the case of the membrane enzyme(s), CL-20 bio-
transformation was about fivefold higher under anaerobic con-
ditions (11.5 � 0.4 nmol h�1 mg of protein�1) than under
aerobic conditions (2.5 � 0.1 nmol h�1 mg of protein�1),
indicating the involvement of an initial oxygen-sensitive step
during the biotransformation of CL-20. As a result, the subse-
quent study was carried out under anaerobic conditions.

The CL-20 biotransformation activity of the membrane en-
zyme(s) using NADH or NADPH as an electron donor was
11.5 � 0.4 or 2.1 � 0.1 nmol h�1 mg of protein�1, respectively,
indicating that the responsible enzyme was mainly NADH de-
pendent.

The CL-20 biotransformation activities of membrane and
soluble-enzyme fractions were 11.5 � 0.4 and 2.3 � 0.05 nmol
h�1 mg of protein�1, respectively (Table 1), which clearly
indicated that the enzyme(s) responsible for CL-20 biotrans-
formation was membrane associated. The CL-20 biotransfor-
mation activities observed in the soluble-enzyme fraction pre-
sumably leached out from the membrane enzyme fraction
during the cell disruption process.

Enzymatic biotransformation of CL-20 and product stoichi-
ometry. The membrane enzyme(s) catalyzed the biotransfor-
mation of CL-20 optimally at pH 7.0. Activity remained un-
changed between pHs 6.0 and 7.5, but higher or lower pHs
caused reduction in activity (data not shown). A time course
study carried out with the membrane enzyme(s) showed that
CL-20 disappearance was accompanied by the formation of
nitrite and nitrous oxide at the expense of the electron donor
NADH (Fig. 4). After 2.5 h of reaction, each reacted CL-20
molecule produced about 2.3 nitrite ions, 1.5 molecules of
nitrous oxide, and 1.7 molecules of formic acid (Table 2). Of
the total 12 nitrogen atoms (N) and 6 carbon atoms (C) per
reacted CL-20 molecule, we recovered approximately 5 N (as
nitrite and nitrous oxide) and 2 C (as HCOOH) atoms, respec-
tively. The remaining seven N and four C atoms may be
present in an unidentified intermediate(s).

Pseudomonas sp. strain FA1 was a denitrifying bacterium;
hence, nitrite was observed as a transient intermediate during
CL-20 biotransformation and was partially converted to ni-
trous oxide. This observation was proved by incubating the
membrane enzyme(s) with inorganic NaNO2 under the same
reaction conditions as those used for CL-20. The results
showed an NADH-dependent reduction of nitrite (used as
NaNO2) to nitrous oxide (Fig. 5).

In biological systems, the enzymatic conversion of nitrite to

nitrous oxide occurs via a transient formation of nitric oxide
(NO), and this process involves two enzymes, i.e., nitrite re-
ductase (converts nitrite to nitric oxide) and nitric oxide re-
ductase (converts nitric oxide to nitrous oxide). Since Pseudo-
monas species are known to produce these two reductase
enzymes (2, 8), we assume that the membrane preparation
from strain FA1 may contain these two enzymes.

Involvement of a flavoenzyme(s) in the biotransformation of
CL-20. The total flavin contents were measured in crude ex-
tract, cytosolic soluble enzymes, and membrane enzymes. The
membrane enzyme(s) contained about 56% of the total flavin
content and retained about 74% of the total CL-20 biotrans-
formation activity present in the crude extract (Table 1). In the
deflavoenzyme preparation there was a corresponding de-
crease in flavin content as well as CL-20 biotransformation
activity (Table 1), which indicated the involvement of a flavin
moiety in CL-20 biotransformation. Furthermore, the CL-20
biotransformation activity of the deflavoenzyme was restored
up to 75% after reconstitution with equimolar concentrations
of FAD and FMN (100 �M each). The comparison of CL-20
biotransformation activities of the native enzyme (11.5 � 0.4
nmol h�1 mg of protein�1), deflavoenzyme (2.7 � 0.1 nmol
h�1 mg of protein�1), and reconstituted enzyme(s) (8.90 � 0.5
nmol h�1 mg of protein�1) clearly showed the involvement of
a flavoenzyme(s) in the biotransformation of CL-20 by Pseudo-

FIG. 4. Time course study of NADH-dependent biotransformation
of CL-20 by a membrane-associated enzyme(s) from Pseudomonas sp.
strain FA1 under anaerobic conditions. Symbols indicate the levels of
CL-20 (F), NADH (■ ), nitrite (E), and nitrous oxide (�). Data are
means of results of triplicate experiments, and error bars indicate
standard errors. Some error bars are not visible due to their small size.

TABLE 1. Effect of flavin contents in native- and deflavoenzyme preparations on the CL-20 biotransformation activities of various enzyme
fractions from Pseudomonas sp. strain FA1 under anaerobic conditionsa

Enzyme(s)
Total flavin content in

native enzyme(s)
(nmol/mg of protein)

CL-20 biotransformation activity
of native enzyme(s)

(nmol h�1 mg of protein�1)

Total Flavin content in
deflavoenzyme(s)

(nmol/mg of protein)

CL-20 biotransformation activity
of deflavoenzyme(s)

(nmol h�1 mg of protein�1)

Cell crude extract 22.6 � 1.3 15.6 � 0.7 ND ND
Cytosolic soluble

enzyme(s)
5.5 � 0.2 2.3 � 0.05 1.2 � 0.2 0.5 � 0.05

Membrane-associated
enzyme(s)

12.6 � 0.6 11.5 � 0.4 3.8 � 0.3 2.7 � 0.1

a Data are means � standard errors from triplicate experiments. ND, not determined.
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monas sp. strain FA1. The free FAD and FMN also biotrans-
formed CL-20 in the presence of NADH; however, the bio-
transformation rate was about fivefold lower than that of the
native membrane enzyme(s). This finding additionally sup-
ported the involvement of a flavin-containing enzyme in CL-20
biotransformation and also indicated that the flavin moieties
have to be in an enzyme-bound form in order to function
efficiently.

Study with DPI showed a 62% inhibition of CL-20 biotrans-
formation (Table 3). Analogously with previous reports which
proved that DPI targets flavin-containing enzymes that cata-
lyze one-electron transfer reactions (7, 18), the present study
suggested the involvement of such an enzyme during the bio-
transformation of CL-20 by strain FA1. The involvement of a
flavoenzyme in the biotransformation of RDX (3) and HMX
(5) via one-electron transfer has already been established. In a
previous study with diaphorase (a FMN-containing flavoen-
zyme from Clostridium kluyveri), an oxygen-sensitive one-elec-
tron transfer reaction that caused the N denitration of RDX,
leading to its decomposition, was reported (3). However, a
xanthine oxidase catalyzed an oxygen-sensitive, initial single N

denitration of HMX at the FAD site, leading to the spontane-
ous decomposition of the molecule (5).

On the other hand, enzyme inhibitors such as dicumarol (a
diphosphopyridine nucleotide-triphosphopyridine nucleotide-
diaphorase inhibitor) (23), metyrapone, and CO (cytochrome
P450 inhibitors) (6) and the metal chelator 2,2-dipyridyl did
not show effective inhibition of the CL-20 biotransformation
activity of the membrane enzyme(s) from strain FA1 (Table 3).
The inhibition study ruled out the possibility of involvement of
the above-mentioned enzymes or a similar type of enzyme
during the biotransformation of CL-20 by Pseudomonas sp.
strain FA1.

Proposed initial reaction of CL-20 biotransformation. Ac-
cording to the time course study described above, the disap-
pearance of CL-20 was accompanied by the formation of ni-
trite (Fig. 4) and this reaction was oxygen sensitive.
Additionally, the DPI-mediated inhibition of CL-20 degrada-
tion activity (Table 3) showed the involvement of a flavoen-
zyme catalyzing one-electron transfer. The evidence suggests
that the CL-20 molecule undergoes enzyme-catalyzed one-
electron reduction to form an anion radical of CL-20. This
anion radical undergoes denitration to form a free radical,
which eventually undergoes spontaneous ring cleavage and
decomposition to produce nitrous oxide, nitrite, and formic
acid. Previously, the one-electron transfer reaction catalyzed
by a diaphorase, a flavoenzyme from C. kluyveri, which caused
the N denitration of RDX, leading to its decomposition, was
reported (3). The present study analogously with the results of
initial biotransformations of other cyclic nitramine com-
pounds, such as RDX (3) and HMX (5), supports an initial
enzymatic N denitration of CL-20 prior to ring cleavage. On
the other hand, thermolysis (20) and photolysis (J. Hawari,
unpublished results) of CL-20 also suggested that an initial
homolysis of a NONO2 bond in CL-20 leads to the formation
of a N-centered free-radical that undergoes rapid ring cleavage
and decomposition.

The source of nitrite ions in the present study is probably the
four nitro groups bonded to the two cyclopentane rings in the
CL-20 structure (Fig. 1). Nitrous oxide can be produced in two
different ways: first, by enzymatic reduction of nitrite, and
second, during secondary decomposition of the CL-20 free
radical as it was previously suggested by Patil and Brill (20).

FIG. 5. Time course study of the NADH-dependent reduction of
nitrite to nitrous oxide by a membrane-associated enzyme(s) from
Pseudomonas sp. strain FA1 under anaerobic conditions. Symbols in-
dicate the levels of nitrite (F), nitrous oxide (E), and NADH (Œ). Data
are means of results from triplicate experiments, and error bars indi-
cate standard errors. Some error bars are not visible due to their small
size.

TABLE 2. Stoichiometries of reactants and products during
biotransformation of CL-20a

Reactant or product Amt (nmol)
Molar ratio of reactant
to product per reacted

CL-20 molecule

Reactants
CL-20 20 1.0
NADH 90 4.5

Products
Nitrite (NO2

�) 46 2.3
Formate (HCOOH) 34 1.7
Nitrous oxide (N2O) 29 1.5

a CL-20 was biotransformed by a membrane-associated enzyme(s) (1 mg/ml)
from Pseudomonas sp. strain FA1 at pH 7.0 and 30°C for 2.5 h under anaerobic
conditions. The data are means of results of triplicate experiments.

TABLE 3. Effects of enzyme inhibitors on the CL-20
biotransformation activity of a membrane-associated enzyme(s)c

Inhibitor (2 mM) % CL-20 biotransformation
activitya

None (control)............................................................... 100 � 1.7
Diphenyliodonium......................................................... 38 � 2.3
Dicumarol....................................................................... 86 � 3.5
Metyrapone .................................................................... 91 � 2.8
Carbon monoxideb ........................................................ 87 � 2.2
2,2-Dipyridyl................................................................... 92 � 3.4

a One hundred percent CL-20 biotransformation activity was equivalent to
11.5 nmol h�1 mg of protein�1. Data are mean percentages of CL-20 biotrans-
formation activity � standard errors (n � 3).

b Carbon monoxide was bubbled through the aqueous phase and headspace
for 60 s in sealed vials.

c The CL-20 biotransformation activity of the membrane-associated enzyme(s)
(1 mg/ml) was determined at pH 7.0 and 30°C after 1 h under anaerobic condi-
tions.
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Analogously, nitrous oxide was also produced during the sec-
ondary decomposition of RDX (3) and HMX (5, 14). Formic
acid was presumably formed following denitration and the
cleavage of the COC bond (C1OC2 in Fig. 1). The C1OC2

bond bridging the two cyclopentanes in the CL-20 structure is
relatively longer (25) and thus weaker than the other COC
bonds and would cleave more rapidly. Formaldehyde
(HCHO), a major carbon compound produced during the bio-
transformation of RDX and HMX (3–5, 12–15), was not ob-
served in the present study.

In conclusion, a Pseudomonas sp. strain capable of utilizing
CL-20 as the sole nitrogen source, FA1, was isolated and iden-
tified from a soil sample. Strain FA1 grew well under aerobic
conditions but biotransformed CL-20 under anaerobic condi-
tions to produce nitrite, nitrous oxide, and formic acid. Studies
with the deflavo form of the enzyme and its subsequent recon-
stitution and the inhibition of holoenzyme by DPI evidently
support the involvement of a flavoenzyme in CL-20 biotrans-
formation. Several lines of evidence in the present study have
proved that the enzyme responsible for the biotransformation
of CL-20 by strain FA1 is an NADH-dependent, membrane-
associated flavoenzyme. The present study has provided the
insights into the initial microbial and enzymatic biotransfor-
mation of CL-20 and some of its products that were not known
before. However, further work is necessary to identify the inter-
mediates and end products from CL-20 to supplement the mass
balance study, which would help in determining the complete
biodegradation pathway of CL-20. A vast literature available
online (http://www.ncbi.nlm.nih.gov) revealed that Pseudomo-
nas and the bacteria belonging to the family Pseudomona-
daceae are prevalent in almost all types of environments, e.g.,
soils and marine and fresh water sediments. The present study
therefore helps in understanding the environmental fate (bio-
transformation, biodegradation, and/or natural attenuation) of
cyclicnitramine explosive compounds such as CL-20.
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C yclodextrin-assisted capillary electrophoresis for determination of
the cyclic nitramine explosives RDX, HMX and CL-20

qComparison with high-performance liquid chromatography
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Abstract

A sulfobutyl ether–b-cyclodextrin-assisted electrokinetic chromatographic method was developed to rapidly resolve and
detect the cyclic nitramine explosives 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-isowurtzitane (CL-20), octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and their related degradation
intermediates in environmental samples. Development of the electrophoretic method required the measurement of the
aqueous solubility of CL-20 which was determined to be 3.5960.74 mg/ l at 258C (95% confidence interval,n53). The
performance of the method was then compared to results obtained from existing high-performance liquid chromatography
methods including US Environmental Protection Agency method 8330.
Crown Copyright     2003 Published by Elsevier Science B.V. All rights reserved.

Keywords: Explosives; RDX; HMX; CL-20; Nitramines

1 . Introduction is relatively new, the above compounds are identified
as soil contaminants at explosive manufacturing or

The effort to produce lighter-mass munitions with disposal sites and military training locations in
greater explosive power has resulted in the addition Canada and the USA [2].
of cyclic nitramines [e.g. 2,4,6,8,10,12-hexanitro- The environmental fate and toxicology of TNT
2,4,6,8,10,12-hexaaza-isowurtzitane (CL-20), octa- and other aromatic explosives is fairly well estab-
hydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) lished [3]. In contrast, the ecological fates of HMX
and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)] to and RDX and their degradation products are the
supplement or replace aromatic energetic materials subject of much current study [4,5], while almost no
[N-2,4,6-tetranitro-N-methylaniline (Tetryl), 2,4,6- data are available for CL-20. Much information
trinitrotoluene (TNT)] in rocket propellants and exists regarding the properties of these explosives as
explosive formulations [1]. Structures for representa- solid crystals, and defining their gaseous reaction
tive aromatic and cyclic nitramine explosives are products and energies of detonation. Controlled
shown in Fig. 1. With the exception of CL-20, which detonations of HMX and RDX exclusively produce

low molecular mass products including nitrous oxide
(N O), formaldehyde (HCHO), carbon dioxideq 2NRCC publication no. 45913.
(CO ), and ammonia (NH ) [6]. The detection of2 3*Corresponding author. Tel.:11-514-496-6267; fax:11-514-
these compounds is a useful starting point for the496-6265.

E-mail address: jalal.hawari@nrc.ca(J. Hawari). identification of degradative pathways, and for fate
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dations of this important family of energetic chemi-
cals. Recently, sodium dodecylsulfate micellar elec-
trokinetic chromatography (SDS-MEKC) [12] was
employed in our laboratory for the rapid detection of
TNT degradation intermediates, but this method does
not adequately resolve nitramines which are much
more polar in nature. Cyclodextrins may serve in the
place of SDS micelles as pseudostationary ligands
for the electrokinetic chromatographic (EKC) res-
olution of cyclic nitramines, as the polarity of the
b-cyclodextrin inclusion cavity (approximately that
of ethanol) is sufficiently matched with these ana-
lytes to allow complexation [13]. Charged cyclo-
dextrins are routinely used for the resolution of
enantiomeric pharmaceuticals [14], and have been
applied for the CE-based analysis of aromatic explo-
sives [15]. A sulfobutyl ether–b-cyclodextrin EKC
method (CD-EKC) was developed for the detection
of cyclic nitramines and some of their important
degradation products in our laboratory.

2 . Experimental

2 .1. Materials
Fig. 1. Structural formulae of representative secondary aromatic
and cyclic nitramine explosives.

Epsilon CL-20 (purity 99.5%) was obtained from
and environmental impact assessment. To this end, Thiokol Propulsion (Thiokol, UT, USA). RDX and
much use is made of gas chromatography–mass HMX (with a purity.99%) were provided by
spectrometry (GC–MS), solid-phase microextraction Defense Research and Development Canada
(SPME) and inorganic ion capillary electrophoresis (DRDC) (Valcartier, Canada). Methylenedinitramine
(ICE) [7]. The degradation of explosives in soil and was obtained from Sigma–Aldrich (Oakville,
water, however, significantly differs from deflagra- Canada). Hexahydro-1-nitroso-3,5-dinitro-1,3,5-tri-
tion or detonation in at least four respects; (i) the azine (MNX) was obtained from SRI (Menlo Park,
reaction temperature is much lower, usually by 2–3 CA, USA). Advasep 4 sulfobutyl ether–b-cyclodex-
orders of magnitude, (ii) there is limited available trin (tetrasodium salt, average degree of substitution
reactant, usually in the mg/ l range, (iii) the reactions 4), was purchased from CyDex (Overland Park, KS,
occur in aqueous liquid environments, and (iv) USA). Tetryl, TNT, and all other nitroaromatic
relatively stable intermediates such as nitroso deriva- compounds were purchased from Supelco (Belle-
tives [8,9], methylenedinitramine [10] and 4-nitro- fonte, PA, USA). All other chemicals were obtained
1,3-diaza-1-butanal [11] are observed. In the past, from Sigma as reagent grade.
high-performance liquid chromatography, coupled to
diode array UV detection (HPLC–UV) or electro- 2 .2. Shaker flask determination of CL-20 aqueous
spray mass spectrometric detection (LC–MS) have solubility and stability
been used to analyze these explosives and their
products in aqueous environmental samples [10]. A 1 g/ l stock solution of CL-20 in acetone was
Faster analytical methods are desirable, however, for prepared and volumes ranging from 50 to 200ml
the monitoring of chemical and enzymatic degra- were added to 500-ml serum bottles with PTFE-
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coated caps. Following the evaporation of acetone ing mainly the deprotonated molecular mass ions
2the bottles were filled with 500 ml deionized water. [M2H] . The electrospray probe tip potential was

The bottles were agitated for 24 h in a Lab-line set at 3.5 kV with a skimmer voltage of 30 V and an
Environ Shaker at 378C. Ten-ml aliquots were then ion source temperature of 1508C. The mass range
removed and allowed to equilibrate and settle at was scanned from 40 to 400 u with a cycle time of
25 8C for 4 h before analysis using HPLC–UV as 1.6 s and the resolution was set to 1 u (width at
described below. half-height). The detection limit was 0.004 mg/ l

(RSD510%, n53).
2 .3. HPLC–UV analysis

2 .5. CE–UV analysis of nitramine explosives and
The RDX, HMX, and CL-20 concentrations were their derivatives

determined by HPLC using a Waters chromatograph-
ic system composed of a Model 600 pump, a Model MEKC separations with SDS were performed as
717 Plus injector, a temperature control module, and described earlier [12]. Cyclodextrin-based EKC ex-
Model 996 photodiode array detector connected to a periments (CD-EKC) were performed using a Hew-

32 3DDell GX200 computer running Millennium (Wa- lett-Packard (HP) CE instrument interfaced with a
ters) software. The column was a Supelcosil LC-CN HP Vectra personal computer running HP Chem-

3D(25 cm34.6 mm, 5 mm; Supelco) maintained at station software. The HP CE system was fitted
35 8C. The mobile phase (70% aqueous methanol) with a HP G-1600-31232 fused-silica bubble capil-
was run isocratically at 1 ml /min for the entire run lary with a total length of 64.5 cm, and an effective
time of 14 min. The detector was set to scan from length (inlet to detection window) of 56 cm. The
200 to 350 nm. Chromatograms were extracted at a voltage was set at 30 kV and the temperature at
wavelength of 230 nm with quantification taken from 258C. Samples were injected by applying 50 mbar
peak areas of external standards. Peaks were iden- pressure to the capillary inlet for 5 s. The separation
tified by comparison with elution times for external buffer was composed of 0.1M sodium acetate buffer
standards and by accompanying reference library (pH 5.0) containing 10 mM sulfobutyl ether–b-
diode array spectra as described earlier [10]. The cyclodextrin. Absorbances were monitored at wave-
injection volume was 50ml. The limit of detection lengths of 214, 230 and 280 nm. Unless otherwise
for this method was 0.02 mg/ l (RSD54.2%, n55). indicated, the separation time was 18 min with 2 min

separation buffer flushes of the capillary before each
2 .4. LC–MS analysis run. The total analysis time was therefore 20 min.

The limit of detection for the method was 0.2 mg/ l
The nitroso derivatives and ring cleavage products (RSD55%, n520).

were analyzed by LC–MS with a Micromass Plat-
form benchtop single quadrupole mass detector
fronted by a Hewlett-Packard 1100 Series HPLC 3 . Results and discussion
system equipped with a photodiode array detector.
Samples (50ml) were injected into a Supelcosil 3 .1. Polarity and aqueous solubility of RDX, HMX,
LC-CN column (25 cm34.6 mm; 5mm particle size; and CL-20
Supelco) thermostated at 358C. The solvent system
consisted of a methanol–water gradient at a flow-rate CL-20 is a relatively new compound whose appli-
of 1 ml /min. A first linear gradient was run from cations are currently under development, and many
10% to 20% methanol over 15 min followed by a of its physicochemical properties are yet to be
second linear gradient from 20% to 60% over 5 min established. Epsilon CL-20, the most commonly used
which was held for 3 min. This solvent ratio was polymorph, is soluble in weakly polar organic sol-
returned to the initial conditions over 2 min and held vents such as acetone (946 g/ l) or ethyl acetate (450
for an extra 10 min. Analyte ionization was done in a g/ l), but is insoluble in non-polar solvents such as
negative electrospray ionization (ESI) mode produc- toluene or benzene [16]. Its solubility in water was
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not precisely determined and for this reason mea- and 0.3556 nl at 308C. The solubility of a solute in
surements were taken regarding CL-20 aqueous polar solvents decreases as molar volume increases,
stability and solubility at ambient temperature. At and this trend (i.e. solubility of RDX.HMX.CL-
25 8C, the reported aqueous solubilities for RDX and 20) agrees with observed aqueous solubility mea-
HMX are 40.2 and 6.63 mg/ l [2]. For CL-20, a surements.
maximum solubility of 3.5960.74 mg/ l (95% confi-
dence interval,n53) at 258C (Fig. 2) was obtained 3 .2. Resolution of cyclic nitramines using HPLC,
from shake flask experiments. The hydrogen bonded SDS-MEKC and CD-EKC
lattice structure of the solvent (water) necessitates
that solute polarity and molecular volume will have a The reversed-phase HPLC–UV method provides
strong effect on dissolution. The most common rapid, effective resolution for HMX, RDX and CL-
polymorphs of HMX, RDX, and CL-20 crystals have 20 (Fig. 3), with a quantitative detection limit of
been examined using molecular dynamic simulations 0.02 mg/ l. The use of 70% aqueous methanol mobile
and X-ray diffraction to determine their molecular phase permitted the rapid detection of these analytes
electronic structures and crystal packing densities in 14 min, but under this condition methyl-
[17–20]. For all three nitramines, polarized in- enedinitramine was not retained by the column and
tramolecular electronic structures are observed, with for soil extracts the elution times of RDX nitroso-
partial charges of20.39e (e being the charge of a derivatives coincided with soil matrix peaks (data not
single electron) assigned to nitro group oxygens, and shown). When the same liquid chromatographic
slight positive charges (0.18e) attributed to ring system was used to front the electrospray ionization
carbon nuclei. The three compounds are therefore mass spectrometer, a gradient was applied which
weakly polar and dissolve readily in ketones such as allowed for the observation of ring cleavage prod-
acetone and to a lesser extent in alcohols such as ucts. The increase in resolution and sensitivity was
methanol. They are not expected to dissolve exten- compromised, however, by the longer run time
sively in non-polar solvents such as toluene, or in which increased to 35 min per sample.
highly polar solvents such asN-methylformamide or SDS-MEKC is an effective method for the rapid
water. The respective molecular volumes for RDX resolution of aromatic explosives. Fig. 4 is an SDS-
[17], HMX [18] and CL-20 [20] obtained from MEKC electropherogram demonstrating the sepa-
molecular dynamics estimates are 0.2118, 0.2607 ration of 14 explosives identified as priority pollu-

tants by the US Environmental Protection Agency

Fig. 3. Reverse phase HPLC–UV chromatogram of hexahydro-
Fig. 2. Sub-saturation concentrations of 2,4,6,8,10,12-hexanitro- 1,3,5-trinitroso-1,3,5-triazine (TNX), hexahydro-1-nitroso-3,5-di-
2,4,6,8,10,12-hexaaza-isowurtzitane (CL-20) in water at 258C as nitro-1,3,5-triazine (MNX), hexahydro-1,3,5-trinitro-1,3,5-triazine
detected by HPLC vs. CL-20 concentration as calculated by stock (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX),
solution addition. The aqueous saturation concentration appeared and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-isowurtzitane
to be 3.59 mg/ l. (CL-20).
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Fig. 4. MEKC separation of EPA method 8330 listed explosives
in 12 mM sodium borate buffer pH 9.0, 50 mM sodium-dodecyl-
sulfate, 258C. Peak identification: (1) octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX), (2) hexahydro-1,3,5-trinitro-1,3,5-tri- Fig. 5. Sulfobutyl ether–b-cyclodextrin-based CE separation of
azine (RDX), (3) 1,3,5-trinitrobenzene, (4) 1,3-dinitrobenzene, (5) cyclic nitramines in 0.1M sodium acetate, pH 5.0, containing 10
nitrobenzene, (6) 2,4,6-trinitrotoluene (TNT), (7)N-2,4,6-tetrani- mM SB–b-cyclodextrin.
tro-N-methylaniline (Tetryl), (8) 2,4-dinitrotoluene, (9) 2,6-di-
nitrotoluene, (10) 2-nitrotoluene, (11) 3-nitrotoluene, (12) 4-nitro-
toluene, (13) 2-amino-4,6-dinitrotoluene, (14) 4-amino-2,6-dinit- separation buffer, but cyclic nitramines and their
rotoluene. degradation products are known to be stable in acid

solution [6] and for this reason sodium acetate/acetic
(EPA) method 8330 [21]. RDX and HMX partition acid buffer (pH 5) was employed. The degradation
poorly with SDS micelles and are observed to products mononitroso-RDX (MNX) and methyl-
migrate close to the electroosmotic front. The polari- enedinitramine (MDNA) also form complexes with
ty of the b-cyclodextrin cavity is estimated to be sulfobutyl ether–b-cyclodextrin and their peaks are
close to that of ethanol [13] and would therefore be identified in Fig. 5. These compounds have been
more suitable for the solubilization of RDX, HMX, observed frequently in RDX degradation experiments
CL-20, and their degradation products. For cyclo- using commercially obtained nitrate reductase en-
dextrins, however, the electrokinetic resolution of zyme [23], and domestic anaerobic sludge [10]. At
uncharged species is not solely based on polarity and present, the CD-EKC method is better applied to the
hydrophobic interaction, but also on the geometry of rapid detection of cyclic nitramines and ring cleav-
the host–guest complexes. As previously stated, the age products in real time, while the HPLC (MS)
molecular volumes for RDX [17], HMX [18] and method offers a 50-fold lower limit of detection in
CL-20 [20] are 0.2118, 0.2607 and 0.3556 nl at comparison with the CD-EKC or SDS-MEKC meth-
30 8C. The volume for theb-cyclodextrin cavity is ods [0.004 mg/ l (RSD510%, n53) vs. 0.2 mg/ l
|0.346 nl [13,22]; a value which allows for the (RSD55%, n520) and 0.5 mg/ l (RSD54%, n55),
complete inclusion of HMX and RDX, but restricts respectively].
the complexation of CL-20. As indicated in Fig. 5,
the three nitramines were observed to form complex-
es with sulfobutyl ether–b-cyclodextrin, and resolve 4 . Conclusions
electrophoretically.

Faster separations are possible using higher-pH The solubility of the cyclic nitramine explosives
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[4] P.-Y. Robidoux, J. Hawari, S. Thiboutot, S. Guiot, G.RDX, HMX, and CL-20 (40, 6.6 and 3.6 mg/ l,
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[5] T.S. Sheremata, A. Halasz, L. Paquet, S. Thiboutot, G.
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comparison of reversed-phase HPLC, SDS-MEKC, 1037.
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The cyclic nitramine explosive CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane) was exam-
ined in soil microcosms to determine whether it is biodegradable. CL-20 was incubated with a variety of soils.
The explosive disappeared in all microcosms except the controls in which microbial activity had been inhibited.
CL-20 was degraded most rapidly in garden soil. After 2 days of incubation, about 80% of the initial CL-20 had
disappeared. A CL-20-degrading bacterial strain, Agrobacterium sp. strain JS71, was isolated from enrichment
cultures containing garden soil as an inoculum, succinate as a carbon source, and CL-20 as a nitrogen source.
Growth experiments revealed that strain JS71 used 3 mol of nitrogen per mol of CL-20.

CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtz-
itane) is a new, highly energetic explosive related to the explo-
sives RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) and HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) (Fig. 1). Due
to its higher energy and its moderate sensitivity, CL-20 is ex-
pected to replace earlier explosives (19, 20, 22, 25). The pro-
duction of CL-20 and its use in munitions and propellants can
be expected to lead to environmental contamination. RDX and
HMX, common contaminants in soil and groundwater at mu-
nition manufacturing sites and firing ranges, are toxic and
possibly carcinogenic (7, 8, 11, 12, 16, 23, 27). Because of the
structural similarity of CL-20 to RDX and HMX, it is likely
that CL-20 has similar effects. So far, there is little information
available about the properties of CL-20. In contrast to RDX
and HMX, CL-20 is a caged molecule (Fig. 1). The water
solubility of CL-20 is 4.8 mg/liter at 25°C (Stevens Institute of
Technology [http://www.cee.stevens-tech.edu/ResProj.html]),
which is lower than the solubility of the nitramines RDX and
HMX (38.4 and 6.6 mg/liter at 20°C, respectively) (27).

The microbial degradation of RDX and HMX under aerobic
and anaerobic conditions has been extensively investigated (1,
2, 4–6, 9, 13–15, 17, 21). Under anaerobic conditions, three
degradation pathways have been proposed. The first includes
the production of nitroso derivatives of RDX and HMX, which
are subject to further degradation (15, 21). Hawari et al. sug-
gested a second degradation pathway which includes the direct
ring cleavage of RDX and HMX without the initial reduction
of the nitro groups (14, 15). The third proposed degradation
pathway is based on N denitration prior to ring cleavage (1).

Under aerobic conditions, RDX is degraded by a yet-un-
known mechanism. The initial attack seems to be catalyzed by
a cytochrome P450 (1a, 6, 24). RDX degradation by Rhodo-
coccus sp. strain DN22 leads to the formation of nitrite, nitrous
oxide, ammonia, formaldehyde, and a dead-end product with a
molecular weight of 119 which was recently identified as 4-ni-
tro-2,4-diazabutanal (1a, 5, 9). Fournier et al. proposed a deg-

radation pathway which includes an initial denitration of RDX
followed by ring cleavage to formaldehyde and the dead-end
product (9).

To the best of our knowledge, no biodegradation of CL-20
has been reported to date. It is, therefore, important to deter-
mine whether biodegradation might affect the fate and trans-
port of CL-20 in terrestrial and aquatic ecosystems. To that
end we evaluated the biodegradation of CL-20 in laboratory
microcosms and isolated a bacterial strain that is able to grow
on CL-20 as the sole nitrogen source.

CL-20 biodegradation in soil. Microcosms with dried and
sieved garden and agricultural soils were incubated with CL-20
provided by the High Explosives Research and Development
Facility at Eglin Air Force Base, Fla.

Microcosm experiments were conducted in 5-ml amber vials
containing soil (2 g), sterile water (1.0 to 1.2 ml), and CL-20
(100 nmol). CL-20 was added from a 5 mM stock solution in
methanol. The amounts of added water corresponded to the
water absorptive capacity of the soils. For inhibiting microbial
activity in soils, the added water contained glutaraldehyde
(1%) and mercuric chloride (90 mg/liter). The microcosms
were vigorously mixed by vortexing them and incubated in the
dark at 30°C. For time course studies, one microcosm was
sacrificed at each time point. The CL-20 concentrations in the
microcosms in acetonitrile extracts were determined by high-
pressure liquid chromatography (HPLC) analysis. The mobile
phase (65% [vol/vol] acetonitrile, 0.1% [vol/vol] trifluoroacetic
acid) was pumped at a flow rate of 1.0 ml/min over a Spheri-
sorb C8 column (250 by 4.6 mm; particle size, 5 �m; Alltech,
Deerfield, Ill.) or a Synergi Polar-RP column (150 by 4.6 mm;

* Corresponding author. Mailing address: Air Force Research Lab-
oratory—MLQL, Building 1117, 139 Barnes Dr., Tyndall AFB, FL
32403. Phone: (850) 283-6058. Fax: (850) 283-6090. E-mail: Jim.Spain
@Tyndall.af.mil.

FIG. 1. Molecular structures of the cyclic nitramine explosives
RDX, HMX, and CL-20.
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particle size, 4 �m; Phenomenex, Torrance, Calif.). Absor-
bance was measured at a wavelength of 230 nm.

CL-20 was degraded in all three soils (Fig. 2). The persis-
tence of CL-20 in sterile controls indicated that the degrada-
tion process in active soil was biological. CL-20 degradation
was fastest in the microcosms containing garden soil. CL-20
did not disappear completely in any of the soils. The incom-
plete degradation of CL-20 might be due to limited bioavail-
ability. Residual amounts of CL-20 may be sorbed to the soil
and therefore be unavailable for the microorganisms. In gen-
eral, the availability of contaminants for microorganisms is

dependent on the properties of the soil and the chemical com-
pound, as well as on mass transport (3, 29).

During CL-20 degradation in the microcosms with garden
soil, traces of a transient metabolite with a molecular weight of
247 could be detected by HPLC-mass spectrometry in the
negative electrospray ionization mode. Further investigations
are under way to identify the putative CL-20 degradation prod-
uct.

It is not clear whether CL-20 degradation in the soil micro-
cosms occurred aerobically or anaerobically. No precautions
were taken to maintain aerobic conditions. Degradation
started relatively quickly, so it can be assumed that CL-20 was
degraded under aerobic conditions. On the other hand, it is
possible that small anaerobic zones existed in the soil, where
microbes could have degraded CL-20 anaerobically. In prelim-
inary experiments CL-20 was also degraded under anaerobic
conditions in sewage sludge (data not shown).

Enrichment and isolation of the Agrobacterium strain JS71.
Enrichment cultures were carried out in 10 ml of M medium
(pH 7.0) without sodium chloride (5). The medium was sup-
plemented with CL-20 (100 �M) in methanol (5 mM stock
solution) as the sole nitrogen source and succinate (20 mM) as
the sole carbon source and inoculated with 1 g of Florida
garden soil in 50-ml shake flasks. The cultures were incubated
on a shaker at 30°C and 250 rpm. Microbial activity in the
controls was inhibited by the addition of glutaraldehyde (1%)
and mercuric chloride (90 mg/liter). The concentrations of
CL-20 in the enrichments were determined by HPLC. Samples
were mixed with 1.5 volumes of acetonitrile, and suspended
material was removed by centrifugation prior to HPLC analy-
sis.

CL-20 degradation in the first enrichment culture started
after about 3 days (Fig. 3). The disappearance of CL-20 veri-
fied that CL-20 was degraded under aerobic conditions. CL-20
degradation in the enrichments was slower than its degrada-
tion in the soil microcosms, probably because of the smaller
inoculum and the very low water solubility of CL-20. In con-
trast to the partial degradation of CL-20 in the soil micro-
cosms, CL-20 was completely degraded in the enrichment cul-
tures. The results support the hypothesis that some of the

FIG. 2. CL-20 biodegradation in microcosms. Soils from Florida
(A), Iowa (B), and Texas (C) were incubated with CL-20. CL-20
amounts are in nanomoles per microcosm. ■ , active soil; Œ, soil with
inhibited microbial activity. Degradation experiments were performed
in triplicate. d, days.

FIG. 3. CL-20 biodegradation in enrichments with Florida soil. ■ ,
active soil; Œ, soil with inhibited microbial activity. Minimal medium
was supplemented with succinate (20 mM) and CL-20 (100 �M).
Enrichments were performed in triplicate. d, days.
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CL-20 in the microcosms (Fig. 2) was unavailable because of
sorption to the soil.

After three subcultures of the enrichment, appropriate di-
lutions were plated on the above-named enrichment medium
solidified with 1.5% (wt/vol) agarose (molecular biology
grade). Single colonies were tested for the ability to grow on
CL-20 as the sole nitrogen source. The selective enrichment
yielded a bacterial strain that was able to grow with CL-20 as
the sole nitrogen source. The 16S rRNA gene sequence from
the isolate was determined and evaluated by Midi Labs (New-
ark, Del.). The 16S rRNA gene sequence indicated that the
strain was most similar to Agrobacterium rubi (0.64% differ-
ence) and Agrobacterium tumefaciens (0.84% difference). The
isolate was gram negative, motile, and rod shaped. These prop-
erties correspond to the characteristics of the genus Agrobac-
terium (18). The isolate was, therefore, named Agrobacterium
sp. strain JS71.

The transformation of explosives by Agrobacterium strains
has been described previously. Agrobacterium sp. strain 2PC
was able to biotransform 2,4,6-trinitrotoluene to monoamino-
dinitrotoluenes (10). White et al. isolated an Agrobacterium
radiobacter strain that transforms glycerol trinitrate to glycerol
dinitrates and finally to glycerol mononitrates. The strain used
two nitrogens from glycerol trinitrate as the nitrogen source for
growth (28). An NADH-dependent reductase able to remove
one nitro group from glycerol trinitrate in the form of nitrite
was isolated from the strain (26). The enzyme also denitrated
pentaerythrol tetranitrate, isosorbide dinitrate, and ethylene-
glycol dinitrate but did not denitrate isopropyl nitrate, 2,4,6-
trinitrotoluene, or RDX. Thus, the enzyme was able to reduce
nitrate esters but not nitro groups connected to a carbon or
nitrogen atom.

Growth studies with Agrobacterium strain JS71. The Agro-
bacterium strain JS71 was grown under the same nitrogen-
limited conditions as those used for the enrichment cultures
but with the addition of 250 �M CL-20. CL-20 was added from
a stock solution in methanol (20 mM). The optical densities of
the cultures could not be determined because the undissolved
CL-20 interfered with the absorption. Therefore, bacterial
growth was estimated by determining the protein concentra-
tion. Cell suspensions were mixed 1:1 with acetone, and the

cells were collected by centrifugation and washed with 100 �l
of acetone. The pelleted cells were suspended in 0.1 M NaOH
and incubated at 80°C for 5 min to lyse the cells. Protein
concentrations were determined with a bicinchoninic acid pro-
tein assay kit (Pierce, Rockford, Ill.). CL-20 concentrations in
the cultures were measured by HPLC after the addition of 4
volumes of acetonitrile to the samples and centrifugation as
described above.

Strain JS71 grew in minimal medium containing succinate
and CL-20 at a growth rate of 0.14 per day. The isolate did not
grow with CL-20 as the sole nitrogen and carbon source. The
slow growth of strain JS71 was probably due to the very low
water solubility of CL-20. When the surfactant Tween 80 (0.1%
[vol/vol]) was added to the cultures to increase the solubility
and therefore the availability of CL-20, the growth rate was
0.59 per day (Fig. 4). Strain JS71 could not grow in media
without a nitrogen source (Fig. 4) or in media containing RDX
or HMX as the sole nitrogen source (data not shown).

The addition of Tween 80 to cultures containing CL-20
facilitated the determination of CL-20 concentrations in addi-
tion to increasing the growth rate. The disappearance of CL-20
and the growth of strain JS71 correlated directly, which sug-
gested that initial metabolites of CL-20 were used as the ni-
trogen source.

To determine how many moles of nitrogen are assimilated
from 1 mol of CL-20 by the Agrobacterium isolate, the strain
was grown in various concentrations of CL-20 (25, 50, 100, and
250 �M) or NaNO2 (100, 200, 400, and 600 �M) as the sole
nitrogen source. The growth yield of strain JS71 in liquid
medium was 213 � 13 g of protein per mol of CL-20 (Fig. 5).
The growth yield in medium with NaNO2 as the sole nitrogen
source was 65 � 3 g of protein per mol of NaNO2 (Fig. 5).
Comparison of the growth yields suggests that the Agrobacte-
rium strain JS71 uses 3 of the 12 nitrogen atoms from the
CL-20 molecule.

Preliminary HPLC-mass spectrometry negative electrospray
ionization mass analysis results indicated the formation of a
metabolite with a molecular weight of 88 in cultures degrading
CL-20 (data not shown). Further investigations are necessary
to identify the structure of the intermediate.

The results indicate clearly that CL-20 is biodegraded

FIG. 4. Growth of Agrobacterium strain JS71. Aerobic cultures
were grown in medium with 20 mM succinate–0.1% (vol/vol) Tween 80
with (■ ) and without (�) 250 �M CL-20 as the sole nitrogen source.
Œ, CL-20 concentration. The growth studies were performed in tripli-
cate (■ ) or duplicate (�). d, days.

FIG. 5. Growth yield of Agrobacterium strain JS71 with 20 mM
succinate and different concentrations of CL-20 (■ ) or NaNO2 (Œ).
The CL-20 cultures were supplemented with 0.1% (vol/vol) Tween 80.
All growth studies were performed in duplicate.
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readily in soil. Therefore, CL-20 might be less persistent in the
environment than RDX and HMX, which accumulate at con-
taminated sites. The lower water solubility of CL-20 will be a
major determinant of its availability for biodegradation. Fur-
ther investigation is required to elucidate the pathway and final
products of CL-20 degradation.

Nucleotide sequence accession number. The 16S rRNA gene
sequence of isolate JS71 was deposited at GenBank under
accession number AY174112.
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CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzi-
tane), C6H6N12O12, is an emerging energetic chemical
that may replace RDX, but its degradation pathways are
not well-known. In the present study, zerovalent iron was
used to degrade CL-20 with the aim of determining its
products and degradation pathways. In the absence of O2,
CL-20 underwent a rapid decomposition with the concurrent
formation of nitrite to ultimately produce nitrous oxide,
ammonium, formate, glyoxal, and glycolate. LC/MS (ES-)
showed the presence of several key products carrying
important information on the initial reactions involved in the
degradation of CL-20. For instance, a doubly denitrated
intermediate of CL-20 was detected together with the mono-
and dinitroso derivatives of the energetic chemical. Two
other intermediates with [M - H]- at 392 and 376 Da, matching
empirical formulas of C6H7N11O10 and C6H7N11O9, respectively,
were detected. Using 15N-labeled CL-20, the two inter-
mediates were tentatively identified as the denitrohydroge-
nated products of CL-20 and its mononitroso derivative,
respectively. The present experimental findings suggest that
CL-20 degraded via at least two initial routes: one
involving denitration and the second involving sequential
reduction of the N-NO2 to the corresponding nitroso (N-
NO) derivatives prior to denitration and ring cleavage.

Introduction
The polycyclic nitramine 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane, CL-20 (Figure 1), is an emerging
energetic chemical (1) that is currently under consideration
for a wider military and industrial application. CL-20 has
been found to be toxic (2, 3), thereby necessitating its removal
from contaminated environments. Several abiotic or biotic
reactions have recently been shown to degrade CL-20. For
instance, CL-20 was found to be highly unstable in alkaline
solutions (4) and to undergo microbial decomposition by
Clostridium sp. EDB2 (5), salicylate 1-monooxygenase from
Pseudomonas sp. ATCC 29352 (6), and Pseudomonas sp. FA1
(7). In their study with strain ATCC 29352, Bhushan and co-
workers (6) applied LC/MS to detect various early interme-
diates in the degradation process. Imines were initially formed
that were hydrated into R-hydroxy nitramines, which sub-
sequently underwent ring cleavage and decomposition. The

same intermediates were observed during photolysis of CL-
20 in aqueous solution (8). In all studied cases nitrite, nitrous
oxide, ammonium, and formic acid were the main products
detected, suggesting that initial denitration of CL-20 whether
via chemical or biochemical means would lead to similar
secondary decomposition in water (6).

Zerovalent iron has been widely used to degrade a variety
of oxidized chemicals. For instance, Fe0 was found to degrade
inorganic compounds such as nitrate ion (9-11), chlorinated
solvents such as perchloroethylene (PCE) and carbon tet-
rachloride (CCl4) (12-14), emerging contaminants in drinking
water like N-nitrosodimethylamine (NDMA) (15, 16), and
munitions wastes such as trinitrotoluene (TNT) (17). Recent
studies showed that the monocyclic nitramine explosive, RDX
(hexahydro-1,3,5-trinitro-1,3,5-triazine) (Figure 1), could be
readily degraded by Fe0 (17-19) or FeII (20) and that
permeable reactive barriers containing zerovalent iron may
be effective for remediation of RDX-contaminated sites (17,
18, 21). With six N-NO2 groups, CL-20 is also a good candidate
for transformation via reductive processes, and zerovalent
iron could be seen as a potential treatment technology
applicable to the energetic chemical. In the present study,
Fe0 was employed to degrade CL-20, and LC/MS was used
to detect new degradation products and therefore gain new
insight into its degradation routes. Understanding the
degradation pathways of CL-20 will contribute to the
development of effective remediation strategies.

Experimental Section
Chemicals. 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazai-
sowurtzitane (ε-CL-20), 15N-amino-labeled CL-20, and 15N-
nitro-labeled CL-20 were provided by A. T. K. Thiokol
Propulsion (Brigham City, UT). Fe0 powder (100 mesh) having
a surface area of 0.9821 m2/g (determined by BET analysis,
Micromeritics, Norcross, GA) and oxygen and carbon con-
tents of 0.54 and 0.28%, respectively, was obtained from
Anachemia Chemicals (Montreal, QC, Canada), as was
glycolic acid. Glyoxal (ethanedial), O-(2,3,4,5,6-pentafluo-
robenzyl)hydroxylamine hydrochloride (PFBHA), ferrozine
(3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid,
monosodium salt), and iron(II) sulfate were obtained from
Aldrich Chemicals. All other chemicals used in this study
were of reagent grade, and used without further purification.

Degradation of CL-20 by Fe0. A series of 20-mL vials
wrapped in aluminum foil and containing 10 mL of deionized
water and 0.1 g of Fe0 powder were sealed with Teflon-coated
serum caps and sparged with argon for 20 min. The redox
potential of the solution was occasionally measured after
sparging and found to be -225 mV, demonstrating the
anaerobic atmosphere of the medium. An aliquot of CL-20
stock solution (1% w/v) prepared in acetonitrile was then
added to the vials, giving an initial amount of CL-20 of 2.4
µmol. The initial CL-20 concentration (100 mg L-1) was kept
well in excess of its maximum water solubility (ca. 3.6 mg L-1

at 25 °C; 22) in an attempt to generate sufficient amounts of
reaction intermediates to allow detection. The vials were
agitated at 50 rpm in a rotary shaker.

The following eight controls were prepared as described
above: (1) Fe0, CL-20, water, in air; (2) Fe0, CL-20, dry
acetonitrile, under argon; (3) Fe0, CL-20, dry acetonitrile, H2

gas; (4) Fe(SO4), CL-20, water, under argon; (5) Fe0, HCOO-,
water, under argon; (6) Fe0, glyoxal, water, under argon; (7)
Fe0, NO2

-, water, under argon; and (8) Fe0, N2O, water, under
argon.

Analytical Techniques. A gastight syringe was used to
sample gaseous products from the headspace for subsequent
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analysis of nitrous oxide by GC-ECD as described by
Sheremata and Hawari (23). Meanwhile, at the end of each
reaction 10 mL of acetonitrile (CH3CN) was added to the
whole reaction mixture to solubilize any undissolved CL-20.
The resulting solution was filtered through a 0.45-µm syringe
filter, and CL-20 was analyzed by HPLC connected to a
photodiode array (PDA) detector as described previously (24).

Analyses of nitrite (NO2
-), nitrate (NO3

-), formate
(HCOO-), and glycolate (HOCH2COO-) were performed by
ion chromatography (IC) equipped with a conductivity
detector after evaporating acetonitrile and removing the
glyoxal by precipitation with PFBHA. The Waters IC system
consisted of a model 600 pump, a model 717 autosampler
plus, and a model 430 conductivity detector. Separation was
performed on a Dionex IonPac AS15 column (2 mm × 250
mm). The mobile phase was 30 mM KOH for nitrite and
nitrate and 5 mM KOH for formate and glycolate, at a flow
rate of 0.4 mL/min and 40 °C. The detection of anions was
enhanced by reducing the background with a model DS-
Plus autosuppressor from Altech (Guelph, ON, Canada).
Ammonia was determined by ion chromatography (IC). The
IC system consisted of a resin-based Hamilton PRP-X200
cation chromatography column (250 mm × 2.1 mm), a TSP
model P4000 pump, an AS3000 autosampler, and a Waters
Millipore model 431 conductivity detector. The mobile phase
was 4 mM nitric acid with 30% methanol at a flow rate of 0.75
mL/min at 40 °C.

To provide insight into the role of iron in catalyzing CL-
20 degradation, the presence of Fe2+ and Fe3+ was determined
using Stookey’s Ferrozine method (25). Briefly, 100 µL of a
0.05 M solution of ferrozine was added to 2 mL of the filtered
CL-20/Fe0 reaction mixture, and heated to ca. 80 °C for 10
min. The solution was cooled to 21 °C, and ammonium
hydroxide/ammonium acetate buffer (pH 9) was added to
achieve a solution pH of 6. The absorbance of the resulting
magenta colored solution of FeII complex was measured at
562 nm, and the concentration of FeII in the sample was
determined by comparison against a standard curve prepared
using ferrous ammonium sulfate. To determine FeIII, hy-
droxylamine hydrochloride (10% v/v) was added to the
filtered CL-20/Fe0 reaction mixture in order to reduce FeIII

to FeII. The converted FeII was then determined by the same
procedure, and [FeIII] was calculated by subtracting the
amount of FeII found in the CL-20/Fe0 reaction mixture prior
to the addition of hydroxylamine hydrochloride from the
amount of FeII found after the addition of the amine.

Glyoxal (CHO-CHO) was determined as its derivatized
product with O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
hydrochloride (PFBHA) (26). A solution of PFBHA (15 g L-1;
20 µL) was added to 0.5 mL of aqueous sample, and the pH
was adjusted to 3 with 5% HCl. After 1 h of reaction in the
dark and at room temperature, 1 mL of acetonitrile was added
to the mixture, and the resulting solution was analyzed by
HPLC/UV-MS. The derivatized compound was analyzed in
the positive electrospray mode (ES+) using a Micromass
benchtop single quadrupole mass detector attached to a
Hewlett-Packard 1100 series HPLC system equipped with a
DAD detector. Separation was performed on a Supelcosil C8
column (25 cm × 4.6 mm, 5 µm) at 35 °C using 1 mL/min

of acetonitrile/water gradient (60% of acetonitrile to 90%, 10
min, 90% to 60%, 2 min, and 60%, 6 min). The identity of the
derivatized compound was confirmed by comparing the mass
spectrum obtained with that obtained with glyoxal and
quantification was done by UV at 250 nm.

Intermediate products of CL-20 were analyzed by LC/MS
using a Bruker benchtop ion trap mass detector attached to
a Hewlett-Packard 1100 series HPLC system equipped with
a DAD detector. The samples were injected into a 5-µm pore
size Zorbax SB-C18 capillary column (0.5 mm i.d. by 150
mm; Agilent, CA) at 25 °C. The solvent system was composed
of a CH3CN/H2O gradient (30% v/v to 70% v/v) at a flow rate
of 15 µL/min. For mass analysis, negative electrospray
ionization was used to produce deprotonated molecular ions
[M - H]- or nitrate adduct ions [M + NO3]-. The mass range
was scanned from 40 to 550 Da. The identity of the
intermediates was confirmed using 15N-amino- and 15N-nitro-
labeled CL-20. Nitrogen gas including 15N14N and 15N15N and
nitrous oxide including 15N14NO and 15N15NO were analyzed
using a GC/MS as described previously (23).

Results and Discussion
Degradation of CL-20 with Iron. Figure 2 shows that CL-20
(2.4 µmol) completely degraded within 10 h of reaction with
Fe0 (under anaerobic conditions) to form HCOO-, NO2

-,
NH4

+, and N2O. These products are the same as those reported
in previous studies on the alkaline hydrolysis (4), photolysis
(8), and microbial degradation (5-7) of CL-20. Formaldehyde,
which is a common degradation product of RDX and HMX,
was not detected here. However, while RDX and HMX are
cyclic oligomers of methylene nitramine, CH2-NNO2, CL-20

FIGURE 1. Structural formulas of RDX and CL-20.

FIGURE 2. Time course of the Fe0-mediated anaerobic degradation
of CL-20 in water. (A) Carbon-containing compounds. (B) Nitrogen-
containing compounds. Data points are the mean and error bars the
average deviation (n ) 2).
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contains the repeating unit CH-NNO2 where each carbon
atom is bound to another carbon (Figure 1). Moreover,
whereas RDX and HMX are both synthesized from formal-
dehyde, glyoxal (CHO-CHO) is used as the starting material
in the synthesis of CL-20 (1, 27). We thus investigated the
presence of glyoxal as a possible degradation product of CL-
20.

Figure 3 shows the chromatograms obtained upon
separately derivatizing the reaction mixture and a reference
standard of glyoxal with PFBHA. The exact match between
the sample and the standard conclusively proved that glyoxal
was a product of CL-20 degradation, and to the best of our
knowledge, this is the first such report. Glyoxal was analyzed
throughout the reaction (Figure 2A) as the derivatized product
of PFBHA. Since Figure 2A clearly shows that glyoxal was a
transient species, we analyzed for its potential decomposition
product(s). It has been reported that glyoxal in the presence
of multivalent metal ions including FeII can be transformed
into glycolic acid (28). A control containing glyoxal (2.67 µmol)
and iron (0.1 g) led to the production of glycolic acid (1.16
µmol), demonstrating the transformation of glyoxal into
glycolic acid under the present conditions. As a consequence,
glycolic acid was also measured in the reaction medium
(Figure 2A). Unlike glyoxal, formate did not react with iron
under the current conditions.

Figure 2B summarizes the nitrogen-containing products
of CL-20. Of the nitrogen-containing product N2O and
ammonia (detected as NH4

+) appeared to be stable, in
agreement with what was observed when stirring Fe0 (0.1 g)
with 2 µmol of NH4Cl or 0.11 µmol of N2O. The transformation
of nitrite after 16 h is consistent with the findings of other
researchers who observed that Fe0 could chemically reduce
nitrite to ammonium (9, 12, 29). An experiment was specif-
ically designed to evaluate the transformation of nitrite with
iron under the present conditions. After contacting Fe0 (0.1
g) with an aqueous solution of nitrite (2.4 µmol) for 16 h,
NH4

+ (0.6 µmol), N2O (0.12 µmol), and N2 (not quantified)
were observed along with unreacted nitrite (0.9 µmol). A
fraction of the ammonium and nitrous oxide detected at the
end of the reaction likely resulted from the reduction of nitrite
ions, as supported by the detection of 15N15NO (46 Da) when
using 15N-nitro-labeled CL-20.

After 4 h of reaction, 83% of CL-20 was transformed to
give a carbon mass balance of 46.5% that was distributed
between HCOO- (formate, 4.9%) and CHO-CHO (glyoxal,
41.6%). However, when the derivatization was performed at
a higher temperature (65 °C), some reaction intermediates
decomposed further to give a greater yield of glyoxal (up to
60%). Analysis of the reaction medium by LC/MS at this time

confirmed the presence of several intermediates in the system
(see next section). At the end of the reaction (48 h), the carbon
mass balance decreased to 32.4% and was distributed as
follows: HCOO- (formate, 6.8%), CHO-CHO (glyoxal, 12.1%),
and CH2OH-COO- (glycolate, 13.5%). The amount of glyoxal
significantly decreased between 4 and 48 h to produce
glycolate. However, the decrease in total C mass balance
shows that glycolate was not the only product of glyoxal. The
latter is a highly reactive dialdehyde (30) that can readily
condense with alcohols and amines, which are suspected
products in the system.

As for the nitrogen mass balance, it was 60.7% after 4 h,
distributed among NO2

- (19.6%), N2O (35.5%), and NH3

(5.6%). The use of 15N-amino-labeled CL-20 led to the
detection of a mass ion of 29 Da corresponding to 15N-14N,
confirming that N2 was a product of CL-20, but we were
unable to quantify it.

Insights into the Role of Fe0 in Initiating the Decom-
position of CL-20. Oxidation of Fe0 to FeII in water is
concomitant with a release of hydroxide ions in solution (eq
1), so that one might expect a pH increase as the reaction
evolves. Since hydrolysis of CL-20 has been observed under
alkaline conditions (4), a possible initiator for CL-20 de-
composition was the OH- resulting from oxidation of iron.
The pH was thus measured at the end of each reaction and
was found to remain constant at approximately 5.5, even
after 120 h of reaction. The formation of formic and glycolic
acids as products of CL-20 may be responsible for the pH
stabilization. Hydrolysis of CL-20 was therefore excluded as
a potential degradation route.

In the Fe0-H2O system, there are three main reductants
present upon the anaerobic corrosion of the metal (eq 1):
Fe0, FeII, and H2 (31). Neither iron powder in dry MeCN nor
iron powder in dry MeCN in the presence of H2 were able
to degrade CL-20 (data not shown), suggesting that Fe0 or H2

would not be responsible for CL-20 decomposition. This
observations added to the formation of FeIII upon reduction
of CL-20 led us to attribute the reductive process to FeII. For
instance, we found that after 6 h of contact between CL-20
and Fe0 approximately 5 ppm (0.89 µmol) of FeIII was detected.
By contrast, an oxygen-free control solution containing only
Fe0 and water (i.e., no CL-20) produced a negligible quantity
of FeIII ion in the same time span. When CL-20 (2.3 µmol)
was mixed with FeSO4 (3.56 µmol, 200 ppm in FeII as measured
by Stookey’s method) degradation did not occur, indicating
that Fe2+ ions in solution were not responsible for the
degradation of CL-20. Since dissolved Fe2+ ion had no impact
on CL-20 degradation, the e-transfer to the energetic chemical
that caused its degradation must have involved surface-
bound Fe2+. The involvement of surface bound Fe2+ was noted
earlier for the destruction of a wide variety of environmental
organic contaminants including CCl4 (12, 14), trifluralin (32),
nitrobenzenes (33, 34), and the nitramine, RDX (20).

Note that in the presence of oxygen, Fe0 can still form
Fe2+ (eq 2), but the electrons generated from Fe2+ oxidation
are trapped by triplet oxygen, TO2 (a diradical in the ground
state) instead of initiating CL-20 destruction. As a result, CL-
20 degradation was not observed when the experiment was
conducted in air.

Thus, in the absence of air, the oxidation of surface-bound
FeII to FeIII and the subsequent transfer of a single electron
to CL-20 were likely responsible for the degradation of the
energetic chemical. The resulting CL-20 anion radical is
expected to rapidly denitrate to undergo spontaneous

FIGURE 3. LC/UV chromatograms at 250 nm showing the detection
of glyoxal. (A) CL-20/Fe0 reaction solution after derivatization. (B)
Glyoxal standard solution after derivatization with pentafluoroben-
zylhydroxylamine. (C) MS (ES+) obtained for both the standard and
the sample.

Fe0 + 2H2O f Fe2+ + H2 + 2OH- (1)

2Fe0 + O2 + 2H2O f 2Fe2+ + 4OH- (2)
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decomposition as observed by Bhushan et al. (6). According
to the crystal structure analysis of CL-20 (35), the elongated
C-C bond at the top of the molecule is the weakest bond
and should cleave first.

Potential Initial Decomposition Routes of CL-20. LC/
MS analysis showed the presence of the imine (I) and its
dicarbinol (II) intermediates with retention times of 8.6 and
14.0 min, respectively (Figure 4A). Intermediates I and II,
which showed their [M - H]- ions at 345 and 381 Da (Figure
4B), respectively, were observed during biodegradation (6)
and photodenitration (8) of the chemical. Imine I can be
readily hydrated in water (36) and form the R-hydroxyalkyl-
nitramine II. The resulting R-hydroxynitramines is unstable
(36) and is expected to undergo a rapid ring cleavage (across
the O2NN-COH bond) to ultimately produce formate from
the elongated C-C bond and glyoxal from the remaining
two C-C bonds in CL-20 (6).

In the present study, we were able to detect two new
intermediates (III and IV) with retention times at 16.8 and
16.3 min, respectively (Figure 5A). The two intermediates
had their [M - H]- at 421 and 405 Da each matching an
empirical formula of C6H6N12O11 or C6H6N12O10, respectively
(Figure 5B). The corresponding nitrate adduct ions [M +
NO3

-]- were detected at 484 and 468 Da, respectively. Using
15N-ring-labeled and 15NO2-labeled CL-20, III and IV were
detected at 427 and 411 Da, respectively, representing an
increase of 6 amu in each case due to the presence of six 15N
atoms. In the case of 15N-amino labeled CL-20 the adduct
mass ions of the III and IV appeared at 490 and 474 Da,
respectively, also showing an increase of 6 amu. However,
in the case of 15NO2-labeled CL-20, the adduct mass ions of
III and IV appeared at 491 and 475 Da, respectively,
representing an increase of 7 amu. The extra 1 amu was
attributed to the involvement of 15NO3

- originated from the

15NO2-labeled CL-20. A similar nitrate adduct was detected
during LC/MS analysis of CL-20 (500 Da) (8). We tentatively
identified III and IV as the mononitroso and the dinitroso
derivatives of CL-20 (Figure 5B). As far as we are aware, this
is the first observation of nitroso products of CL-20. The
transient observation of initially reduced nitroso products
III and IV highlights the potential occurrence of second initial
degradation route for CL-20, (i.e., the sequential reduction
of N-NO2 groups to the corresponding N-NO derivatives).
Similar reduction has been reported for RDX with iron (19,
20), but no such reactions were known with CL-20.

Finally, Figure 6 shows the presence of two other key
intermediates (V and VI) of CL-20 with their LC/MS peaks
appearing at retention times of 13.9 and 13.4 min and their
deprotonated molecular mass ions at 392 and 376 Da,
respectively. The two intermediates showed their nitrate
adduct ions [M + NO3

-]- at 455 and 439 Da, respectively
(Figure 6B). The use of 15NO2-labeled CL-20 led to the
observation of V and VI at 397 and 381 Da, respectively,
suggesting the loss of one NO2 from CL-20. Intermediate V
(Figure 6B) was tentatively identified as the denitrohydro-
genated intermediate while intermediate VI (Figure 6B) was
tentatively identified as its denitrohydrogenated mononitroso
product of CL-20. The formation of the last two intermediates
resembles the known pathway of the reductive dechlorination
of polychlorinated compounds by zerovalent iron (dehalo-
hydrogenation) (12, 14) where there is an apparent substitu-
tion of hydride for the leaving group (Cl- or NO2

-). While the
finding that CL-20 can degrade via multiple pathways is
important, the absence of reference standards for these newly
detected intermediates prevented us from determining the
quantitative contribution of each route in the decomposition
of CL-20.

Environmental Significance. This study demonstrates
that elevated concentrations of CL-20 (100 mg/L) can be

FIGURE 4. Typical LC/MS chromatograms of intermediates I and
II formed upon the double denitration of CL-20 in the Fe0-mediated
reaction. (A) Extracted ion chromatogram (EIC) of m/z ) 345 (I) and
381 Da (II). (B) Mass spectra and structures of I and II.

FIGURE 5. Typical LC/MS chromatograms of early intermediates III
and IV in the Fe0-mediated decomposition of CL-20. (A) Extracted
Ion Chromatogram (EIC) of m/z ) 484 (III) and 468 Da (IV). (B) Mass
spectra and structures of III and IV.
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efficiently decomposed within a few hours in the presence
of zerovalent iron in water in the absence of oxygen. The
technology of permeable reactive barriers composed of Fe0

therefore holds great promise to rapidly remediate this
potential emerging contaminant from anaerobic subsurface
soils. While nitrous oxide and ammonium constitute the
major nitrogen-containing products, formate, glyoxal, and
glycolic acid were discovered as important products con-
tributing to the carbon mass balance. Glyoxal is a known
toxic chemical (37), and its formation as a product of CL-20
will require investigating its fate under natural conditions.
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Sorption and Stability of the Polycyclic Nitramine Explosive CL-20 in Soil

Vimal K. Balakrishnan, Fanny Monteil-Rivera, Mathieu A. Gautier, and Jalal Hawari*

ABSTRACT environmental perspective, an extension of this investi-
gation to natural media that also encompasses the roleThe polycyclic nitramine CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,
of sorption–desorption on CL-20 hydrolysis in soil12-hexaazaisowurtzitane) is being considered for use as a munition,

but its environmental fate and impact are unknown. The present study would be useful.
consisted of two main elements. First, sorption–desorption data were Sorption of organic chemicals to soil is a process that
measured with soils and minerals to evaluate the respective contribu- can affect mobility, degradation, and toxicity by reduc-
tions of organic matter and minerals to CL-20 immobilization. Second, ing availability. A fundamental understanding of sorp-
since CL-20 hydrolyzes at a pH of �7, the effect of sorption on CL-20 tion and desorption mechanisms is therefore essential
degradation was examined in alkaline soils. Sorption–desorption iso- for accurate prediction of the fate and impact of organic
therms measured using five slightly acidic soils (5.1 � pH � 6.9)

contaminants in soils and ground water. Several soilcontaining various amounts of total organic carbon (TOC) revealed
properties, including organic carbon content, pH, cationa nonlinear sorption that increased with TOC [Kd (0.33% TOC) �
exchange capacity (CEC), and the amount and type of2.4 L kg�1; Kd (20% TOC) � 311 L kg�1]. Sorption to minerals (Fe2O3,
clay may affect the sorption of organic compounds. Ofsilica, kaolinite, montmorillonite, illite) was very low (0 � Kd � 0.6 L

kg�1), suggesting that mineral phases do not contribute significantly these properties, organic carbon and clay minerals have
to CL-20 sorption. Degradation of CL-20 in sterile soils having differ- been shown to have the highest influence on sorption
ent pH values increased as follows: sandy agricultural topsoil from of nonionic molecules (Huang et al., 1998; Weber et
Varennes, QC, Canada (VT) (pH � 5.6; Kd � 15 L kg�1; 8% loss) � al., 1998; Karapanagioti et al., 2001). Previous studies
clay soil from St. Sulpice, QC, Canada (CSS) (pH � 8.1; Kd � 1 L performed with RDX (Leggett, 1985; Sheremata et al.,
kg�1; 82% loss) � sandy soil provided by Agriculture Canada (SAC) 2001) and HMX (Brannon et al., 2002; Monteil-Rivera
(pH � 8.1, Kd � approximately 0 L kg�1; 100% loss). The faster

et al., 2003) revealed that both nitramines had a verydegradation in SAC soil compared with CSS soil was attributed to
low tendency to sorption and that this sorption wasthe absence of sorption in the former. In summary, CL-20 is highly
governed by the clay rather than the organic content ofimmobilized by soils rich in organic matter. Although sorption retards
soil. To our knowledge, the sorption–desorption behav-abiotic degradation, CL-20 still decomposes in soils where pH is �7.5,

suggesting that it will not persist in even slightly alkaline soils. ior of CL-20 in soils has not been reported in the lit-
erature.

In this study, we first measured sorption–desorption
isotherms for CL-20 with five slightly acidic soils thatThe polycyclic nitramine CL-20 (Fig. 1) is a highly
varied in organic content. Then the extent of sorptionenergetic explosive that is currently being consid-
on minerals was measured to evaluate the respectiveered for large-scale production and military applica-
contribution of organic matter and minerals in immobi-tions. Presently, due to the relative novelty of CL-20,
lizing the explosive. Finally, we investigated the effectvery little is known about its environmental fate. In
of sorption–desorption on the stability of CL-20 in ster-general, the manufacturing and usage of munitions has
ile soils having different pH values.resulted in severe contamination of both soils and

ground water (Haas et al., 1990; Myler and Sisk, 1991).
Like the monocyclic nitramines RDX (hexahydro-1,3,5- MATERIALS AND METHODS
trinitro-1,3,5-triazine) and HMX (octahydro-1,3,5,7-tetra-

Chemicalsnitro-1,3,5,7-tetrazocine) (Fig. 1) that have been re-
CL-20 (purity 99.3%, determined by reverse phase highported to be toxic to a number of ecological receptors

performance liquid chromatography [HPLC]) was obtained(Yinon, 1990; Talmage et al., 1999), CL-20 was recently
from A.T.K. Thiokol Propulsion (Brigham City, UT), as anfound to be toxic to the earthworm (Robidoux et al.,
ε-form (�95% as determined by IR). Silica (Grade 60, 60–2002004). In contrast to currently used munitions, the ad-
mesh), Fe(III) oxide (5 �m, �99% pure), kaolinite, and mont-verse environmental consequences of widespread usage
morillonite K10 were obtained from Aldrich Chemicals (St.of CL-20 can be limited by investigating its transport, Louis, MO) and used as received. Monoclinic illite shale

transformation, and impact in soil. {(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,H2O]} was obtained
Recently, we showed that CL-20 readily underwent from Ward’s Natural Science Establishment (Rochester, NY),

denitration under alkaline conditions in water (pH � ground, and passed through a 2-mm sieve. The pH of the
10) (Balakrishnan et al., 2003) at a faster rate than did powdered illite (initially � 8.60) was adjusted to 5.4 using
the monocyclic nitramines RDX and HMX. From an

Abbreviations: CSS, clay soil from St. Sulpice; QC, Canada; FS, sandy
forest soil provided by a local supplier; FSB, sandy forest soil from
Boucherville, QC, Canada; GS, sandy garden soil obtained from aBiotechnology Research Institute, National Research Council of Canada,
local supplier; HPLC, high performance liquid chromatography; Kd,6100 Royalmount Avenue, Montréal, QC, Canada H4P 2R2. Received
distribution coefficient; KF, Freundlich adsorption coefficient; Koc,20 Oct. 2003. *Corresponding author (Jalal.Hawari@cnrc-nrc.gc.ca).
organic-carbon-normalized distribution coefficient; Kow, n-octanol–
water distribution coefficient; SAC, sandy soil provided by AgriculturePublished in J. Environ. Qual. 33:1362–1368 (2004).

 ASA, CSSA, SSSA Canada; SSL, Sassafras sandy loam; TOC, total organic carbon; VT,
sandy agricultural topsoil from Varennes, QC, Canada.677 S. Segoe Rd., Madison, WI 53711 USA
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Table 1. Characterization of soils used in this study.

Granulometry
Total organic

Soil† Sand Silt Clay C (dry basis) pH

%
VT 83 12 4 2.3 5.6
SSL 71 18 11 0.33 5.1
FSB 99.3 0.7‡ 16 5.7
FS 89.8 9.1 1.2 20 6.9
GS 99.4 0.6‡ 34 6.1
CSS 2.3 53.2 44.5 0.31 8.1
SAC 98.6 1.3 0.1 0.08 8.1

† VT, sandy agricultural topsoil from Varennes, QC, Canada; SSL, Sassa-
fras sandy loam; FSB, sandy forest soil from Boucherville, QC, Canada;
GS, sandy garden soil obtained from a local supplier; FS, sandy forest
soil provided by a local supplier; CSS, clay soil from St. Sulpice, QC,
Canada; SAC, sandy soil provided by Agriculture Canada.

‡ Value denotes silt � clay.

aluminum foil and agitated on a wrist-action shaker at 430
rpm for the desired contact time. They were then centrifuged
for 30 min at 1170 � g, and the supernatant was filtered
through a Millex-HV 0.45-�m filter (Millipore Corp., Billerica,
MA). The filtrate collected after discarding the first 3 mL was
analyzed by HPLC, as described below.

Desorption experiments were conducted by adding deion-
ized water (15 mL for SSL and VT soils, 10 mL for other
sorbents) to the pellet remaining in the tube after removing
the supernatant, and agitating the suspensions for the required
contact times. Samples were then centrifuged, filtered, and
analyzed as described for sorption experiments. The solution
volumes that remained in the soil at the end of the sorption and
desorption phases were determined by weight and corrections
were made to account for CL-20 present in these volumes.

To estimate CL-20 losses during the experiments, sorbed
Fig. 1. Structures and relevant physicochemical properties of selected CL-20 was extracted with acetonitrile from the solid recoverednitramine explosives (data from Monteil-Rivera et al., 2004).

after sorption or desorption as described in USEPA SW-846
Method 8330 (USEPA, 1997), modified to use an acidic cal-HCl in the sorption experiments. All other chemicals were of
cium chloride solution (CaCl2: 5 g L�1; NaHSO4: 0.23 g L�1;reagent grade and used without purification.
pH � 3) in the sedimentation step.

Soils
Sorption and Desorption Kinetics

Seven soils were used in this study: (i) a Sassafras sandy
The time needed to establish sorption and desorption equi-loam (SSL) (fine-loamy, siliceous, semiactive, mesic Typic

libria was determined by conducting kinetics experiments onHapludults) sampled in an uncontaminated open grassland
the VT and GS soils. For sorption experiments, an aqueouson the property of U.S. Army Aberdeen Proving Ground,
solution of CL-20 (3 mg L�1) was shaken with soil over a(Edgewood, MD); (ii) a sandy agricultural topsoil from Var-
period ranging from 1 h to 14 d. For desorption kinetics experi-ennes, QC, Canada (VT); (iii) a sandy forest soil from Bou-
ments, the soils were first shaken with a 3 mg L�1 CL-20cherville, QC, Canada (FSB); (iv) a sandy forest soil provided
solution for 72 h. After centrifugation, the supernatant wasby a local supplier (FS); (v) a sandy garden soil obtained from
removed and the pellet was contacted with fresh deionizeda local supplier (GS); (vi) a clay soil from St. Sulpice, QC,
water over periods varying from 1 h to 6 d. Sorbed CL-20Canada (CSS); and (vii) a sandy soil provided by Agriculture
was extracted from the recovered solid using acetonitrile asCanada (SAC). Soils were passed through a 2-mm sieve and
described above. The kinetics experiments were conductedair-dried before using. The soils differed with respect to total
in triplicate.organic carbon, pH levels, and sand, silt, and clay content

(Table 1). A portion of the VT, CSS, and SAC soils was
sterilized, as described elsewhere (Sheremata et al., 2001), Sorption–Desorption Isotherms
by gamma irradiation from a 60Co source at the Canadian

Aqueous CL-20 solutions were prepared to give initialIrradiation Center (Laval, Quebec) with a dose of 50 kGy
CL-20 concentrations ranging from 0.5 to 3.5 mg L�1. Iso-over 2 h.
therms were measured using SSL, VT, FSB, FS, and GS soils.
Sorption experiments were conducted over a period of 65 hGeneral Sorption–Desorption Procedure for SSL, FS, and VT soils, and 72 h for FSB and GS soils,
while desorption experiments were conducted over a periodBatch sorption experiments were conducted at ambient

temperature (21 	 2
C) in 16-mL borosilicate centrifuge tubes of 24 h (SSL and VT soils) and 48 h (FSB, FS, and GS soils).
Following the general procedure described above, six repli-fitted with Teflon-coated screw caps. For SSL and VT soils,

15 mL of CL-20 solution was added to 2 g of dried soil, while cates were used for each concentration. Three were extracted
with acetonitrile immediately after sorption and the othersfor all other soils and minerals, 10 mL of CL-20 solution and

1.34 g of dry sorbent were used. The tubes were wrapped in were extracted after desorption. As a result, triplicate mea-
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surements were obtained at each concentration for both the or clay mineral that precipitated from solution at a pH of 3
were separated by centrifugation for 10 min at 16 000 � gsorption and desorption steps. Blanks containing the same

amount of soil and volume of water were subjected to the same with an Eppendorf (Hamburg, Germany) Centrifuge 5415D.
The supernatant was subsequently analyzed by HPLC.test procedure for all soils. No interfering peaks were detected.

All sorption and desorption data were fitted to the linear CL-20 analysis was performed by HPLC using a chromato-
graphic system (ThermoFinnigan, San Jose, CA) composed(Eq. [1]) and Freundlich (Eq. [2]) equations:
of a Model P4000 pump, a Model AS3000 injector, including

x/m � KdC [1] temperature control for the column, and a Model UV6000LP
photodiode-array detector. The injection volume was 50 �L.

x/m � KFC1/n [2] The separation was completed on a Supelcosil LC-CN column
(25 cm, 4.6 mm, 5�m; Supelco, Bellefonte, PA) maintainedwhere x/m is the mass of solute sorbed per unit mass at equilib-
at 35
C. The mobile phase (70% aqueous methanol) was runrium (mg kg�1), C is the aqueous phase concentration of solute
isocratically at 1 mL min�1 for the entire run time of 14 min.at equilibrium (mg L�1), Kd is the distribution coefficient
Chromatograms were extracted at a wavelength of 230 nm(L kg�1), KF is the Freundlich constant that gives a measure
and quantified using peak areas of external standards.of the adsorbent capacity (mg1�1/n kg�1 L1/n), and 1/n gives a

Nitrate (NO�
3 ) and formate (HCOO�) ions were quantifiedmeasure of the intensity of sorption. Because the value of KF by ion chromatography (IC) equipped with a conductivitydepends on the value of 1/n for a given sample, KF values could

detector as described elsewhere (Monteil-Rivera et al., 2004).not be compared between different isotherms. The extent of
Analysis of nitrite (NO�

2 ) ions was performed colorimetricallysorption and desorption were compared using the Kd con-
after producing the diazonium salt as described in USEPAstants, denoted KS

d and KD
d for sorption and desorption, respec-

Method 354.1 (USEPA, 1979).tively. Although the Kd values varied with sorbate concentra-
tion for samples that exhibited a high level of nonlinearity,
we treated the linear model as providing average Kd constants RESULTS AND DISCUSSION
that were representative of the sorption processes for each

Sorption–Desorption Kineticssoil. These average values were used to determine the Koc

values (Koc � KS
d/foc, where foc represents the fraction of or- Kinetics experiments were performed using VT (2.3%ganic carbon).

TOC) and GS (34% TOC) soils to determine the mini-
mum time required to reach sorption and desorption

Behavior of CL-20 in Alkaline Soils equilibria. The sorption experiments revealed different
The effect of pH on the stability of CL-20 in soil was studied behavior in both soils (Fig. 2). For GS soil, a rapid

either by artificially adjusting the pH of VT soil suspensions sorption occurred with maximal sorption (94%) reached
or by using naturally alkaline soils. In the case of VT soil, the within 1.5 h, while VT soil yielded a slower sorption,
dried soil (1.34 g) was contacted for 2 h with 5 mL of water with approximately 200 h being required to attain sorp-
containing the amount of HCl or NaOH required to obtain tion equilibrium (60% sorption). In the case of VT soil,
a final pH ranging from 3 to 9. After adding 5 mL of an a fast initial adsorption was followed by a slower migra-aqueous solution of CL-20 (3.5 mg L�1), the slurries were

tion and diffusion of the CL-20 into the soil matrix.agitated for 65 h. They were then centrifuged for 30 min at
These results show that the sorbing sites present in GS1170 � g and the pH was measured in the supernatant. The
soil were more readily accessible than those presentlatter was then filtered through a Millex-HV 0.45-�m filter,
in VT soil, suggesting that different types of sites arediluted using acetonitrile acidified to a pH of 3 (with H2SO4),

and analyzed by HPLC. Potential CL-20 products (nitrite, involved in CL-20 immobilization by soils. No informa-
nitrate, and formate ions) were quantified in the most alkaline tion is yet available on the sorption and desorption
samples as described below. All the soil pellets were extracted kinetics of CL-20 onto soils, but for the monocyclic
with acetonitrile to calculate a total percent recovery of CL-20. nitramines RDX and HMX, a rapid sorption was re-

In the naturally alkaline soils, 10 mL of a CL-20 solution ported to occur in less than 24 h for each compound in
(3.5 mg L�1) and 1.34 g of the sterile SAC (pH � 8.1) soil different soils, including VT soil (Xue et al., 1995; Myersor sterile CSS (pH � 8.1) soil were agitated in borosilicate

et al., 1998; Sheremata et al., 2001; Monteil-Rivera etcentrifuge tubes, using a wrist-action shaker at 430 rpm. At
al., 2003). The slower sorption of CL-20 onto the VTvarious time intervals, tubes were removed, and after centrifu-
soil is indicative of a different sorption mechanism forgation for 30 min at 1170 � g, the pH was measured in the
CL-20 than for RDX and HMX.supernatant and the latter was filtered. The filtrates collected

after discarding the first 3 mL were diluted using acidified Desorption equilibria were achieved in less than 1
acetonitrile and analyzed by HPLC. The degradation products and 20 h for GS and VT soils, respectively (Fig. 2). As
of CL-20, nitrite, nitrate, and formate ions were quantified as was the case for sorption, desorption of CL-20 from VT
described below in the 14-d samples as well as in controls soil was probably delayed by the need for the chemical
(sterile soil and water without CL-20) stirred for 14 d under to diffuse through the soil structure.
similar conditions. The soils were extracted with acetonitrile
and a total recovery was calculated for CL-20. For comparison,

CL-20 Sorption–Desorption Isothermsa similar experiment was conducted with sterile VT soil
(pH � 5.6). Sorption and desorption isotherms of CL-20 in vari-

ous soils are presented in Fig. 3 for the SSL, VT, FSB,
Analytical Methods FS, and GS soils. Since no microbial growth inhibitor

was added to the media and nonsterile soils were used,All CL-20 standards and samples were prepared in acidified
some degradation of CL-20 was observed (2–16% de-(pH � 3) mixtures of 50:50 CH3CN to H2O since acidification

prevented CL-20 degradation. Dissolved soil organic matter pending on the soil used; Table 2) during the time frame
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Fig. 2. Sorption and desorption kinetics for CL-20 with sandy agricul- Fig. 3. Sorption–desorption isotherms for CL-20 in nonsterile Sassa-
tural topsoil from Varennes, QC, Canada (VT) and sandy garden fras sandy loam (SSL); sandy agricultural topsoil from Varennes,
soil obtained from a local supplier (GS). For desorption, y axis QC, Canada (VT); sandy forest soil from Boucherville, QC, Canada
represents the amount of sorbed CL-20 that desorbs. Error bars (FSB); sandy garden soil obtained from a local supplier (GS); and
represent the standard deviations of three replicates. sandy forest soil provided by a local supplier (FS) at ambient

temperature. Sorption is denoted by filled symbols and solid lines;
desorption by hollow symbols and dashed lines. For clarity, data

of the sorption–desorption isotherms (about one week). obtained with soils having a high affinity for CL-20 (top) are pre-
To account for CL-20 degradation, the amount of sorbed sented separately from data obtained with soils having a low affinity

for CL-20 (bottom).CL-20 was determined by extracting the soil with aceto-
nitrile, rather than estimating it by difference from the
aqueous concentration. The higher Kd (and KF) values obtained in soils with

Non-linear regression procedures using Origin soft- higher organic content suggest that soil organic matter
ware (Microcal, 1999) were used for fitting Freundlich plays a determining role in CL-20 sorption. This result
and linear (1/n set equal to 1) isotherms to the sorption demonstrates a major difference in behavior between
data. Values of the resulting parameters for the two CL-20 and the two monocyclic nitramines, RDX and
models along with the r2 values are presented in Table 2 HMX, whose sorption onto soil was previously demon-
and theoretical curves resulting from the Freundlich strated to be independent of organic content (Leggett,
model are presented in Fig. 3. All sorbents exhibited 1985; Sheremata et al., 2001; Brannon et al., 2002; Mon-
nonlinear isotherms, with 1/n values ranging from 0.49 teil-Rivera et al., 2003). The higher log Kow measured for
to 0.94. The r2 values show that the Freundlich model CL-20, compared with that of RDX and HMX (Fig. 1;
fitted the equilibrium sorption data better than did the Monteil-Rivera et al., 2004), demonstrates a higher hy-
linear model. Moreover, the linear model was not appro- drophobicity of the former, which is probably responsi-

ble for its superior affinity toward soils with high organicpriate for describing FSB and GS soils (r2 � 0.7). The
content. Numerous relationships based on Eq. [3] havegeneral nonlinearity of the isotherms observed in this
been developed between soil sorption coefficients (Koc)study indicates that CL-20 sorption to soil occurs
and n-octanol–water coefficients (Kow):through interactions with different classes of sites having

different sorption energies (Weber and DiGiano, 1996). log Koc � m log Kow � b [3]Table 2 clearly shows that sorption was significantly
higher in the FS (Kd � 311 L kg�1), GS (Kd � 187 L where m and b are parameters extracted from linear
kg�1), and FSB (Kd � 37 L kg�1) soils than in the VT regressions. To predict a Koc value from a Kow value, a

reasonable similarity should be ensured between the(Kd � 15.1 L kg�1) and SSL (Kd � 2.4 L kg�1) soils.
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Table 2. Isotherm parameters, organic-carbon-normalized sorption coefficient (Koc), and recoveries for CL-20 sorption and desorption
by various soils.

Freundlich fitting Linear fitting

Soil† Experiment KF‡ 1/n‡ r2 Kd‡ r2 Koc Recovery§

mg1�1/n kg�1 L1/n L kg�1 L kg�1 %
SSL sorption 2.57 	 0.11 0.94 	 0.04 0.983 2.43 	 0.04 0.981 736 97.0 	 2.3

desorption 4.22 	 0.15 0.89 	 0.07 0.956 4.43 	 0.11 0.947
VT sorption 15.53 	 0.50 0.87 	 0.08 0.948 15.06 	 0.42 0.928 655 97.3 	 2.8

desorption 25.09 	 1.27 1.09 	 0.11 0.932 24.14 	 0.65 0.929
FSB sorption 23.76 	 2.03 0.57 	 0.06 0.884 36.86 	 2.26 0.667 230 98.5 	 8.2

desorption 27.86 	 5.27 0.59 	 0.11 0.716 48.81 	 3.38 0.569
GS sorption 54.83 	 8.57 0.49 	 0.06 0.867 187.43 	 13.73 �0.027 551 92.6 	 5.8

desorption 54.31 	 11.07 0.50 	 0.08 0.834 190.59 	 13.71 0.150
FS sorption 232.52 	 71.31 0.90 	 0.10 0.904 310.84 	 9.37 0.895 1554 84.3 	 11.0

desorption 75.98 	 16.47 0.53 	 0.07 0.873 330.84 	 21.95 0.402

† SSL, Sassafras sandy loam; VT, sandy agricultural topsoil from Varennes, QC, Canada; FSB, sandy forest soil from Boucherville, QC, Canada; GS,
sandy garden soil obtained from a local supplier; FS, sandy forest soil provided by a local supplier.

‡ For these columns, values following the 	 sign are standard errors. The term KF is the Freundlich coefficient, while Kd is the distribution coefficient.
§ Average percent recovery of CL-20 for all sorption–desorption samples in one soil, as determined by adding the amount of sorbed CL-20 to the amount

of CL-20 present in the aqueous phase. Error denotes standard deviation (n � 36 for SSL, VT, and FSB soils; n � 24 for GS soil; n � 29 for FS soil).

solute molecule of interest and the family of compounds measured. The data presented in Table 3 demonstrate
used to establish the data set on which m and b are that CL-20 has a low tendency to adsorb on any of the
based (Sabljić et al., 1995). No correlation is currently mineral phases, and that it adsorbs much less on clay
available in the literature for nitramines, but by applying than do RDX and HMX. Based on FTIR measurements,
the general model given by Sabljić et al. (1995) for Boyd et al. (2001) suggested that nitro-containing com-
nonhydrophobic chemicals [defined as chemicals con- pounds are strongly retained by complexation between
taining atoms other than C, H, and halogens (m � 0.52; metals in clay minerals (e.g., K�) and –NO2 groups. With
b � 1.02)], a Koc value of 104 L kg�1 was calculated for six –NO2 groups, CL-20 contains more sites capable of
CL-20. The fact that this theoretical value is inferior to interacting with such metals compared to RDX (three
all those measured in the present study (see Table 2), –NO2) and HMX (four –NO2). However, its polycyclic
coupled with the fact that the Koc values measured varied caged structure makes CL-20 a bulkier compound [ap-
by almost one order of magnitude, confirms that CL-20 proximately 6–7 Å in diameter, as estimated from crys-
adsorption onto organic matter is not limited to a pure tallographic data (Zhao and Shi, 1996)] that is unable to
physical distribution process, as suggested by the nonlin- migrate into the clay layers [3–9 Å for a montmorillonite,
ear isotherms. Therefore, the type, and not just the approximately 5 Å for a smectite (Brindley, 1981)]. Given
amount, of organic matter present in soils is a determin- the small contribution of mineral phases in CL-20 reten-
ing factor in the immobilization of CL-20. tion, the hystereses observed with VT and SSL soils

A sorption–desorption hysteresis (KD
d � KS

d) was ob- were probably caused by the organic content of soil.
served for the SSL and VT soils (Fig. 3, Table 2), while The full CL-20 recoveries we obtained on sonicating
sorption to the FS and GS soils appeared to be fully the sorbed soils in acetonitrile ruled out the formation
reversible (KD

d approximately equal to KS
d). Meanwhile, of covalent bonds between CL-20 and organic matter

the large divergence observed on the measurements as the reason for the hysteresis. Weber et al. (1998)
performed with FSB soil made it hard to ascertain previously suggested that the form of the soil organic
whether or not this soil gave rise to a sorption hysteresis. matter played a critical role in the hystereses observed
Hysteresis phenomena can be caused by organic matter in the sorption–desorption behavior of hydrophobic or-
or mineral constituents of soil. We assessed the sorption ganic compounds such as phenanthrene. Humic acids,
of CL-20 onto silica, ferric oxide, and three different clays with their large microporosities, allow for fast interac-
(Table 3). Clays have been shown to play a determining tion with water, thus producing a reversible sorption. In
role in the sorption of RDX and HMX (Brannon et al., contrast, condensed organic matter presents physically
2002); when HMX was adsorbed on montmorillonite rigid zones that interact poorly with water and tend to
under similar conditions, a KS

d value of 15.6 L kg�1 was trap any molecules sorbed within it, producing a sorp-
tion–desorption hysteresis (Weber et al., 1998). TheTable 3. Sorption and stability of CL-20 with minerals.
hystereses observed in the present study could therefore

Mineral pH KS
d† Recovery‡ have arisen from an entrapment of CL-20 in condensed

L kg�1 % organic matter. However, a matrix change that could
Silica 6.0 0.35 	 0.05 89.4 	 0.9 occur from the sorption to the desorption step to give
Fe2O3 5.9 approximately 0 93.6 	 1.0

access to sites with higher sorbing capacity in the desorp-Montmorillonite 2.4 0.62 	 0.07 99.9 	 1.6
Kaolinite 5.4 0.14 	 0.04 95.7 	 0.3 tion batch should not be excluded.
Illite 5.4§ 0.30 	 0.04 97.8 	 0.5

† Distribution coefficient for sorption (mean 	 SD, n � 3). Behavior of CL-20 in Alkaline Soils‡ Average percent recovery of CL-20 determined after adding the amount
of sorbed CL-20 to the amount of CL-20 present in the aqueous phase The ability of CL-20 to be significantly sorbed to(mean 	 SD, n � 3).

§ After adjustment with HCl. soils containing organic matter was demonstrated in
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Fig. 5. Stability of CL-20 in sterile soils having various pH values (clayFig. 4. Percent recovery of CL-20 after 65 h of agitation at different
soil from St. Sulpice, QC, Canada [CSS] and sandy soil provided bypH values and ambient temperature, in presence or absence of
Agriculture Canada [SAC], pH � 8.1; sandy agricultural topsoilnonsterile sandy agricultural topsoil from Varennes, QC, Can-
from Varennes, QC, Canada [VT], pH � 5.6). Error bars representada (VT).
the standard deviations of three replicates.

the previous section. Given the previously established
n � 24) retarded CL-20 hydrolysis. Therefore, sorptiontendency of CL-20 to undergo rapid hydrolysis under
retarded the hydrolysis of the energetic chemical butalkaline conditions (pH � 10) (Balakrishnan et al.,
did not prevent it.2003), an investigation into the effect of soils on the

hydrolysis process was deemed worthwhile. To generate
CONCLUSIONSa pH profile of CL-20 stability in soil, we adjusted the

pH of VT soil and contacted it with CL-20 solution for This study reveals that CL-20 can be highly retained
65 h. Below a pH of 7.5, percent recoveries remained by soils. In contrast to the monocyclic nitramines, RDX
approximately constant at approximately 100%, while and HMX, which are mainly adsorbed by the clay frac-
above a pH of 7.5, CL-20 degraded (Fig. 4). Analyses tion of soil, CL-20 affinity for soil is governed by the
of degradation products in the most alkaline soil samples organic content of soil, and only a small fraction of
showed that CL-20 disappearance was accompanied by the energetic chemical is actually bound to the mineral
the formation of NO�

2 and HCOO�. The fact that degra- phase. Even though sorption to soils retards abiotic deg-
dation was observed in soils with a pH of �7.5 indicates radation, CL-20 readily decomposes in natural soils
that CL-20 will not persist in natural alkaline soil envi- where pH is �7.5 suggesting that, unlike RDX and
ronments. In aqueous control samples of CL-20 (Fig. 4), HMX, CL-20 will not be a persistent organic pollutant
degradation was observed at a pH of �7.5 and was in even slightly alkaline soils. As a result, the identifica-
complete at a pH of �8.1. The greater extent of degrada- tion of intermediates and final products in the degrada-
tion observed in the control solutions than in the soils tion of CL-20 is of paramount importance to fully define
at a pH of �8 suggests that to a certain extent, the the environmental impact of this nitramine explosive.
presence of soil protects CL-20 against decomposition. The identification of products resulting from CL-20 de-

Since CL-20 significantly degraded when we increased composition constitutes the focus of ongoing studies in
the pH of VT suspensions, the behavior of CL-20 was our laboratory.
followed over time in two sterile, naturally alkaline soils.
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CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane) (C6H6N12O12), a future-generation high-
energy explosive, is biodegradable by Pseudomonas sp. strain FA1 and Agrobacterium sp. strain JS71; however,
the nature of the enzyme(s) involved in the process was not understood. In the present study, salicylate 1-mono-
oxygenase, a flavin adenine dinucleotide (FAD)-containing purified enzyme from Pseudomonas sp. strain ATCC
29352, biotransformed CL-20 at rates of 0.256 � 0.011 and 0.043 � 0.003 nmol min�1 mg of protein�1 under
anaerobic and aerobic conditions, respectively. The disappearance of CL-20 was accompanied by the release of
nitrite ions. Using liquid chromatography/mass spectrometry in the negative electrospray ionization mode, we
detected a metabolite with a deprotonated mass ion [M � H]� at 345 Da, corresponding to an empirical formula
of C6H6N10O8, produced as a result of two sequential N denitration steps on the CL-20 molecule. We also detected
two isomeric metabolites with [M � H]� at 381 Da corresponding to an empirical formula of C6H10N10O10.
The latter was a hydrated product of the metabolite C6H6N10O8 with addition of two H2O molecules, as con-
firmed by tests using 18O-labeled water. The product stoichiometry showed that each reacted CL-20 molecule
produced about 1.7 nitrite ions, 3.2 molecules of nitrous oxide, 1.5 molecules of formic acid, and 0.6 ammonium
ion. Diphenyliodonium-mediated inhibition of salicylate 1-monooxygenase and a comparative study between
native, deflavo, and reconstituted enzyme(s) showed that FAD site of the enzyme was involved in the biotrans-
formation of CL-20 catalyzed by salicylate 1-monooxygenase. The data suggested that salicylate 1-monooxy-
genase catalyzed two oxygen-sensitive single-electron transfer steps necessary to release two nitrite ions from
CL-20 and that this was followed by the secondary decomposition of this energetic chemical.

CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-
wurtzitane) is a high-energy polycyclic nitramine compound
with a rigid caged structure (25) (Fig. 1). Due to its superior
explosive properties, it may replace the conventionally used
explosives such as hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX)
and 2,4,6-trinitrotoluene (TNT) (Fig. 1) in the future. The en-
vironmental, biological, and health impacts of CL-20 and its
metabolic products are not known. Severe environmental con-
tamination (7, 12, 24) and biological toxicity (21, 30,34, 36) as
a result of the widespread use of monocyclic nitramine explo-
sives such as RDX and HMX have been well documented. The
U.S. Environmental Protection Agency has recommended a
lifetime health advisory for RDX (9) and HMX (23). It is likely
that due to its structural similarity to RDX and HMX, CL-20
(Fig. 1) may also cause similar environmental problems in soil,
sediment, and groundwater. Therefore, the biodegradation of
CL-20 must be understood in order to determine and predict
its environmental fate and impact.

Previous reports of biotransformation and biodegradation of
RDX and HMX by a variety of microorganisms and enzymes
have shown that initial N denitration led to ring cleavage and
decomposition (2, 3, 5, 10, 14, 28). Trott et al. (31) reported
aerobic biodegradation of CL-20 by the soil isolate Agrobacte-

rium sp. strain JS71, which utilized CL-20 as a sole nitrogen
source and assimilated 3 mol of nitrogen per mol of CL-20.
However, no information was provided about the initial reac-
tions involved in the biodegradation of CL-20. In a recent
study, we reported that a flavoenzyme(s) from Pseudomonas sp.
strain FA1 might have been responsible for the biotransfor-
mation of CL-20 via an initial N-denitration mechanism (4);
however, we did not detect initial metabolite(s) to support our
hypothesis. We also reported the presence of CL-20 biotransfor-
mation products such as nitrite, nitrous oxide, and formate (4).

Salicylate 1-monooxygenase (EC 1.14.13.1), a flavin adenine
dinucleotide (FAD)-containing enzyme from Pseudomonas sp.
strain ATCC 29352, is capable of catalyzing a variety of bio-
chemical reactions (19). The physiological role of salicylate
1-monooxygenase is to biotransform salicylate to catechol (20).
However, it demonstrates activity against many other sub-
strates such as o-halogenophenol and o-nitrophenol (29), ben-
zoates, and variety of other compounds (19). We hypothesized
that CL-20, being an oxidized chemical, might act as a sub-
strate of salicylate 1-monooxygenase by accepting an elec-
tron(s).

In the present study, we used salicylate 1-monooxygenase as
a model flavoenzyme in experiments to determine the initial
enzymatic reaction(s) involved in the biodegradation of CL-20
and to gain insights into how flavoenzyme-producing bacteria
biotransform CL-20. In liquid chromatography/mass spectrom-
etry (LC/MS) studies, uniformly ring-labeled [15N]CL-20 and
H2

18O were used to identify the intermediate(s) produced
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Ave., Montreal, Quebec H4P 2R2, Canada. Phone: (514) 496-6267.
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during the course of reaction. Additionally, we studied the
involvement of the FAD-site of salicylate 1-monooxygenase in
CL-20 biotransformation.

MATERIALS AND METHODS

Chemicals. CL-20 (ε-form and 99.3% purity) and uniformly ring-labeled
[15N]CL-20 (ε-form and 90.0% purity) were provided by ATK Thiokol Propul-
sion, Brigham City, Utah. NADH, diphenyliodonium chloride (DPI), and flavin
adenine dinucleotide (FAD) were purchased from Sigma Chemicals, Oakville,
Ontario, Canada. Nitrous oxide (N2O) was purchased from Scott Specialty
Gases, Sarnia, Ontario, Canada. H2

18O (95% normalized 18O atoms) was pur-
chased from Aldrich Chem. Co., Milwaukee, Wis. All other chemicals were of
the highest purity grade.

Enzyme preparation and modification. Salicylate 1-monooxygenase from
Pseudomonas sp. strain ATCC 29352 was purchased as a lyophilized powder
(protein approximately 45% by the Biuret method) from Sigma Chemicals.
Native enzyme activity against salicylate was determined as specified by the
manufacturer. The enzyme was washed with phosphate buffer (pH 7.0) at 4°C
using Biomax-5K membrane centrifuge filter units (Sigma Chemicals) to remove
preservatives and then resuspended in the same buffer. The protein content was
determined by using the bicinchoninic acid protein assay kit from Pierce Chem-
ical Co., Rockford, Ill.

Apoenzyme (deflavo form) was prepared by removing FAD from salicylate
1-monooxygenase by using a previously reported method (32). Reconstitution
was carried out by incubating the apoenzyme with 100 �M FAD in 50 mM
potassium phosphate buffer (pH 7.0) for 1 h at 4°C. The unbound FAD was
removed by washing the enzyme with the same buffer, using Biomax-5K mem-
brane centrifuge filter units.

Biotransformation assays. Enzyme-catalyzed biotransformation assays were
performed under aerobic as well as anaerobic conditions by using 6-ml glass vials.
Anaerobic conditions were created by purging the reaction mixture with argon
gas for 20 min and by replacing the headspace air with argon in sealed vials. Each
assay vial contained, in 1 ml of assay mixture, CL-20 or uniformly ring-labeled
[15N]CL-20 (25 �M or 11 mg liter�1), NADH (100 �M), enzyme preparation
(250 �g), and potassium phosphate buffer (50 mM; pH 7.0). Higher CL-20
concentrations than its aqueous solubility of 3.6 mg liter�1 (11) were used to
allow detection and quantification of the intermediate(s). Reactions were per-
formed at 30°C. Three different controls were prepared by omitting enzyme,
CL-20, or NADH from the assay mixture. Boiled enzyme was also used as a
negative control. NADH oxidation was measured spectrophotometrically at 340
nm as described previously (2). Samples from the liquid and gas phases in the
vials were analyzed for residual CL-20 and biotransformed products.

To determine the residual CL-20 concentrations during biotransformation
studies, the reaction was performed with multiple identical vials. At each time
point, the total CL-20 content in one reaction vial was solubilized in 50%
aqueous acetonitrile and analyzed by high-pressure liquid chromatography
(HPLC) (see below). The CL-20 biotransformation activity of salicylate 1-mono-
oxygenase was expressed as nanomoles per minute per milligram of protein
unless otherwise stated.

To demonstrate the effect of enzyme concentration on CL-20 biotransforma-
tion, a progress curve was generated for reactions under anaerobic conditions by
incubating salicylate 1-monooxygenase at increasing concentrations (0.25 to 2.0
mg/ml) with 45 �M CL-20 and 100 �M NADH. The reactions conditions were
the same as these described above.

To determine the incorporation of water into the CL-20 metabolite(s), H2
18O

was mixed with 100 mM potassium phosphate buffer (pH 7.0) at a ratio of 8:2. All
other reaction ingredients and conditions were the same as those described
above for the biotransformation of CL-20.

Enzyme inhibition studies. Inhibition with DPI, an inhibitor of flavoenzymes
that acts by forming a flavin-phenyl adduct (6), was assessed by incubating
salicylate 1-monooxygenase (1 mg) with DPI (0 to 0.5 mM) at room temperature
for 15 to 20 min. After incubation, CL-20 biotransformation activities of the
enzyme were determined by monitoring the residual CL-20 as described above.

Analytical procedures. CL-20 and its intermediates were detected and ana-
lyzed with a Bruker bench top ion trap mass detector attached to a Hewlett-
Packard 1100 series HPLC system equipped with a photodiode array detector.
The samples were injected into a 5-�m-pore-size Zorbax SB-C18 capillary col-
umn (0.5-mm internal diameter by 150 mm; Agilent) at 25°C. The solvent system
was an acetonitrile/water gradient (30 to 70% [vol/vol]) at a flow rate of 15 �l/
min. For mass analysis, ionization was performed in the negative electrospray
ionization mode (ES�), producing mainly deprotonated molecular mass ions
[M � H]�. The mass range was scanned from 40 to 550 Da.

The CL-20 concentration was quantified with an HPLC apparatus connected
to a photodiode array detector (�230) as described previously (4). Nitrous oxide
(N2O) and formaldehyde (HCHO) were analyzed as previously reported (2, 3,
18). Ammonium cations were analyzed by an SP 8100 HPLC system equipped
with a Waters 431 conductivity detector and a Hamilton PRP-X200 (250 mm by
4.6 mm by 10 �m) analytical column as described previously (17). Formic acid
(HCOOH) and nitrite (NO2) were quantified using a Waters HPLC system
equipped with a conductivity detector as reported previously (4).

15N-labeled N2O (i.e., 15N14NO) was analyzed by a 6890 gas chromatograph
(Hewlett-Packard Mississauga, Ontario, Canada) coupled with a 5973 quadru-
pole mass spectrometer. A GS-Gas Pro capillary column (30 m by 0.32 mm) (J
& W Scientific, Folsom, Calif.) was used under splitless conditions. The injector
and mass spectrometer interface (MSD) were maintained at 150 and 250°C,
respectively. The column was set at �25°C for 1.5 min and then raised to �10°C
at a rate of 10°C/min, which was held for 5 min. The MSD was used in the scan
mode (electron impact) between 10 and 50 Da. The total run time was 8 min, and
15N14NO was detected at a retention time of 5.5 min with a molecular mass of
45 Da.

RESULTS AND DISCUSSION

Salicylate 1-monooxygenase-catalyzed biotransformation of
CL-20. Biotransformation of CL-20 with a purified salicylate
1-monooxygenase from Pseudomonas sp. strain ATCC 29352
was found to be NADH dependent and optimal at pH 7.0 and
30°C under dark conditions. A progress curve demonstrated a
linear increase in CL-20 biotransformation as a function of
enzyme concentration (Fig. 2). The rates of CL-20 biotrans-
formation were 0.256 � 0.011 and 0.043 � 0.003 nmol min�1

mg of protein�1 under anaerobic and aerobic conditions, re-
spectively, indicating the involvement of an initial oxygen-sen-
sitive process. On the other hand, salicylate 1-monooxygenase
activity against the physiological substrate salicylate was 580
nmol min�1 mg of protein�1 under aerobic conditions. The
low activity of enzyme against CL-20 might be due to three
probable reasons. First, CL-20 is a hydrophobic compound
with very little aqueous solubility (3.6 mg/liter at 25°C) (11),
hence, its biotransformation rate is limited by the rate of mass
transfer from solid to aqueous phase. In comparison, the aque-
ous solubility of salicylate is about 2,000 mg/liter at 20°C

FIG. 1. Molecular structure of the explosives CL-20, RDX, HMX, and TNT.
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(Merck Index, 13th ed.) and would be higher at 30°C. Second,
CL-20 is not a physiological substrate of salicylate 1-monooxy-
genase; hence, it is expected that its interaction with this en-
zyme would be rather slow. Third, CL-20 was biotransformed
under anaerobic conditions, in contrast to the aerobic biotrans-
formation of salicylate.

In a previous study, the rates of CL-20 biotransformation
with a flavoenzyme(s) from Pseudomonas sp. strain FA1, under
anaerobic and aerobic conditions, were 0.191 � 0.006 and
0.041 � 0.001 nmol min�1 mg of protein�1, respectively (4),
which appear to be similar to those which we observed in the
present study. The total flavin content in salicylate 1-monoox-
ygenase and the flavoenzyme(s) from Pseudomonas sp. strain
FA1 were 20.5 and 12.6 nmol mg of protein�1, respectively.
Hence, under anaerobic conditions, CL-20 biotransformation
by the two enzymes in terms of their flavin contents were 0.012
and 0.015 nmol min�1 nmol of flavin moiety�1, respectively.
We found that in all controls (see Materials and Methods),
abiotic degradation of CL-20 was negligible after 1 h of reac-
tion time. The maximum abiotic degradation of CL-20 (0.010
� 0.001 nmol min�1) was seen in a control with NADH under
anaerobic conditions, which was only 4% of the CL-20 degra-
dation catalyzed by salicylate 1-monooxygenase.

Molecular oxygen (O2) inhibits CL-20 biotransformation in
two possible ways: (i) by competing with CL-20 for accepting
electrons at the FAD site, since O2, in the absence of substrate,
is known to accept electrons from the reduced salicylate
1-monooxygenase to produce H2O2 (19), and (ii) by quenching
an electron from the CL-20 anion radical (described below),
converting it back to the parent molecule (CL-20) and thus
enforcing a futile redox cycling. Analogously, O2-mediated in-
hibition of RDX anion radical formation was observed during
biotransformation of RDX catalyzed by diaphorase (2). Due to
the inhibitory effect of oxygen, the subsequent experiments
were carried out under anaerobic conditions.

Time course studies showed a gradual disappearance of
CL-20 at the expense of the electron donor NADH with con-
comitant release of nitrite (NO2

�) and nitrous oxide (N2O)
(Fig. 3). We found that N2O, although produced during later
steps of CL-20 biotransformation (described below), appeared

before NO2
� in the assay medium, as shown in Fig. 3. This

could be explained by two facts: (i) there was a large difference
in the stoichiometries of nitrite (1.7) and nitrous oxide (3.2),
and (ii) the nitrous oxide detection method (gas chromatog-
raphy [GC] with electron capture detector) was much more
sensitive (lowest-detection limit, 0.022 nmol) than the nitrite
detection method (HPLC conductivity detector) (lowest detec-
tion limit, 5.434 nmol/ml). Hence, nitrous oxide was detected
as early as 20 min into the reaction whereas nitrite was de-
tected only after 30 min (Fig. 3). After 2 h of reaction, each
reacted CL-20 molecule consumed about 1.9 NADH mole-
cules and produced 1.7 nitrite ions, 3.2 molecules of nitrous
oxide, 1.5 molecules of formic acid, and 0.6 molecule of am-
monium (Table 1). Of the total 12 N atoms and 6 C atoms per

FIG. 2. Progress curve demonstrating CL-20 biotransformation as
a function of salicylate 1-monooxygenase concentration. The linear-
regression curve has a gradient of 15.42 and an r2 of 0.99. Data are
means of results from triplicate experiments, and error bars indicate
standard errors. Some error bars are not visible due to their small size.

FIG. 3. Time course study of NADH-dependent biotransformation
of CL-20 by salicylate 1-monooxygenase (1 mg) under anaerobic con-
ditions. Data for residual CL-20 (F), NADH (E), nitrite (�), and
nitrous oxide (ƒ) are shown. The data are means of results from
triplicate experiments, and error bars indicate standard errors. Some
error bars are not visible due to their small size.

TABLE 1. Comparative stoichiometries of reactants and
products during biotransformation of CL-20 by the salicylate
1-monooxygenase from Pseudomonas sp. strain ATCC 29352

and the membrane-associated enzyme(s) from
Pseudomonas sp. strain FA1

Reactant or product

Pseudomonas sp. strain
ATCC 29352a,c

Pseudomonas sp.
strain FA1b,c

Amt
(nmol)

Molar ratio of
reactant to
product per

reacted CL-20
molecule

Amt
(nmol)

Molar ratio of
reactant to
product per

reacted CL-20
molecule

Reactants
CL-20 25 � 1.4 1.0 � 0.05 20 � 1.2 1.0 � 0.06
NADH 48 � 2.7 1.9 � 0.10 90 � 7.1 4.5 � 0.35

Products
Nitrite (NO2

�) 43 � 2.5 1.7 � 0.09 46 � 3.2 2.3 � 0.16
Nitrous oxide (N2O) 79 � 5.3 3.2 � 0.21 29 � 1.6 1.5 � 0.08
Formate (HCOOH) 37 � 2.4 1.5 � 0.09 34 � 2.8 1.7 � 0.13
Ammonium (NH4

�) 15 � 0.9 0.6 � 0.04 NDd ND

a Reaction was performed at pH 7.0 and 30°C for 2 h under anaerobic con-
ditions.

b Data are from reference 4.
c Data are mean � standard error (n � 3).
d ND, not determined.
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reacted CL-20 molecule, we recovered approximately 9 N (as
NO2

�, N2O, and NH4
�) and 2 C (as HCOOH) atoms, respec-

tively. The remaining 3 N and 4 C atoms were probably present
in an unidentified product(s). In comparison, a membrane-
associated flavoenzyme(s) from Pseudomonas sp. strain FA1
produced 2.3 nitrite ions, 1.5 molecules of nitrous oxide, and
1.7 molecules of formic acid from each reacted CL-20 mole-
cule (Table 1). Furthermore, during photodegradation of
CL-20 at 300 nm in acetonitrile aqueous solution, which was
also initiated by N denitration, the product distribution was
similar to that in the present study but the stoichiometry was
different; i.e., each reacted molecule of CL-20 produced 5.0,
5.3, 1.4, and 0.3 molecules of NO2

�, HCOOH, NH3, and N2O,
respectively (15). The probable reason for the higher yields of
NO2

� and HCOOH in photolysis of CL-20 was attributed to
the intense action of the high-energy wavelength �300 (energy,
400 kJ/mol), which caused rapid cleavage of N-NO2 and -HC-
NNO2 bonds in CL-20 (15).

Involvement of the flavin-moiety (FAD) in CL-20 biotrans-
formation. Salicylate 1-monooxygenase from Pseudomonas sp.
strain ATCC 29352 is a dimeric protein with two identical
subunits, each of which has an approximate molecular mass of
45.5 kDa and contains one molecule of FAD (33). DPI inhib-
ited the biotransformation of CL-20 in a concentration-depen-
dent manner (Fig. 4A). It is known that DPI inhibits flavoen-

zymes by the formation of flavin-phenyl adduct (6), which
indicates the involvement of FAD in CL-20 biotransformation.
Furthermore, DPI targets flavin-containing enzymes that cat-
alyze one-electron transfer reactions (6, 26), which provided
strong circumstantial evidence that a one-electron transfer
process was involved in the initial reaction that might have
caused N denitration of CL-20.

The involvement of FAD was additionally confirmed by as-
saying the deflavo and reconstituted forms of salicylate 1-mono-
oxygenase against CL-20. The specific activities of the native,
deflavo, and reconstituted forms of salicylate 1-monooxygen-
ase against CL-20 were 0.256 � 0.011, 0.045 � 0.003, and
0.183 � 0.008 nmol min�1 mg of protein�1, respectively, re-
vealing that deflavo enzyme had lost about 82% of its activity
compared to the native enzyme (Fig. 4B). The remaining 18%
activity observed in the deflavo form was due to incomplete
removal of FAD (data not shown), whereas the reconstituted
enzyme, prepared by reconstitution of the deflavo enzyme with
FAD, restored the CL-20 biotransformation activity up to 72%
(Fig. 4B). The above results indicate the direct involvement of
FAD in biotransformation of CL-20.

Free FAD (100 �M) also transformed CL-20 in the presence
of NADH (100 �M) at a rate of 0.035 � 0.003 nmol min�1;
however, the biotransformation rate was only 14% of that of
the bound FAD present in native salicylate 1-monooxygenase.
The above finding additionally supported the involvement of
FAD in CL-20 biotransformation and suggested that the flavin
moiety has to be enzyme bound in order to function efficiently.
The involvement of a flavoenzyme(s) in biotransformation of
RDX (2) and HMX (3) via a one-electron transfer process has
previously been reported. In a study with flavin mononucle-
otide containing diaphorase from Clostridium kluyveri, we re-
ported an oxygen-sensitive one-electron transfer reaction that
caused an initial N denitration of RDX followed by spontane-
ous decomposition (2). On the other hand, a FAD-containing
xanthine oxidase also catalyzed a similar reaction with HMX
(3).

Detection and identification of metabolites. The metabo-
lites, obtained by a reaction between salicylate 1-monooxygen-
ase and CL-20 (metabolite I), were detected by their deproto-
nated molecular mass ion [M � H]� in LC/MS (ES�) studies
and are listed in Table 2. Intermediates III and IV appeared
simultaneously, with retention times (Rt) of 8.2 and 7.5 min,
respectively (Fig. 5A), but with the same [M � H]� at 345 Da
(Fig. 5C), corresponding to an empirical formula C6H6N10O8.

FIG. 4. (A) Concentration-dependent inhibition of salicylate 1-
monooxygenase-catalyzed biotransformation of CL-20 by DPI. (B)
Biotransformation of CL-20 by the native (bar 1), deflavo (bar 2), and
reconstituted (bar 3) salicylate 1-monooxygenase (3). A 100% CL-20
biotransformation activity was equivalent to 0.256 � 0.011 nmol min�1

mg of protein�1. Data are mean percentages of CL-20 biotransforma-
tion activity � standard errors (n � 3).

TABLE 2. Properties of metabolites detected and identified by LC/MS (ES�) during biotransformation of CL-20 catalyzed by
salicylate 1-monooxygenase from Pseudomonas sp. strain ATCC 29352

Metabolitea Retention time
(Rt) (min)

Mass area in LC/MS
(ES�) extracted ion-

chromatogramb

[M � H]�

(Da)c

No. of nitrogen
atoms from

[15N]CL-20 ring

No. of oxygen
atoms from

H2
18O

Proposed empirical
formula

III 8.2 207,980 345 6 0 C6H6N10O8
IVd 7.5 26,089 345 6 0 C6H6N10O8
V 12.5 11,092 381 6 2 C6H10N10O10
VI 1.9 71,672 381 6 2 C6H10N10O10
VII 1.7 7,637 293 4 4 C6H10N6O8

a Tentative structures of these metabolites are shown in Fig. 6.
b All mass areas of metabolites persisted for about 1.5 h and then gradually disappeared after 2.5 h of reaction.
c Deprotonated mass ions.
d IV, an isomer of III, was a minor intermediate, as shown in Fig. 5A.
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When ring-labeled [15N]CL-20 was used in the reaction, both
intermediates III and IV showed a deprotonated molecular ion
[M � H]� at 351 Da (Table 2; Fig. 5E), indicating that each
intermediate included the six nitrogen atoms from the CL-20
ring. Moreover, the use of H2

18O did not affect the mass of
intermediates III and IV. Intermediates III and IV, previously
observed during photolysis of CL-20 (15), were tentatively
identified as isomers resulting from the loss of two -NO2

groups during the initial reaction(s) between CL-20 and salic-
ylate 1-monooxygenase. In the present study, we described the
secondary decomposition of intermediate III, (Fig. 6). Inter-

mediate IV, being an isomer of III, might also decompose like
intermediate III.

Several other products, including V, VI, and VII, were also
detected with Rt at 12.5, 1.9, and 1.7 min, respectively, and with
[M � H]� at 381, 381, and 293 Da corresponding to empirical
formulae of C6H10N10O10, C6H10N10O10, and C6H10N6O8, re-
spectively (Table 2). Likewise, when uniformly ring-labeled
[15N]CL-20 was used, the [M � H]� of products V, VI, and
VII were observed at 387, 387, and 297 Da, respectively, indi-
cating the incorporation of six 15N atoms into products V and
VI and only four 15N atoms into product VII (Table 2). When

FIG. 5. (A) LC/MS (ES�) extracted ion chromatogram of CL-20 (I) and its metabolite (III or IV) produced by the reaction of CL-20 with
salicylate 1-monooxygenase; the extracted mass ion of CL-20 was an adduct mass ion [M � NO3] at 500 Da, and the deprotonated mass ions [M �
H]� of CL-20 (I) and its metabolite (III or IV) were 437 and 345 Da, respectively. (B to E) LC/MS (ES�) spectra of nonlabeled CL-20 (B), its
metabolite III or IV (C), uniformly ring-labeled [15N]CL-20 (D), and its metabolite III or IV (E) showed deprotonated mass ions [M � H]� at
437, 345, 443, and 351 Da, respectively.
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the experiment was repeated with H2
18O, the [M � H]� of

products V, VI, and VII were observed at 385, 385, and 301
Da, respectively, indicating the incorporation of two 18O atoms
into products V and VI and four 18O atoms into product VII
(Table 2). Based on the above data, intermediate V was ten-
tatively identified as a carbinol adduct (C6H10N10O10) whereas
intermediates VI (C6H10N10O10) and VII (C6H10N6O8) were
identified as sequential ring cleavage products (Table 2, Fig. 6).
All the above metabolites were transient and completely dis-
appeared after 2.5 h of reaction.

To determine the source of N2O, experiments were per-
formed with uniformly ring-labeled [15N]CL-20. 15N14NO was
detected with a molecular mass of 45 Da by GC-MS analysis,
confirming that of the two nitrogen atoms in N2O, one was
from the labeled [15N]CL-20 ring and the second was from the
unlabeled peripheral nitro (-NO2) group. We found that all of
the N2O in the present study was labeled and produced from

N-NO2 groups released from the CL-20, as previously sug-
gested by Patil and Brill (27). Analogously, N2O generation
from N-NO2 has also been reported during biodegradation of
RDX (13) and HMX (3). In a previous study, we reported that
N2O, besides being produced from N-NO2, was also produced
via nitrite reduction catalyzed by an enzyme preparation from
Pseudomonas sp. strain FA1 (4). In contrast, the present study
did not show N2O production through nitrite reduction. For
instance, when we incubated NaNO2 (1 mM) with salicylate
1-monooxygenase and NADH under similar reaction condi-
tions to those used for CL-20 biotransformation, we did not
detect N2O during 2 h of reaction, which additionally sup-
ported the idea that N-NO2 was the only source of N2O in the
present study.

Proposed mechanism(s) of the initial reaction(s) followed
by secondary decomposition of CL-20. Based on the gradual
appearance of nitrite (Fig. 3), reaction inhibition by oxygen

FIG. 6. Proposed pathway of the initial biotransformation of CL-20 catalyzed by salicylate 1-monooxygenase followed by secondary decom-
position. Nitrogen atoms shown in bold were actually ring- nitrogens and were uniformly labeled in [15N] CL-20. Secondary decomposition of
intermediate III is shown; intermediate IV might also decompose like intermediate III. The intermediate shown in brackets was not detected.
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and DPI, detection of an initial intermediate(s) (Fig. 5), and
analogy to other systems (2, 3), we propose that salicylate
1-monooxygenase catalyzes a single-electron transfer to the
CL-20 molecule (metabolite I) to produce an anion-radical
(intermediate II) (Fig. 6). Spontaneous N denitration of inter-
mediate II (i.e., release of the first NO2

�) would produce a
transient N-centered free radical, as previously proposed dur-
ing biotransformation (4), thermolysis (27) and photodegrada-
tion (15) of CL-20. The N-centered free-radical, being unsta-
ble, must undergo rapid rearrangement by cleavage at the
weaker COC bond bridging the two cyclopentanes in CL-20
(35). The rearranged molecule would accept a second electron
in order to release a second NO2

� to produce two isomeric
intermediates, III and IV (Table 2; Fig. 5 and 6). Stoichiomet-
rically, two N- denitration steps would require an obligatory
transfer of two electrons (equivalent to one NADH molecule);
however, we found that 1.9 NADH molecules were consumed
for each reacted CL-20 molecule (Table 1). The excess of
NADH (i.e., the remaining 0.9 molecule) utilization could be
due to two possible reasons: (i) some NADH could bind to the
enzyme and go undetected, or (ii) it could be utilized by a yet
unidentified CL-20 metabolite(s).

Intermediate III, produced as a result of two N denitration
steps, underwent hydrolysis by the addition of two H2O mol-
ecules across the two imine bonds (OCANO) to produce an
unstable carbinol derivative V, as confirmed by the experiment
with H2

18O (discussed above). Imine bonds are known to be
unstable and to decompose rapidly in water (22). Hence, V
might cleave at the O2NNOCH(OH) bond following rear-
rangement to produce intermediate VI, which has a similar [M
� H]� of 381 Da to that of intermediate V (Table 2; Fig. 6).
Addition of a water molecule across an imine bond followed by
ring opening has previously been detected during photolysis of
CL-20 (15) and RDX (16) and during cytochrome P450-cata-
lyzed biotransformation of RDX (5). Stoichiometric addition
of two H2O molecules to intermediate VI, confirmed by the
experiment with H2

18O, produced intermediate VII, with con-
comitant release of two nitramide molecules (NH2-NO2) (Ta-
ble 2; Fig. 6). Intermediate VII, being an �-hydroxyalkyl ni-
tramine, was unstable in water (8) and therefore decomposed
to finally produce nitrous oxide, formic acid, and ammonia, as
quantified in Table 1 and shown in Fig. 6.

In conclusion, we have provided the first biochemical evi-
dence of the initial reaction(s) involved in the transformation
of CL-20 catalyzed by salicylate 1-monooxygenase under an-
aerobic conditions. The mechanism described here is consis-
tent with our previous enzymatic studies with RDX and HMX
(2, 3), which also suggested that one-electron transfer is nec-
essary and sufficient to cause N- denitration of RDX and
HMX, leading to their spontaneous decomposition. Some of
the CL-20 products observed in the present study are consis-
tent with those reported previously with respect to alkaline
hydrolysis (1), biotransformation (4), and photolysis (15). So
far, very few reports are available with regard to microbial
degradation of CL-20. For instance, Agrobacterium sp. strain
JS71, a soil isolate, degraded CL-20 and assimilated 3 mol of
nitrogen per mol of CL-20 (31). In a recent study, Pseudomo-
nas sp. strain FA1 degraded CL-20 and assimilated about 4
mol of nitrogen per mol of CL-20 (4). However, the two pre-
vious studies (4, 31) detected no initial metabolite(s) and did

not describe the involvement of any specific enzyme(s). The
present study thus advances our understanding of the initial
steps involved in biotransformation of CL-20 by flavoen-
zyme(s)-producing bacteria. Pseudomonas, being the source of
salicylate 1-monooxygenase and other flavoenzymes, seems to
be a promising degrader of CL-20. The ubiquitous presence of
Pseudomonas and similar bacteria in environments such as soil,
marine and freshwater sediments, and estuaries would there-
fore help in understanding the fate of CL-20 in such environ-
ments.
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Abstract

Previously, we reported that a salicylate 1-monooxygenase from Pseudomonas sp. ATCC 29352 biotransformed CL-20

(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-isowurtzitane) (C6H6N12O12) and produced a key metabolite with mol. wt. 346Da

corresponding to an empirical formula of C6H6N10O8 which spontaneously decomposed in aqueous medium to produce N2O,

NHþ4 , and HCOOH [Appl. Environ. Microbiol. (2004)]. In the present study, we found that nitroreductase from Escherichia coli

catalyzed a one-electron transfer to CL-20 to form a radical anion (CL-20��) which upon initial N-denitration also produced metab-

olite C6H6N10O8. The latter was tentatively identified as 1,4,5,8-tetranitro-1,3a,4,4a,5,7a,8,8a-octahydro-diimidazo[4,5-b:4 0,5 0-e]pyr-

azine [IUPAC] which decomposed spontaneously in water to produce glyoxal (OHCACHO) and formic acid (HCOOH). The rates

of CL-20 biotransformation under anaerobic and aerobic conditions were 3.4 ± 0.2 and 0.25 ± 0.01nmolmin�1mg of protein�1,

respectively. The product stoichiometry showed that each reacted CL-20 molecule produced about 1.8 nitrite ions, 3.3 molecules

of nitrous oxide, 1.6 molecules of formic acid, 1.0 molecule of glyoxal, and 1.3 ammonium ions. Carbon and nitrogen products gave

mass-balances of 60% and 81%, respectively. A comparative study between native-, deflavo-, and reconstituted-nitroreductase

showed that FMN-site was possibly involved in the biotransformation of CL-20.

� 2004 Elsevier Inc. All rights reserved.

Keywords: Biotransformation; CL-20; Nitroreductase; Escherichia coli; Glyoxal
Anticipated military and commercial use of the newly

synthesized energetic chemical, CL-20 (2,4,6,8,10,12-

hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane), in the

near future [1] has opened the scope of research to study

its environmental fate and impact. Biological and health

impacts of CL-20 and its metabolic products are not

known. There is one recent report which suggested an

acute and chronic toxicity of CL-20 to earthworms ex-
posed to amended natural soils [2]. It is likely that CL-

20 may also raise similar environmental concerns as

those experienced with RDX and HMX [3–6].

Several previous reports showed that biodegradation

[7,8], photodegradation [9], and alkali-hydrolysis [10] of

CL-20 produced HCOOH as a carbon-product in addi-
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tion to several nitrogen-containing products such as ni-

trite, nitrous oxide, and ammonium. For instance, a

membrane-associated flavoenzyme(s) from Pseudomo-

nas sp. FA1 produced 2.3 nitrite ions, 1.5 molecules of

nitrous oxide, and 1.7 molecules of formic acid from

each reacted CL-20 molecule [7]. Whereas, salicylate

1-monooxygenase from Pseudomonas sp. ATCC 29352

produced 1.7 nitrite ions, 3.2 molecules of nitrous oxide,
0.6 ammonium ion, and 1.5 molecules of formic acid

from each reacted CL-20 molecule [8]. In both previous

studies [7,8], only formic acid (2mol equivalents per

mole of CL-20) was confirmed as a carbon product of

CL-20. However, carbon mass-balance could not be

determined due to the missing four mole equivalents

of carbon in CL-20.

More recently, a new carbon-containing product, gly-
oxal, was detected and quantified (2mol glyoxal/mol

mailto:jalal.hawari@nrc.ca 


Fig. 1. Proposed pathway of CL-20 transformation (modified from [11]) by a nitroreductase from Escherichia coli. Intermediate shown inside bracket

was not detected. Numbering on carbon products designates the source of carbon atoms from the CL-20 molecule.
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CL-20) during CL-20 reaction with Fe(0) under anaero-

bic conditions and a pathway for glyoxal formation was
proposed (Fig. 1) [11]. Balakrishnan et al. [11] proposed

that CL-20�� radical-anion was produced via a one-elec-

tron transfer from Fe(0) to CL-20. The resulting CL-

20�� upon denitration (loss of 2NO�2 ) produced unstable

intermediate II (C6H6N10O8) and its isomer III

(C6H6N10O8). Both II and III undergo spontaneous

hydrolysis in water to produce IV (C6H10N10O10) and

its corresponding isomer (not shown in Fig. 1). The
IV, being an a-hydroxyalkyl nitramine, was unstable

in water [12] and therefore decomposed spontaneously

in water to produce glyoxal and formic acid (Fig. 1).

In the present study, we hypothesized that an oxygen-

sensitive nitroreductase from Escherichia coli should

also biotransform CL-20 via an initial denitration to

eventually give a similar product distribution as ob-

tained with Fe(0). Nitroreductase catalyzed biotransfor-
mation of CL-20 allowed us to detect and quantify

glyoxal in order to support the carbon mass-balance of

the reaction. Superoxide dismutase (SOD)-sensitive

cytochrome c reduction experiment was performed to

determine the potential formation of an anion radical

CL-20�� prior to N-denitration. Additionally, we deter-
mined the involvement of flavin-site of nitroreductase in

CL-20 biotransformation.
Materials and methods

Chemicals. CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexa-

azaisowurtzitane) in e-form and 99.3% purity, and uniformly ring-la-

beled [15N]CL-20 (e-form and 90.0% purity) were provided by ATK

Thiokol Propulsion, Brigham City, UT, USA.

NADH, flavin mononucleotide (FMN), glyoxal (40% solution),

superoxide dismutase (SOD, EC 1.15.1.1, from E. coli), and cyto-

chrome c (from horse heart, MW 12,384Da, purity 90%) were pur-

chased from Sigma chemicals, Oakville, Ont., Canada. Nitrous oxide

(N2O) was purchased from Scott specialty gases, Sarnia, Ont., Canada.

All other chemicals were of the highest purity grade.

Enzyme preparation and modification. Nitroreductase (purity of

90% by SDS–PAGE), from E. coli, was purchased from Sigma

chemicals, Oakville, Ont., Canada. The enzyme was washed with

phosphate buffer (pH 7.0) at 4 �C using Biomax-5K membrane cen-

trifuge filter units (Sigma chemicals, Oakville, Ont.) to remove pre-

servatives and then re-suspended in the same buffer. Native enzyme

activity was determined as per company guidelines. The protein con-

tent was determined by Pierce BCA (bicinchoninic acid) protein assay

kit from Pierce chemicals company, Rockford, IL, USA.

Apoenzyme (deflavo-form) was prepared by removing FMN from

the holoenzyme using a previously reported method [13]. Reconstitu-

tion was carried out by incubating the apoenzyme with 100lM FMN
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in a potassium phosphate buffer (50mM, pH 7.0) for 1h at 4 �C. The
unbound FMN was removed by washing the enzyme with the same

buffer using Biomax-5K membrane centrifuge filter units.

Biotransformation assays. Enzyme catalyzed biotransformation

assays were performed under aerobic as well as anaerobic conditions in

6ml glass vials. Anaerobic conditions were created by purging the

reaction mixture with argon gas for 20min and by replacing the

headspace air with argon in sealed vials. Each assay vial contained, in

1ml of assay mixture, CL-20 or uniformly ring-labeled [15N]CL-20

(25lM or 11mgL�1), NADH (100lM), enzyme preparation (50lg),
and potassium phosphate buffer (50mM, pH 7.0). Higher CL-20

concentrations, than its aqueous solubility of 3.6mgL�1 [14], were

used in order to allow detection and quantification of the intermedi-

ate(s). Reactions were performed at 30�C. Three different controls

were prepared by omitting either enzyme, CL-20 or NADH from the

assay mixture. Heat inactivated enzyme (90 �C for 30min) was also

used as a negative control. NADH oxidation was measured spectro-

photometrically at 340nm as described before [8]. Samples from the

liquid and gas phase in the vials were analyzed for residual CL-20 and

biotransformed products.

To determine the residual CL-20 concentrations during biotrans-

formation studies, the reaction was performed in multiple identical

vials. At each time point, the total CL-20 content in one reaction vial

was solubilized in 50% aqueous acetonitrile and analyzed by HPLC

(see below). CL-20 biotransformation activity of nitroreductase was

expressed as nmolmin�1mg of protein�1 unless otherwise stated.

To demonstrate the effect of enzyme concentration on CL-20 bio-

transformation, a progress curve was made under anaerobic conditions

by incubating nitroreductase at an increasing concentration (25–

150lg/ml) with CL-20 (45lM) and NADH (200lM). The reaction

conditions were the same as described above.

The effect of molecular oxygen (O2) on CL-20 biotransformation

activity of nitroreductase was determined by performing the assays

under aerobic conditions at pH 7.0 and 30�C. Formation of anion-

radical CL-20�� was determined by incubating CL-20 with nitrore-

ductase in the presence of NADH, cytochrome c (75lM), and SOD

(150lgml�1) as described previously [15,16]. Inhibition of cytochrome

c reduction in the presence of SOD was monitored at 550nm.

Analytical procedures. CL-20 and its intermediates, N2O (14N14NO

and 15N14NO), HCOOH, NO�2 , and NHþ4 , were analyzed as described

previously [7,8].

Glyoxal was analyzed by a derivatization method as described by

Bao et al. [17] with some modifications. A 20ll solution (15mgml�1)

of O-2,3,4,5,6-pentafluorobenzyl-hydroxylamine hydrochloride

(PFBHA) was added to 0.5ml of an aqueous sample containing CL-20

products and 0.5ml acetonitrile. pH was adjusted to 3.0 with 5% (v/v)

of HCl. The reaction mixture was stirred in dark for 2h at room

temperature. The derivatized samples were analyzed with a LC/UV-

MS (Platform LC, Micromass, Manchester, UK) at a wavelength of

250nm by using positive electrospray (ES+) ionization mode. Separa-

tion was performed on a Supelcosil C8 column (25cm · 4.6mm ID,

5lm) at 35�C using acetonitrile:water gradient (acetonitrile from 60%

to 90% in 10min, 90% to 60% in 2min, and then 60% for 6min) at a

flow rate of 1mlmin�1.
Results and discussion

Nitroreductase catalyzed biotransformation of CL-20

A purified nitroreductase, from E. coli, biotrans-
formed CL-20 in a NADH-dependent manner at pH

7.0 and 30 �C under anaerobic conditions. A progress

curve demonstrated a linear increase in CL-20 biotrans-

formation as a function of enzyme concentration (data
not shown). The rates of CL-20 biotransformation were

3.4 ± 0.2 and 0.25 ± 0.01nmolmin�1mg of protein�1

(mean ± SD; n = 3) under anaerobic and aerobic condi-

tions, respectively, indicating the involvement of an oxy-

gen-sensitive process. In all controls (see Materials and

methods), we found a negligible abiotic removal of
CL-20 during one hour of reaction time.

Oxygen-sensitivity of the reaction suggested that

nitroreductase catalyzed a one-electron transfer to CL-

20 to first produce an anion radical (CL-20��) before

N-denitration as previously reported during biotransfor-

mation of CL-20 with salicylate monooxygenase [8] or

its reduction with Fe(0) [11]. Subsequently, we found

that under aerobic conditions, superoxide dismutase
(SOD) inhibited 30% of reduction of cytochrome c

which suggested the formation of oxygen free-radical

(O��) during the reaction. Hence, molecular oxygen

(O2) inhibited CL-20 biotransformation by quenching

an electron from the CL-20 anion-radical and convert-

ing it back to the parent molecule (CL-20), and thus

enforcing a futile redox-cycling as shown in Fig. 1. Con-

trol experiments without nitroreductase showed that
CL-20 was neither auto-oxidized nor it directly reduced

cytochrome c. Analogously, O2-mediated inhibition of

RDX anion-radical formation was previously reported

during biotransformation of RDX with diaphorase

[15]. Furthermore, the phenomenon of regeneration of

parent nitro-compound during reaction of nitro anion-

radical with molecular oxygen (O2) in aerobic systems

is well established [16,18–20]. Due to the inhibitory effect
of oxygen, the subsequent experiments were carried out

under anaerobic conditions.

Time-course of formation of initial metabolite II

(C6H6N10O8)

In LC/MS (ES-) studies, we found two isomeric key

intermediates II and III (Fig. 1) which appeared simulta-
neously as early as 5min of the reaction with retention

times (Rt) of 8.2 and 7.5min, respectively (Fig. 2A). A

time-course, considering the relative HPLC-UV areas,

showed that both intermediates reached their maximum

level after 30min and then gradually declined during the

course of reaction (Figs. 2A and B). As reported before

[8,9], II and its isomer III were detected by LC/MS with

similar deprotonated molecular mass ion [M–H]� at
345Da corresponding to an empirical formula of

C6H6N10O8 and were confirmed by using uniformly

ring-labeled [15N]CL-20. The product II was tentatively

identified as 1,4,5,8-tetranitro-1,3a,4,4a,5,7a,8,8a-octa-

hydro-diimidazo[4,5-b:4 0,5 0-e]pyrazine which is a dou-

ble-denitrated product of CL-20 (Fig. 1). Both II and

III contain imine bonds (AC‚NA) which are known

to be unstable in water [21] and therefore decompose
rapidly to produce ring-cleavage products (described

below).



Fig. 2. (A) Time course of formation and disappearance of key

metabolites II and III during biotransformation of CL-20 by nitro-

reductase. Chromatograms corresponding to numbers 1–3 indicate

increasing formation of metabolite II at times 5, 15, and 30min,

respectively, whereas chromatograms 4–6 indicate disappearance of II

at times 60, 90, and 150min, respectively. Proposed molecular

structures of II and III are shown in Fig. 1; (B) Formation and

disappearance of II in terms of HPLC-UV-area as a function of time.
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Detection and quantification of end-products including

glyoxal (OHCACHO)

Time-course studies showed a gradual disappearance

of CL-20 at the expense of the electron-donor NADH

with concomitant release of nitrite (NO�2 ), nitrous oxide

(N2O), and formate (Fig. 3). After 3h of reaction, each

reacted CL-20 molecule consumed about 1.3 NADH
molecules and produced 1.8 nitrite ions, 3.3 molecules

of nitrous oxide, 1.6 molecules of formic acid, 1.3
Fig. 3. Time-course study of NADH-dependent biotransformation of

CL-20 by nitroreductase under anaerobic conditions. CL-20 (�),
nitrite (s), nitrous oxide (.), and formate (n). Data are means ± SE

(n = 2). Some error bars are not visible due to their small size.
ammonium ions, and 1.0 molecule of glyoxal (Table 1).

With regard to glyoxal stoichiometry, we expected

2.0mol of glyoxal per reacted mol of CL-20 as found pre-

viously during CL-20 reaction with Fe(0) [11]. However,

in the present study, we could recover only 1.0mol equiv-

alent of glyoxal due to the reason that glyoxal binds to
the proteins via a non-enzymatic process called glycation

[22] and therefore goes undetected. For instance, when

we incubated glyoxal (35lM) with enzyme (50lg nitro-

reductase) in one ml buffer for 2 days, about 44% of gly-

oxal disappeared and could not be recovered either by

heating (80 �C for 1h) or by denaturing the enzyme with

acetonitrile.

On the other hand, stoichiometry of NADH versus
nitrite suggested that two single-electron transfer steps

on CL-20 molecule released two nitrite ions. Of the total

12 nitrogen atoms (N) and 6 carbons (C) per reacted

CL-20 molecule, we recovered approximately 10 N (as

NO�2 , N2O, and NHþ4 ) and 4 C (as HCOOH and gly-

oxal), respectively. The product distribution gave car-

bon and nitrogen mass-balance of 60% and 81%,

respectively (Table 1). The product distribution in the
present study was very similar, though with different rel-

ative yields, to those observed previously during photol-

ysis of CL-20 [9] and the CL-20 reaction with Fe(0) [11].

A close similarity in product distributions among the

above-investigated biotic and abiotic reactions sug-

gested that once CL-20 undergoes initial N-denitration,

the subsequent spontaneous reactions in water are basi-

cally similar.
We found that N2O, even though produced at later

steps of CL-20 biotransformation (described below), ap-

peared before NO�2 in the assay medium as shown in

Fig. 3. This could be explained by two facts, first, there

was a large difference in stoichiometries of nitrite (1.8)

and nitrous oxide (3.3); second, nitrous oxide detection

method (GC-electron capture detector) was much more

sensitive (lowest detection limit of 0.022nmol) than the ni-
trite detection method (HPLC-conductivity detector)

(lowest detection limit of 5.434nmolml�1). A compara-

tive study between 14N-CL-20 and uniformly-ring-la-

beled-[15N]CL-20 using GC-MS analysis showed that

N-NO2 groups in CL-20 were the source ofN2O, detected

as 14N14NO (44Da) and 15N14NO (45Da), respectively,

which is in accordance with our previous study [8].

On the other hand, we observed that formate ap-
peared earlier in the assay medium compared to glyoxal

(data not shown) which indicated that formate might

have been originated as the ring-cleavage product as a

result of initial denitration followed by rapid cleavage

of the weakest CAC bond designated as a in CL-20

structure [23] (Fig. 1). Whereas, the source of glyoxal

was most probably the other two CAC bonds (C4aAC7a

or C3aAC8a) in CL-20 (Fig. 1).
Formation of glyoxal during CL-20 degradation ap-

pears to be thermodynamically favorable since it is used



Fig. 4. Biotransformation of CL-20 by the native- (1), deflavo- (2), and

reconstituted-nitroreductase (3). One hundred percent CL-20 biotrans-

formation activity was equivalent to 3.4 ± 0.2nmolmin�1mg of

protein�1. Data are mean percentages of CL-20 biotransformation

activity ± SE (n = 3).

Table 1

Stoichiometry and mass-balance of reactants and products after 3h of reaction between CL-20 and nitroreductase under anaerobic conditions at pH

7.0 and 30�C

Reactant/product Amount (nmol) Molar ratio per mole of reacted CL-20 % Carbon recovery % Nitrogen recovery

Reactants

CL-20 25 ± 1.8 1.0 ± 0.07 100 100

NADH 34 ± 2.3 1.3 ± 0.08 NA NA

Products

Nitrite 45 ± 2.7 1.8 ± 0.10 NA 15.0

Nitrous oxide 82 ± 6.4 3.3 ± 0.25 NA 55.0

Ammonium 33 ± 2.5 1.3 ± 0.05 NA 10.8

Formic acid 40 ± 3.3 1.6 ± 0.13 26.6 NA

Glyoxal 25 ± 1.3 1.0 ± 0.05 33.3 NA

Total mass-balance 59.9 80.8

Data are means ± SE (n = 2).
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to synthesize CL-20 [24]. Under alkaline conditions or in

the presence of Fe(0), glyoxal further converts to gly-

colic acid [11,25]. However, in the present study at neu-

tral conditions (pH 7.0), glyoxal was accumulated as an

end-product. Under biological conditions, further con-

version of either glyoxal (OHCACHO) or glycolic acid

(HOH2CACOOH) to glyoxylic acid (HOOCACHO) re-

quires involvement of glyoxal oxidase or glycolate oxi-
dase, respectively [25,26]. The formation of glyoxal as

a CL-20 product is environmentally significant since gly-

oxal is a reactive a-oxoaldehyde and its biological toxic-

ity is well known [22]. Glyoxal is also produced in

biological systems as a result of glucose auto-oxidation,

DNA oxidation by oxygen free-radicals, and lipid oxi-

dation [22,27]. It reacts with proteins and nucleic acids

by forming covalent bonds via a non-enzymatic process
called glycation thus leading to a variety of clinical man-

ifestations [22]. It is a known mutagen [22] and an

important allergen [28]. Thus, glyoxal produced from

CL-20 may significantly contribute to the biological tox-

icity of CL-20.

Involvement of flavin-moiety in CL-20 biotransformation

Nitroreductase, from E. coli, is a monomeric protein

with a mol. wt. of 24kDa and contains one molecule of

flavin-moiety (FMN) per enzyme monomer [29]. The

involvement of FMN in CL-20 biotransformation was

determined by assaying deflavo- and reconstituted-form

of nitroreductase against CL-20. The specific activities

of the native-, deflavo-, and reconstituted-form of nitro-

reductase against CL-20 were 3.4 ± 0.2, 0.4 ± 0.03, and
2.75 ± 0.2nmolmin�1mg of protein�1, respectively,

revealing that deflavo-enzyme lost about 88% of its

activity compared to the native-enzyme (Fig. 4). The

remaining 12% activity observed in deflavo-enzyme

was due to incomplete removal of FMN (data not

shown). Whereas, the reconstituted enzyme, prepared

by reconstitution of deflavo-enzyme with FMN, re-

stored the CL-20 biotransformation activity up to 81%
(Fig. 4). The above results suggested the involvement

of FMN in biotransformation of CL-20. Furthermore,

the free FMN (100lM) also transformed CL-20 in the

presence of NADH (200lM) at a rate of 0.17 ±

0.02nmolmin�1, however, the biotransformation rate

was only 5% of the enzyme-bound-FMN present in na-
tive nitroreductase. This finding additionally supported

the involvement of FMN in CL-20 biotransformation

and also suggested that flavin-moiety functions more

efficiently in enzyme-bound form.

In conclusion, the present study provided the first

biochemical evidence for the quantitative formation of

glyoxal and HCOOH during enzymatic biotransforma-

tion of CL-20. This study supported the previous finding
of glyoxal production during chemical degradation of

CL-20 with Fe(0). In the latter case, however, glyoxal

was further converted to glycolic acid [11]. Detection

and quantification of glyoxal supported the carbon

mass-balance. Literature reported so far revealed that

very few reports are available with regard to microbial

and enzymatic degradation of CL-20. The present study

thus provides a better understanding of the products
and mass-balance of CL-20 reaction with nitroreduc-

tase(s)- or similar enzyme(s)-producing bacteria. Fur-

ther work, however, is required to determine the fate
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and impact of glyoxal, a known toxic compound, in the

environment.
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Abstract

Cyclic nitramine explosives, RDX, HMX, and CL-20 are hydrophobic pollutants with very little aqueous solubility. In sediment

and soil environments, they are often attached to solid surfaces and/or trapped in pores and distribute heterogeneously in aqueous

environments. For efficient bioremediation of these explosives, the microorganism(s) must access them by chemotaxis ability. In the

present study, we isolated an obligate anaerobic bacterium Clostridium sp. strain EDB2 from a marine sediment. Strain EDB2,

motile with numerous peritrichous flagella, demonstrated chemotactic response towards RDX, HMX, CL-20, and NO�2 . The three

explosives were biotransformed by strain EDB2 via N-denitration with concomitant release of NO�2 . Biotransformation rates of

RDX, HMX, and CL-20 by the resting cells of strain EDB2 were 1.8� 0.2, 1.1� 0.1, and 2.6� 0.2 nmol h�1 mgwet biomass�1

(mean� SD; n ¼ 3), respectively. We found that commonly seen RDX metabolites such as TNX, methylenedinitramine, and

4-nitro-2,4-diazabutanal neither produced NO�2 during reaction with strain EDB2 nor they elicited chemotaxis response in strain

EDB2. The above data suggested that NO�2 released from explosives during their biotransformation might have elicited chemotaxis

response in the bacterium. Biodegradation and chemotactic ability of strain EDB2 renders it useful in accelerating the bioreme-

diation of explosives under in situ conditions.

� 2004 Elsevier Inc. All rights reserved.
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Increasing use of RDX (hexahydro-1,3,5-trinitro-

1,3,5-triazine) and HMX (octahydro-1,3,5,7-tetranitro-

1,3,5,7-tetrazocine) has severely contaminated both

marine and terrestrial environments around the world.

The main sources of contamination are, dumping of

huge amounts of unexploded ordnance (UXO), effluents

from explosive manufacturing plants, military training,

ordnance waste disposal by open burning/open deto-
nation (OB/OD), land mines, and commercial use of

explosives in propellants and mining [1–4]. Department

of defense (DoD) and energy (DoE), USA, alone has

over 21,000 contaminated sites and most of them are

contaminated with explosives [5]. DoD of Canada has

estimated 103 training sites and 3 OB/OD sites which are

contaminated with RDX, HMX, and 2,4,6-trinitrotol-
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uene (TNT) [6]. Cyclic nitramine explosives such as

RDX and HMX cause adverse effects on biological

systems, environment, and human health [7–11]. US

environmental protection agency (USEPA) has recom-

mended a lifetime health advisory for RDX [12] and

HMX [13]. It is likely that due to its structural similarity

with RDX and HMX, CL-20 (2,4,6,8,10,12-hexanitro-

2,4,6,8,10,12-hexaazaisowurtzitane) (Fig. 1), a future
generation high performance explosive, may also cause

similar environmental problem. The cleanup of explo-

sive(s) contaminated sites is a matter of growing concern

among environmental protection groups.

Cyclic nitramines lack the electronic stability of aro-

matic compounds such as TNT and therefore an initial

attack, whether biological or chemical, on the mole-

cule(s) leads to their rapid spontaneous decomposition
[3,14–18]. Bioremediation of contaminants, with little

aqueous solubility, has always been a challenging task.

mail to: jalal.hawari@nrc.ca


Fig. 1. Molecular structures of RDX, HMX, and CL-20.
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Rates of biodegradation of such chemicals are limited by

the rates of their mass-transfer from non-aqueous phase.

In sediments and soil environments, hydrophobic pol-

lutants are often attached to solid surfaces and/or

trapped in pores. Cyclic nitramine explosives such as

RDX, HMX, and CL-20 (Fig. 1) constitute one such

class of chemicals with very little water solubilities of
40.0, 6.6, and 3.6mgL�1, respectively [19], and therefore

distribute heterogeneously in marine and terrestrial en-

vironments. In order to degrade the explosive, the po-

tential microorganism(s) must come in contact with the

molecule. Bacterial chemotaxis is one such process that

brings microbes closer to the contaminated sites and

thus enhances the rate of biodegradation [20,21]. Motile

and chemotactic microorganisms have advantage over
non-motile and non-chemotactic ones by having the

ability of sensing the explosive and thus move to form

high-population densities around the chemical [22]. The

dense microbial population can tolerate higher concen-

tration of toxic chemicals [23] and reproduce more

rapidly thus stimulating a rapid cleanup. Bacterial che-

motaxis to a variety of organic pollutants and their

subsequent degradation has been studied extensively
[20,21,24–28] however no report is available so far with

regard to cyclic nitramine explosives.

In the present study, we isolated an obligate anaero-

bic bacterium Clostridium sp. strain EDB2 from a ma-

rine sediment collected from a shipwreck site near

Halifax Harbor in Canada. The strain demonstrated

chemotaxis response towards the three cyclic nitramine

explosives, RDX, HMX, and CL-20, and successfully
degraded them. The present study is thus a model sys-

tem to understand the environmental significance of

chemotactic bacteria in accelerating the biodegradation

of cyclic nitramine explosives under in situ conditions.
Materials and methods

Chemicals

Commercial grade RDX, HMX (chemical purity >99% for both

explosives), [UL-14C]RDX (chemical purity >98%, radiochemical pu-

rity 97%, and specific radioactivity 28.7lCimmol�1), and [UL-
14C]HMX (chemical purity >94%, radiochemical purity 91%, and

specific radioactivity 101.0lCimmol�1) were provided by the Defense

Research and Development Canada (DRDC), Valcartier, Quebec.

Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX) and 4-nitro-

2,4-diazabutanal were obtained from SRI International (Menlo Park,
CA). Hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX) was synthesized

according to the method described by Brockman et al. [29]. Methy-

lenedinitramine (MDNA) was obtained from the rare chemical de-

partment of Aldrich, Oakville, ON, Canada. e-CL-20 (99.3% purity)

was provided by ATK Thiokol Propulsion, Brigham City, UT, USA.

Microcapillaries (1 and 5 ll), low-melting-point agarose, and NADH

were purchased from Sigma chemicals, Canada. Nitrous oxide (N2O)

was purchased from Scott specialty gases, Sarnia, ON, Canada. All

other chemicals were of highest purity grade.

Marine sediment samples were collected from a shipwreck site

(200m deep-sea bed) at 50 nautical miles east of the Halifax harbor,

Canada. Chemical analysis showed that sediment was composed of

silt, clay, sand, and total organic matter at a concentration of 90.45%,

8.25%, 1.30%, and 1.90%, w/w, respectively. Major metals were Fe, Ca,

Al, and Na at a concentration of 40, 24, 15, and 10 g kg�1, respectively.

pH of sediment was 7.7.

Media composition

Medium M1 was composed of (per liter): NaCl, 10.0 g; NaHCO3,

2.5 g; NaH2PO4, 0.6 g; KCl, 0.2 g; NH4Cl, 0.5 g; and Fe(III)-citrate,

12.25 g. Ingredients were mixed in hot water. pH was adjusted to 7.0

with 10N NaOH. One liter medium was bubbled with N2:CO2 (80:20)

for 45min. After autoclaving at 121 �C for 20min, we added filter-

sterilized anaerobic solutions of lactate and glucose, 25mM each;

peptone, 1.0 g; trace elements, 10ml; and vitamin mixture, 10ml. Trace

elements and vitamin mixture were same as reported [30]. Medium M2

was composed of (per liter): peptone, 8 g; yeast extract, 2 g; NaCl, 10 g;

and glucose and lactate, 25mM each. For making solid agar slants or

plates, 1.8% agar powder (Difco) was added to the medium.

Isolation of chemotactic bacteria

Enrichments were carried out by adding RDX, HMX, and CL-20

together (30 lM each) and sediment (1% w/v) to medium M1 followed

by incubation at room temperature for about 2 weeks under strict

anaerobic conditions (N2:CO2, 80:20). The enriched culture (2.0ml)

was suspended in 3.0ml phosphate-buffered saline (PBS) (100mM, pH

7.0) supplemented with glucose (5mM) as carbon and energy source.

The cell-suspension was sealed in 10ml vials under strict anaerobic

conditions. Microcapillaries, sealed at one end, were then charged with

5 lM solution of either RDX, HMX or CL-20, inserted into the above

sealed vials by piercing through the butyl rubber septum, and partly

dipped into the enriched culture as shown in Fig. 2. After every 24 h of

incubation, one capillary was taken out, plated onto the agar slants of

both media M1 and M2, and incubated at room temperature under

anaerobic conditions. This exercise was repeated every 24 h for about

two weeks to allow isolation of a motile and chemotactic bacterial

strain. The isolated strain formed small, black colonies (61mm diam-

eter) on solidified medium M1, and small, white, shining colonies

(61mm diameter) on solidified medium M2.

Bacterial identification

Morphological, physiological, and biochemical characterization of

the isolated strain was performed by standard methods described for

gram-staining, spore-staining, catalase, oxidase, and H2S production,

and nitrate- and nitrite-reduction, in the manual of methods for gen-

eral bacteriology [31]. 16S rRNA gene analysis (1200 bases) and mol%

G+C content of the strain were performed by laboratory services

division, University of Guelph, ON, Canada. The strain was named

EDB2 (EDB stands for explosive degrading bacterium).

Following microscopy techniques were performed to determine

morphology, motility, flagella, and cell count: (1) phase contrast mi-

croscopy was used to observe cell-motility by hanging drop method

[31] using standard microscope glass slides with cavity. It was also

used for bacterial cell count with Petroff–Hausser counter (Hausser



Fig. 2. Schematic representation of the technique used to isolate che-

motactic bacteria. An air-tight 10ml glass vial containing 5ml enriched

culture under anaerobic conditions. A 5ll microcapillary containing

an explosive solution and sealed at outer end inserted into glass vial.
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Scientific, Horsham, PA, USA); (2) transmission electron microscopy

(TEM) was used to observe bacterial morphology and type of flagella.

For TEM, bacterial cells were negatively stained as follows: a 20 ll of
mid-log-phase culture was placed onto a formvar (polyvinyl formal-

dehyde) coated grid of mesh size 400. After 4min of incubation at

room temperature the excess fluid was drained off with Whatman filter

paper. The culture sticking to the grid was stained with 2% ammonium

molybdate for about 30 s. Excess stain was drained and grid was

washed with double-distilled water. The grid was air-dried and ob-

served under a transmission electron microscope (Hitachi H7500).

Chemotaxis assays

Qualitative agarose-plug assay. This assay was conducted as

described by Childers et al. [32] with some modifications using low-

melting-point agarose (1.6% w/v, Sigma Chemicals, Canada). Briefly, a

chemotaxis chamberof dimensions 20� 20� 1.5mmwasmadewith two

plastic strips glued to a glass slide. A drop of low-melting-point agarose

containing an explosive compound was placed on a glass coverslip and

inverted onto the plastic strips. Bacterial cells, grown anaerobically in

100ml of medium M2 supplemented with RDX, HMX, and CL-20 to-

gether (15lMeach), werewashed oncewith PBS buffer and resuspended

in 8ml PBS buffer containing 1mM glucose as energy source before

transferring to the chemotaxis chamber. The latter was then transferred

to a plastic tube sealed with a rubber stopper followed by flushing with

N2:CO2 (80:20) to create anaerobic conditions and then incubated at

30 �C. Bacterial ring formation around the agarose-drop was observed

for 60min. Two separate controls were used for comparison; the first

contained agarose-drop with buffer alone, and the second contained

autoclaved killed cells against a test chemical(s).

Quantitative microcapillary assay. A modified version of previously

described method [24] was used. The cyclic nitramines, at a defined

concentration, were charged into 1 ll microcapillaries (Drummond

Scientific Company, Broomall, PA, USA). The latter were inserted into

a U-shaped chamber (similar to the chemotaxis chamber as mentioned

above but without agarose-drop) already flooded with cell suspension

of strain EDB2. The U-shaped chamber was then incubated under

anaerobic conditions for 30min. Microcapillaries were removed from

the chamber and the cells sticking outside the capillaries were washed

away with PBS buffer. Cells accumulated inside the capillaries were

counted by Petroff–Hausser counter following serial dilutions. Con-

trols were same as mentioned above.
Biotransformation assays for RDX, HMX, and CL-20

Biotransformation assays were performed in 6ml air-tight glass

vials under strict anaerobic conditions by purging the reaction mixture

with argon for 20min. Each assay vial contained (1ml of assay mix-

ture) either RDX (20lM), HMX (20 lM) or CL-20 (20lM) and

resting-cell preparation (5mg wet biomassml�1) in a potassium

phosphate buffer (50mM, pH 7.0). To determine the effect of NADH

on rate of biotransformation of explosive(s), NADH (200lM) was

added to the reaction vial(s) and incubated at 30 �C. Three different

controls were prepared by omitting either resting-cells, NADH or both

from the assay mixture. Residual NADH was measured as described

before [18]. The energetic chemicals and their biotransformed products

were analyzed as previously described [15–18]. Explosive degradation

activity of the cells was expressed as nmol h�1 mg cell biomass�1 unless

otherwise stated.

Biomineralization of RDX and HMX in sediment microcosms

Sediment microcosms were prepared in four different combinations

under anaerobic conditions (N2) as follows: (1) 2 g native-sediment and

2ml of 50mM PBS (100mM, pH 7.0); (2) 2 g sterile-sediment (gamma-

irradiated) and 2ml PBS; (3) 2 g native-sediment, 1ml PBS, and 1ml

bacterial culture (2� 108 cellsml�1); and (4) 2 g sterile-sediment, 1ml

PBS, and 1ml bacterial culture (2� 108 cellsml�1). Radiolabeled

[UL-14C]RDX (33lg g�1 sediment equivalent to 50,118dpm) and

[UL-14C]HMX (16lg g�1 sediment equivalent to 54,310 dpm) were

added to the microcosms through rubber septum using a syringe and

needle. A small glass tube, placed inside microcosm, containing 0.5ml

of 0.5M KOH was used as 14CO2 trap. Evolution of 14CO2 was de-

termined in terms of dpm counts in KOH solution by using a liquid

scintillation counter (Packard, Tri-Carb 4530, model 2100 TR, Pack-

ard Instruments Company, Meriden, CT). Experiments were per-

formed in duplicate. Note. CL-20 was not included in this experiment

because of unavailability of radiolabeled [UL-14C]CL-20.
Results and discussion

Isolation and identification of strain EDB2

We isolated an obligate anaerobic bacterial strain

EDB2, from a marine sediment, by using a new tech-

nique devised to isolate chemotactic bacteria (see Ma-

terials and methods, and Fig. 2). Strain EDB2 was small

rods of length 1.8–3.5 lm and diameter 0.7–1.0 lm, and

exhibited gram-variable character. Spores were not seen

in a stationary-growth-phase culture. The temperature

and pH optima for the growth were 30 �C and 7.0, re-
spectively. Strain EDB2 was motile with the help of

numerous peritrichous flagella (Fig. 3). It was catalase

and oxidase negative, and produced H2S from S2O
2�
3 .

Also, it reduced nitrate and nitrite to N2O using NADH

as electron-donor. 16S rRNA gene analysis of 1200

bases (GenBank Accession No. AY510270) showed that

strain EDB2 was 97% similar to Clostridium xylanolyt-

icum (GenBank Accession No. X76739) and Clostridium

strain DR7 (GenBank Accession No. Y10030). Strain

EDB2 differed from C. xylanolyticum for having higher

mol% G+C content of 53.6 compared to 40%, and for

its potential to reduce nitrite and nitrate. No published

description was available for Clostridium strain DR7.



Table 1

Quantitative chemotaxis assay with strain EDB2 by microcapillary

method

Compound Concentration (lM) Chemotaxis indexa

Bufferb — 1.0� 0.1

RDX 10 5.0� 0.4

HMX 10 2.4� 0.2

CL-20 8 7.2� 0.5

MNX 10 5.9� 0.4

TNX 10 1.3� 0.1

Nitrite 10 7.9� 0.6

100 18.5� 1.3

aRatio of the number of cells accumulated inside the capillary

containing test compound to the number of cells accumulated inside

the capillary containing only buffer (i.e., 850� 90 cells); data are

means�SD (n ¼ 3).
bNegative control without compound.

Fig. 3. Transmission electron micrograph of negatively stained cell of

strain EDB2. Bar indicates 1lm.
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The results showed that strain EDB2 belonged to genus

Clostridium however it did not match with any closely

related species.

Chemotaxis response of strain EDB2 towards explosives

Agarose-plug assays showed qualitative chemotaxis

of strain EDB2 in the form of visible bright rings around
the agarose-plug(s) containing RDX, HMX, CL-20 or

nitrite. Control agarose-plug containing only buffer did

not show chemotaxis response (Fig. 4). Whereas, mi-

crocapillary assays showed quantitative chemotaxis re-

sponse of strain EDB2 towards the three explosives and

the nitrite ion (Table 1). Since we found that biotrans-

formation of RDX, HMX, and CL-20 occurred via an

initial N-denitration (discussed below), we presumed
that nitrite released from the explosive molecules was
Fig. 4. Qualitative chemotaxis assay with strain EDB2 by agarose-plug meth

Top line (left to right): buffer alone, nitrite, and RDX; bottom line (left to r
responsible for eliciting a chemotaxis response in strain

EDB2. Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine

(MNX), a RDX metabolite that also released nitrite on

reaction with strain EDB2, elicited a chemotaxis re-

sponse in strain EDB2 (Fig. 4 and Table 1). On the other

hand, HMX, being the most recalcitrant (discussed be-

low), elicited the least chemotaxis response (Table 1).

Our hypothesis was strengthened when hexahydro-
1,3,5-trinitroso-1,3,5-triazine (TNX), a RDX metabolite

without a nitro group [33], did not elicit chemotaxis

response (Table 1). Additionally, methylenedinitramine

and 4-nitro-2,4-diazabutanal, both ring-cleavage me-

tabolites from RDX and/or HMX [15–18], neither re-

leased nitrite during their reaction with resting cells of

strain EDB2 nor they elicited chemotaxis response in

strain EDB2. Other known carbon products of cyclic
nitramines, i.e., HCHO and HCOOH which lack NO�2
elicited a poor chemotaxis response in bacterium (data
od. Bright ring of bacterial cells around the plug indicated chemotaxis.

ight): MNX, CL-20, and HMX.
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not shown). The above data confirmed that nitrite re-
leased from the explosives was primarily responsible for

inducing chemotaxis response in strain EDB2. Once

gathered around the contaminated site, strain EDB2

may form high population density and reproduce more

rapidly as demonstrated by other bacteria [22,23]. As a

result, a higher degradation rate of energetic chemicals

can be achieved by strain EDB2 as previously reported

with regard to bacterial degradation of naphthalene
[20,21].

Biodegradation of cyclic nitramine explosives

Growing-culture of strain EDB2 biotransformed the
three explosives, in medium M2, as a function of its

growth with the following order, i.e., CL-

20>RDX>HMX (Fig. 5). In the resting-cell study,

biotransformation rates of RDX, HMX, and CL-20 by

strain EDB2 were 1.8� 0.2, 1.1� 0.1, and 2.6� 0.2

nmol h�1 mg biomass�1 (mean� SD; n ¼ 3), respectively,

whereas, in the presence of 100 lM NADH, the bio-

transformation rates of the three explosives enhanced to
4.5� 0.3, 2.5� 0.3, and 7.2� 0.6 nmol h�1 mg biomass�1

(mean� SD; n ¼ 3), respectively. In contrast, a negligible

responsewas observed upon addition of 100 lMNADPH

indicating the involvement of an unidentified NADH-

dependent enzyme(s). No degradation was observed in

control experiments without resting cells within 1 h of

assay time. We found that biotransformation of RDX or

HMX was accompanied by the formation of NO�2 , N2O,
HCHO, and HCOOH. Whereas, biotransformation of

CL-20 produced NO�2 , N2O, andHCOOH. The products

obtained from each explosive were similar to those

observed previously [15–18].

Resting-cells of strain EDB2 also catalyzed NADH-

dependent biotransformation of HCHO to HCOOH

which did not accumulate (data not shown). In a sub-

sequent experiment, strain EDB2 mineralized 40% of
Fig. 5. Biotransformation of RDX (d), HMX (s), and CL-20 (.) by

strain EDB2 as a function of its growth (j). Data are means� SD

(n ¼ 3). Some error bars are not visible due to their small size.
H14CHO (of the total 340 lg H14CHO/L medium) with
evolution of 14CO2 after 4 days of incubation in medium

M1 suggesting an intermediary formation of HCOOH.

To mimic the in situ conditions, mineralization ex-

periments were performed in sediment-microcosms.

When strain EDB2 (2� 108 cellsml�1) was incubated

with native-sediment in the presence of either [UL-14C]

RDX or [UL-14C]HMX, we obtained 70% (of the total

33mg RDX/kg sediment) and 46% (of the total 16mg
HMX/kg sediment) mineralization, respectively, after 18

days. In contrast, in native-sediment alone, only 17%

and 8% mineralization was obtained for RDX and

HMX, respectively. On the other hand, when strain

EDB2 was inoculated in sterile-sediment, mineralization

of RDX and HMX was only 11% and 2%, respectively.

We found that compared to the sterile-sediment, the

mineralization of [UL-14C]RDX and [UL-14C]HMX by
strain EDB2 in the liquid medium M1 was 30% and

13%, respectively, after 18 days. The reason for rapid

mineralization of RDX and HMX in liquid medium

attributed to a better accessibility of explosive molecules

to the bacterial cells. Taken together, the above data

suggested that strain EDB2 seems to be a promising

degrader of cyclic nitramine explosives under native-

sediment (or in situ) conditions.
In conclusion, the present study demonstrated a

chemotaxis-mediated biodegradation of cyclic nitramine

explosives where local population of strain EDB2 first

initiates biotransformation of cyclic nitramines with

release of NO�2 . The NO�2 thus produced attracts other

distantly located bacterial cells to help accelerate the

biodegradation process. In comparison to the conven-

tional microbial degradation where microorganism(s)
fortuitously come in contact with the energetic chemi-

cals, the present study emphasizes the use of chemotactic

bacteria for efficient removal of explosives in contami-

nated sites. This is the first report which showed that a

pure bacterial culture (strain EDB2) accessed the three

hydrophobic cyclic nitramine explosives by chemotaxis

and degraded them to innocuous products. The prop-

erties demonstrated by strain EDB2 renders it useful for
the cleanup of sites contaminated with cyclic nitramines.
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Abstract

A new energetic substance hexanitrohexaazaisowurtzitane (or CL-20) was tested for its toxicities to various eco-

logical receptors. CL-20 (e-polymorph) was amended to soil or deionized water to construct concentration gradients.

Results of Microtox (15-min contact) and 96-h algae growth inhibition tests indicate that CL-20 showed no adverse

effects on the bioluminescence of marine bacteria Vibrio fischeri and the cell density of freshwater green algae Sele-

nastrum capricornutum respectively, up to its water solubility (ca. 3.6 mg l�1). CL-20 and its possible biotransformation

products did not inhibit seed germination and early seedling (16–19 d) growth of alfalfa (Medicago sativa) and perennial

ryegrass (Lolium perenne) up to 10 000 mg kg�1 in a Sassafras sandy loam soil (SSL). Indigenous soil microorganisms in

SSL and a garden soil were exposed to CL-20 for one or two weeks before dehydrogenase activity (DHA) or potential

nitrification activity (PNA) were assayed. Results indicate that up to 10 000 mg kg�1 soil of CL-20 had no statistically

significant effects on microbial communities measured as DHA or on the ammonium oxidizing bacteria determined as

PNA in both soils. Data indicates that CL-20 was not acutely toxic to the species or microbial communities tested and

that further studies are required to address the potential long-term environmental impact of CL-20 and its possible

degradation products.

Crown Copyright � 2004 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hexanitrohexaazaisowurtzitane (HNIW), commonly

known as CL-20, is a recently developed energetic
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compound (Nielsen, 1991). It is predicted that CL-20

significantly enhances performance in the areas of spe-

cific impulse and/or density in propellants, and in det-

onation velocity and pressure in explosives (Wardle

et al., 1996). These advantages have made CL-20 a

possible alternative for the currently used polynitram-

ines RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) and

HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine)

(Fig. 1). However, it is also recognized that the envi-

ronmental fate and impact of this new compound must

be understood and the potential environmental risks be

fully assessed prior to its adoption as a commonly used

energetic material. It was based on these considerations
y Elsevier Ltd. All rights reserved.
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Fig. 1. Chemical structures of RDX, HMX and CL-20.
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that the US Strategic Environmental Research and

Development Program (SERDP) launched a multi-year,

multi-disciplinary research program to collect data on

the environmental behavior and impact of CL-20. As

part of this effort, we carried out a battery of ecotoxi-

cological tests including terrestrial, aquatic, and avian

toxicity studies. This article describes some of the eco-

toxicological results obtained in our laboratory.

As far as we know, there is no documented study on

the toxicity of CL-20 to ecological receptors such as birds,

higher plants, fish, algae, microorganisms, and soil

invertebrates. Previous studies have shown that mono-

cyclic RDX and HMX are potent reproductive toxicants

to earthworms (Robidoux et al., 2000, 2001) and can be

accumulated in earthworm tissues (Lachance et al., 2002).

Higher plants and soil microorganisms are not sensitive

to RDX and HMX, but plant uptake and translocation

were reported by several investigators, suggesting po-

tential food chain biomagnification (Harvey et al., 1991;

Best et al., 1999; Thompson et al., 1999; Gong et al., 2001,

2002a; Winfield, 2001; Groom et al., 2002; Rocheleau

et al., 2002; Yoon et al., 2002). It was hypothesized that

CL-20, being a polycyclic polynitramine and possessing

the characteristic N–NO2 bonds, would show similar

behavior to RDX and HMX due to their structural sim-

ilarity. In the present study, toxicity tests were performed

using freshly amended materials because CL-20 has not

been released to the environment and no contaminated

matrices (soil and water) are available.
Table 1

Physicochemical properties of the soils used for terrestrial

toxicity tests

Soil SSL GS-3

USDA classification Sandy loam Silty clay loam

Origin Grassland Garden

Organic C (%)a 0.3 3.5

Kjeldahl N (%) 0.04 0.28

CEC (cmol kg�1) 4.3 NDb

pH 5.0 6.5

Texture (%)

Sand 71 11

Silt 18 59

Clay 11 30

Water holding capacity (%) 21 83

a Determined after dry combustion (ISO, 1995).
b Not determined.
2. Material and methods

2.1. Chemicals and reagents

CL-20 (CAS# 135285-90-4, e-polymorph) was ob-

tained from Thiokol Propulsion (Thiokol, Utah, USA).

HPLC analysis indicated that the purity of the product

was 99.3%. For the purpose of comparison, the struc-

tures of CL-20, RDX, and HMX are shown in Fig. 1.

TNT was obtained from ICI Explosives Canada

(McMasterville, PQ). All the other chemicals were pur-

chased from Sigma-Aldrich Canada.

2.2. Higher plant toxicity test

Plants were exposed to freshly amended CL-20 in

Sassafras sandy loam soil (SSL). The SSL (obtained
from R.G. Kuperman) was collected from an uncon-

taminated open grassland on the property of Aberdeen

Proving Ground (Edgewood, MD). Vegetation and

surface organic matter were removed and the top 15 cm

of the A horizon was collected. The soil was then sieved

(5 mm) and air-dried. The physicochemical characteris-

tics of SSL such as low organic C content and low pH

(Table 1), rendered it a low adsorptive capacity and a

high level of bioavailability. The two chosen plant spe-

cies were perennial ryegrass (Lolium perenne) and alfalfa

(Medicago sativa) representing monocotyledon and

dicotyledon plants, respectively. CL-20 was dissolved in

acetone and amended to the soil in order to obtain

gradients of artificial contamination. The amended soil

was left overnight (ca. 18 h) in a chemical hood to allow

the evaporation of acetone. In the range-finding tests,

five nominal concentrations (1, 10, 100, 1000, and 10 000

mg kg�1) as well as a solvent control (acetone) and a

blank control (deionized water) were tested in triplicate.

Boric acid was used as the reference toxicant. Definitive

or limit tests were conducted using the two controls and

the highest concentration (10 000 mg kg�1) with eight

replicates.

The plant toxicity test was performed in accordance

with standardized test guidelines (USEPA, 1989; ASTM,

1998). Briefly, 20 seeds of each plant species were sown

in a 4-in. pot containing 200 g of soil (dry weight). Al-

falfa seeds were inoculated with nitrogen-fixing bacteria

prior to the test. Deionized water was added to the soil

to achieve 75% of water holding capacity. The pot was

then placed in a 1-l polyethylene bag closed with an

elastic band to prevent water loss. A growth chamber

was used for all phytotoxicity tests. Conditions of the

growth chamber were set as follows: 25 �C (16 h)/20 �C
(8 h) day/night cycle, light intensity 5000 ± 500 lux, and

lights off in the first two days of each test. Measurement

endpoints were seedling emergence (germination) and



Table 2

Toxicological effects of CL-20 on the bioluminescence (15-min

light reduction) of Vibrio fischeri and the 96-h growth (cell

density) of Selenastrum capricornutum

CL-20

concentrationa

(mg l�1)

Inhibition of (% of control)b

Light reduction

(V. fischeri)

Cell density

(S. capricornutum)

Control 0.0 ± 3.4 0.0 ± 13.4

D-1 1.0 ± 2.3 )20.2 ± 18.6

D-2 0.7 ± 3.2 )2.1 ± 22.7

D-3 )1.9 ± 2.6 1.5 ± 16.6

D-4 )4.5 ± 2.6 4.3 ± 12.7

D-5 )4.9 ± 2.0 5.4 ± 9.1

D-6 )3.2 ± 3.8 1.3 ± 9.2

a For the Microtox and algal growth inhibition tests, the

starting concentrations (D-6) were 2.76 and 3.64 mg l�1,

respectively. Serial dilutions (1:1, v v�1) were then prepared (i.e.,

D-5 to D-1).
b Expressed as mean ± standard deviation, n ¼ 8 (control and

D-6 groups); otherwise n ¼ 3.
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shoot fresh or dry biomass. Germinated seeds were

counted after five (alfalfa) and seven (ryegrass) days.

The emerged seedlings were allowed to grow for another

two weeks before the test was terminated. At termina-

tion, germinated seeds were counted and the above

ground shoots were harvested. Shoot dry biomass was

obtained after drying at 70 �C for 24 h.

2.3. Microbial toxicity tests

Due to the low microbial activities in SSL, an

uncontaminated garden soil GS-3 was also used for the

tests. The GS-3 soil was kept moist (with field moisture)

and frozen at )20 �C. Soil was thawed overnight at 4 �C
and pre-incubated at 24 ± 2 �C for one week before the

tests. CL-20 (powder) was directly amended to both soils

without using any organic solvent. After amendment,

the air-dried SSL and GS-3 soils were brought to 40% of

their respective water holding capacity. Treated and

control soils were incubated at 24 ± 2 �C in darkness for

one (range-finding test) or two (limit test) weeks before

microbial bioassays. Two microbial bioassays, i.e.,

dehydrogenase activity (DHA) and potential nitrifica-

tion activity (PNA), were carried out following the

procedures described elsewhere (Gong et al., 1999,

2002b). The range-finding tests were conducted using

four replicates for every treatment whereas the limit test

used ten replicates. The concentrations tested were 0, 1,

10, 100, 1000, and 10 000 mg kg�1 in the range-finding

tests. In the limit tests, only the control and the highest

concentration (10 000 mg kg�1) were tested.

2.4. Aquatic toxicity tests

CL-20 was dissolved in acetone and then diluted in

water to have 1% (v v�1) of acetone in water for each

CL-20 concentration. This carrier concentration was not

toxic to Selenastrum capricornutum and Vibrio fischeri

(Sunahara et al., 1998). A saturated solution of CL-20 in

acetone was used as the stock solution for serial dilution.

Two aquatic bioassays, the 15-min Microtox (V. fischeri)

and the freshwater green algae (S. capricornutum) 96-h

growth inhibition tests, were performed as described

earlier (Sunahara et al., 1998). Each concentration or

treatment was repeated three times in range-finding

tests. In the definitive (limit) tests, eight replicates were

used for the control and the highest concentration. For

QA/QC purposes, TNT (2,4,6-trinitrotoluene) was used

as the positive control, whereas phenol and zinc sulphate

as reference toxicants for Microtox and the algae tests,

respectively.

2.5. Chemical and statistical analysis

The nominal concentrations of CL-20 in amended

soil or water were confirmed by chemical analysis using
US-EPA Method 8330A SW-846 (USEPA, 1998; Lar-

son et al., 2002; Groom et al., 2003). Preliminary studies

revealed that aqueous samples should be diluted in

acetonitrile (1:1, v v�1) and acidified to pH 3. To extract

CL-20 from soil samples, 2 g of soil (dry weight) was

combined with 10 ml of acetonitrile in a 16-ml glass

tube, vortexed for one min, and sonicated at 20 �C for

18 ± 2 h. The sample was then centrifuged at 2700 rpm

for 30 min. The supernatant (5 ml) was combined with 5

ml of CaCl2/NaHSO4 aqueous solution (5 and 0.2 g l�1,

respectively) in a 20-ml vial. After precipitation (30 min),

the supernatant was filtered using 0.45 lm-Millipore

PTFE filters. The filtrate was analyzed using an HPLC

with UV detection at 230 nm. The limit of detection was

0.02 mg l�1. Experimental results were subjected to

analysis of variance (ANOVA), the Fisher’s least sig-

nificant differences, or two-tailed Student’s t-tests.

Treatment effects were considered statistically significant

at p < 0:05.
3. Results and discussion

3.1. Aquatic toxicity tests

Preliminary tests show that up to its water solubility

(3.59 ± 0.74 mg l�1 at 25 �C; Groom et al., 2003), CL-20

did not cause significant toxic effects on both the marine

bacteria V. fischeri and the freshwater green algae S.

capricornutum (data not shown). Results from definitive

(limit) tests (Table 2) confirmed those from range-find-

ing tests. In contrast, the positive control TNT inhib-

ited the bioluminescence of V. fischeri by 22–65% at 0.2–

5 mg l�1 (IC50¼ 1.0 ± 0.3 mg l�1), and the growth of

S. capricornutum by 10–96% at 0.2–1.25 mg l�1
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(IC50¼ 0.8 ± 0.2 mg l�1) in a dose-dependent manner

(data not shown). The results of TNT are consistent

with our previous reported values (Microtox, 15-min

IC50: 0.95 mg l�1; Freshwater green algae, 96-h IC50: 0.73

mg l�1) (Sunahara et al., 1998). These results indicate

that, compared with TNT, CL-20 is not toxic to the two

aquatic species.

3.2. Higher plant tests

Up to the highest test concentration (10 000 mg kg�1),

CL-20 did not show any major and significant adverse

effects on both plant species in SSL for both range-

finding and limit tests (Table 3). In fact, ryegrass shoot

biomass in CL-20 treated soils was significantly higher

than that in the controls, but this effect was not con-

centration-dependent. Up to 200 lg CL-20 g�1 dry plant

was found in the ryegrass shoots (data not shown).

Chemical analyses of freshly amended soil samples

indicate very good recoveries (98 ± 3%) of CL-20 in the

limit test. However, nearly 20% of the amended CL-20

was not recovered from the soil after the test, and the

exact fate of CL-20 loss was unknown. Possible path-

ways include biodegradation (e.g., nitrate reductase

activity) (Bhushan et al., 2003) or hydrolysis (Bala-

krishnan et al., 2003; Trott et al., 2003), plant uptake,
Table 3

Toxicological effects of CL-20 on higher plants (alfalfa and ryegrass)

CL-20 concentration

(mg kg�1 dry soil)

Alfalfa

Nominal Measured Germination

(%)a

Fresh

biomass (%)b

Range-finding testc

Carrier control 0.0 ± 0.0 83 ± 2

1 0.6 ± 0.0 85 ± 0 )7 ± 6

10 8.8 ± 0.4 82 ± 4 3 ± 16

100 96 ± 3 77 ± 6 10 ± 13

1000 960 ± 22 87 ± 4 )12 ± 6

10 000 9832 ± 341 85 ± 5 )15 ± 13

ANOVA p > 0:05 p > 0:05

Limit testd

Carrier control 0.0 ± 0.0 ND ND

10 000 9832 ± 341e ND ND

7964 ± 158f

t-Test (two-tailed)

* Significantly different from the control using the Fisher’s least signifi
a Expressed as mean ± standard error and using the numbers of eme

respectively.
b Expressed as mean ± standard error and calculated as percentage c

d exposure for alfalfa and ryegrass, respectively. There was no significa

control. Negative values indicate stimulatory effects, whereas positive
c Three replicates per treatment.
d Eight replicates per treatment. ND: not done.
e Measured CL-20 concentration in soil at the start of the test.
f Measured CL-20 concentration in soil at the end of the test.
and binding to soil particles (Kd ¼ 2:43 l kg�1 in the SSL

soil; Monteil-Rivera, F., personal communication).

3.3. Microbial toxicity tests

Preliminary results show that SSL had very low

microbial activities measured as DHA (2.2 ± 0.2

nmol INF g�1 soil h�1) and PNA (8.5 ± 1.4 ng nitrite-

N g�1 soil h�1). Therefore, a garden soil (GS-3) was also

used and exposed to CL-20. No significant adverse ef-

fects were observed on indigenous microorganisms in

the one-week exposure range-finding test. Both DHA

and PNA were not affected up to the highest amendment

level of 10 000 mg kg�1 in the GS-3 soil (Table 4). Limit

tests (two-week exposure) confirmed these results except

that PNA was significantly enhanced in the GS-3 soil

treated with 10 000 mg kg�1 of CL-20 as compared with

that in the control soil. Further studies indicate that CL-

20 might be used as a nitrogen source by soil microor-

ganisms (Bhushan et al., 2003; Trott et al., 2003). For

instance, we found that CL-20 in the limit tests is bio-

degradable with the release of nitrite that can be further

oxidized to nitrate (unpublished data). Recently, it has

been shown that CL-20 can undergo abiotic (Bala-

krishnan et al., 2003) and enzymatic (Bhushan et al.,

2003) decomposition via initial denitration. In addition,
in a Sassafras sandy loam soil

Ryegrass

Dry biomass

(%)b

Germination

(%)a

Fresh

biomass (%)b

Dry biomass

(%)b

93 ± 3

)1 ± 9 97 ± 3 )8 ± 2� )7 ± 2

)1 ± 6 93 ± 3 )14 ± 3� )14 ± 5�

6 ± 11 83 ± 2� 12 ± 2� 6 ± 2

)1 ± 3 95 ± 3 5 ± 2 1 ± 2

)9 ± 12 93 ± 3 )10 ± 3� 5 ± 1

p > 0:05 p < 0:05 p < 0:05 p < 0:05

ND 87 ± 4

ND 91 ± 2 )26 ± 5 )14 ± 5

p > 0:05 p < 0:05 p > 0:05

cant differences test.

rged seedlings after 5 and 7 d exposure for alfalfa and ryegrass,

hange compared to the carrier (acetone) control after 16 and 19

nt difference between the carrier (acetone) and the blank (water)

values denote inhibition.



Table 4

Toxicological effects of CL-20 on indigenous soil microorganisms in a Sassafras sandy loam soil (SSL) and a garden soil (GS-3)

Nominal conc.

(mg kg�1 soil)

GS-3 SSL

DHAa PNAa DHAa PNAa

Range-finding testb

Control (water) 0.0 ± 2.5 0.0 ± 2.7 0.0 ± 6.4 0.0 ± 8.2

1 )8.9 ± 3.5 2.3 ± 2.4 0.2 ± 4.9 )9.5 ± 3.6

10 9.9 ± 8.6 )0.4 ± 1.8 )10.2 ± 5.0 )4.8 ± 1.4

100 7.0 ± 4.5 4.0 ± 1.9 )8.2 ± 3.9 7.0 ± 0.8

1000 )8.4 ± 3.1 )0.5 ± 3.0 1.6 ± 5.3 )4.1 ± 6.7

10 000 )2.1 ± 3.3 0.0 ± 3.0 )3.2 ± 4.7 )5.9 ± 8.3

ANOVA p > 0:05 p > 0:05 p > 0:05 p > 0:05

Limit testc

Control (water) 0.0 ± 4.3 0.0 ± 0.8 0.0 ± 3.2 0.0 ± 5.2

10 000 )2.2 ± 4.0 )13.9 ± 1.4 5.0 ± 0.9 )10.8 ± 4.8

t-Test (two-tailed) p > 0:05 p < 0:05 p > 0:05 p > 0:05

a DHA: dehydrogenase activity; PNA: potential nitrification activity. Expressed as mean ± standard error and calculated as per-

centage change from the control (the mean of control¼ 100%). Negative values indicate stimulatory effects whereas positive values

denote inhibition.
b Four replicates per treatment (one-week exposure).
c Ten replicates per treatment (two-week exposure). HPLC analysis of soil extracts indicated that recovery of CL-20 was 121 ± 12%

in SSL (n ¼ 5) or 88 ± 5% in GS-3 soil (n ¼ 5) (p < 0:05, two-tailed Student’s t-test).
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an independent study has reported that CL-20 (2000

mg kg�1) can enhance the microbial respiration activity

in a forest soil (Stevens Institute of Technology, 2003).
4. Conclusions

Data presented in this article indicate that CL-20 is

not toxic to marine bacteria V. fischeri, freshwater green

algae S. capricornutum, terrestrial higher plants and

indigenous soil microorganisms. However, other results

obtained from our and other laboratories indicate that

CL-20 is highly toxic to soil invertebrates such as the

earthworm Eisenia andrei and enchytraeids (Robidoux

et al., 2004; Kuperman, R.G., personal communication).

This implies the importance of using a battery of eco-

toxicological assays to assess potential environmental

impacts of new chemical compounds. Further studies

are also required to address the potential long-term

environmental impact of CL-20 and its possible degra-

dation products.

Evidence from the present and other studies (e.g.,

Robidoux et al., 2004; Kuperman, R.G., personal

communication) also indicates that CL-20 has a similar

ecotoxicological potency to RDX and HMX because

both RDX and HMX exhibited no or low toxicity to V.

fischeri, S. capricornutum (Sunahara et al., 1998), soil

microbial communities (Gong et al., 2001, 2002a) and

higher plants (Harvey et al., 1991; Best et al., 1999;

Thompson et al., 1999; Winfield, 2001; Rocheleau et al.,

2002), and they also showed high reproductive toxicity

to earthworms (Robidoux et al., 2000, 2001) as well as a
high lethality to enchytraeids (S. Dodard, unpublished

data).
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Abstract

Hexanitrohexaazaisowurtzitane (HNIW) or CL-20 is a caged structure polycyclic nitramine that may replace RDX
and HMX as a common use energetic chemical. To provide insight into the environmental fate of CL-20 we photolyzed

the chemical in a Rayonet photoreactor (254–350 nm) and with sunlight in aqueous solutions. Previously, we found that
initial photodenitration of the monocyclic nitramine RDX leads to ring cleavage and decomposition. Presently, we
found that photolysis of the rigid molecule CL-20 produced NO2

�, NO3
�, NH3, HCOOH, N2 and N2O. Using LC/MS

(ES-) we detected several key intermediates carrying important information on the initial steps involved in the

degradation of CL-20. The identities of the intermediates were confirmed using a uniformly ring labeled 15N-[CL-20].
When CL-20 was photolyzed in the presence of H2

18O, D2O or 18O2 we obtained a product distribution suggesting that
the energetic chemical degraded via at least two initial routes; one involved sequential homolysis of N–NO2 bond(s) and

another involved photorearrangement prior to hydrolytic ring cleavage and decomposition in water.
r 2004 Elsevier Ltd. All rights reserved.

Keywords: CL-20; Degradation; Photolysis; Denitration; Photorearrangement
1. Introduction

High-density polynitropolyaza-caged compounds are
new emerging chemicals that contain high energy and

has the potential to be used in several industrial and
military applications. A typical energetic chemical of
this family is 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hex-
aazatetracyclo [5.5.0.05,9.03,11] dodecane (CL-20) or

hexanitrohexaazaisowurtzitane (HNIW), which was
recently synthesized by Nielsen et al.(1987, 1990) and
e front matter r 2004 Elsevier Ltd. All rights reserve

atres.2004.06.032
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rc-nrc.gc.ca (J. Hawari).
later adopted by Thiokol for large-scale production

(Wardle et al., 1996).
Previous practices involving the less strained mono-

cyclic nitramines such as hexahydro-1,3,5-trinitro-1,3,5-

triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) including manufacturing, testing
and training, demilitarization and open burning/open
detonation (OB/OD) have resulted in severe soil and

groundwater contamination (Haas et al., 1990; Myler
and Sisk, 1991). It has been shown that both monocyclic
nitramines RDX and HMX are modestly toxic to

aquatic organisms (Yinon, 1990; Sunahara et al., 2001;
Talmage et al., 1999), earthworms (Robidoux et al.,
2000, 2001) and indigenous soil microorganisms (Suna-

hara et al., 2001; Gong et al., 2001). Future wide military
d.

www.elsevier.com/locate/watres
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practices with CL-20 may also result in environmental
contamination of soil and groundwater.

CL-20 is a heterocyclic nitramine, which, like RDX

and HMX, contains the characteristic N–NO2 func-
tional groups (Fig. 1). Therefore, the three energetic
chemicals RDX, HMX and CL-20 are expected to show
some sort of similarities in their chemical (and even

enzymatic) reactions. However, CL-20 is a polycyclic
nitramine characterized by having a strained three-
dimensional cage structure, whereas RDX and HMX

are two-dimensional monocyclic nitramines (Fig. 1). For
instance, both RDX and HMX are cyclic oligomers of
methylenenitramine, CH2–N–NO2, ([CH2NNO2]3 for

RDX and [CH2NNO2]4 for HMX). Whereas CL-20
contains the repeating unit CH–N–NO2 (Wardle et al.,
1996; Nielsen et al., 1998), with characteristic C–C
linkages. Therefore, we predict that the above structural

differences can also cause significant variations in the
degradation pathway(s) of CL-20 from those reported
for RDX and HMX in the environment (Hawari et al.,

2002; Bhushan et al., 2003a).
Recently, we discovered that denitration of RDX by

photolysis (Hawari et al., 2002), hydrolysis (Balakrish-

nan et al., 2003) or incubation with Rhodococcus sp.
strain DN22 (Fournier et al., 2002) or a Cytochrome
P450 enzyme (Bhushan et al., 2003b) lead to effective

decomposition. The product distribution in all previous
cases was basically similar and included HCHO,
HCOOH, NH2CHO, NH3, NO2

�, NO3
�, and N2O. We

concluded that once denitration takes place, RDX

undergoes ring cleavage and spontaneous decomposi-
tion in water. As far as we are aware little information is
available on the photodegradation of CL-20 in solution.

Pace and Kalyanaraman (1993) reported the cleavage of
an N–NO2 bond during CL-20 photolysis by trapping
the generated NO2 radical in dimethyl sulfoxide

(DMSO) followed by detection of the spin adduct using
ESR spectroscopy. No other information on the identity
of the degradation products was provided. On the other

hand, solid state photochemistry of the energetic
chemical has been reported by Pace (1991) and Ryzhkov
and McBride (1996) and was suggested to proceed via
the primary cleavage of an N–NO2 bond.

As discussed above with RDX decomposition follow-
ing its photodenitration, we predict that CL-20, being
N

N

N
NO2

NO2

O2N

RDX

N

N
N

N

NO

O2N

O2N

HMX

Fig. 1. Typical structures of R
also a cyclic nitramine with C–N–NO2 linkages, can
undergo decomposition following initial denitration in
water. Our objective in the present study is thus to test

the above hypothesis and photolyze CL-20 in aqueous
and MeCN/H2O solutions using a Rayonet photoreac-
tor (254–350 nm) and sunlight. We hope that the
discovery of early intermediate products during photo-

lysis of CL-20 can provide insight into the degradation
pathway(s) of the energetic chemical and thus its
environmental fate and behavior.
2. Materials and methods

2.1. Chemicals

CL-20 as an e-form (purity 99.3% determined by
HPLC) and ring labeled 15N-[CL-20] (purity 90%
determined by HPLC) were obtained from Thiokol

Propulsion (Thiokol Utah 84302 USA). Elemental
composition of CL-20 was determined on a Carlo Erba
EA 1108 analyzer (University of Montreal, QC,
Canada) and was found to be C 16.84%, N 37.52%,

H 1.06% (calculated values for C6H6N12O12: C 16.45%,
N 38.36%, H 1.38%). Upon analysis by LC-MS(ES-) we
detected an impurity (0.5%) with a [M–H] at 434 Da

corresponding to a monoacetylated CL-20. Acetonitrile,
formic acid, formaldehyde, D2O, H2

18O and 18O2 were
from Aldrich, Canada.

2.2. Irradiation experiments

A Rayonet RPR-100 photoreactor fitted with a
merry-go-round apparatus (Southern New England
Co, Hamden, CT) equipped with either 16 254 nm
(35 W), 300 nm (21 W) or 350 nm (24 W) fluorescent

lamps were used as light sources. In some experiments
photolysis was conducted using sunlight. Photolysis was
conducted in 20 mL quartz tubes each charged with a

10 mL of aqueous or aqueous acetonitrile solutions
(50%v/v) of CL-20 (3.5 and 50 mg/L, respectively).
Acetonitrile was added to water to increase solubility of

CL-20 (3.5 mg/L at 20 1C) (Groom et al., 2003) in an
attempt to generate sufficient amounts of intermediates
to allow detection.
2

NO2

NNO2O2NN

O2NN

NN O2O2NN

NNO2

CL-20

DX, HMX and CL-20.
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Photolysis was carried out in either degassed (Ar
bubbling) or non-degassed (with O2 or 18O2 bubbling)
tubes sealed with Teflon-coated mininert valves. Con-

trols containing CL-20 were kept in the dark during the
course of the experiment. To determine the role of water
in the photolysis process we photolyzed CL-20 (3.5 mg/
L) in the presence of D2O and H2

18O. The temperature of

the reactor was maintained at 25 1C.

2.3. Analytical methods

A Bruker bench-top ion trap mass detector attached
to a Hewlett-Packard 1100 Series HPLC system

equipped with a PDA detector was used to analyze for
CL-20 and its intermediates. The samples were injected
into a 5 mm-pore size Zorbax SB-C18 capillary column

(0.5 mm ID by 150 mm; Agilent, CA) at 25 1C. The
solvent system was composed of a MeCN/water
gradient (30% v/v to 70% v/v) at a flow rate of 15mL/
min. For mass analysis, ionization was performed in a

negative electrospray ionization mode, ES(�), produ-
cing mainly the deprotonated molecular mass
ions [M–H]. The mass range was scanned from 40 to

550 Da.
The concentration of CL-20 was followed using an

HPLC (Thermo Separation Products) composed of a

pump (model P4000), an auto injector (model AS1000)
and a photodiode-array detector (model UV6000LP).
The sample was injected on a Supelcosil LC-CN column

(25 cm, 4.6 mm, 5 mm) maintained at 35 1C. The
solvent system consisted of isocratic methanol/water
mixture (70% v/v) at a flow rate of 1 mL/min. The
detector was set to scan from 200 to 350 nm then the

chromatograms were extracted at a wavelength of
230 nm.

Formic acid (HCOOH), nitrite (NO2
�) and nitrate

(NO3
�) were measured using an HPLC from Waters

(pump model 600 and auto-sampler model 717 plus)
equipped with a conductivity detector (model 430). The

acetonitrile content of the sample was removed under a
high flow of helium before injection. The separation was
made on a Dionex IonPac AS15 column (2� 250 mm).
The mobile phase was 30 mM KOH at a flow rate of

0.4 mL/min and 40 1C. The detection of anions was
enhanced by reducing the background with an auto
suppressor from Altech (model DS-Plus). Detection

limits were 100 ppb for formate and nitrate, and 250 ppb
for nitrite. Ammonium cation was analyzed using a SP
8100 HPLC system equipped with a Waters 431

conductivity detector and a Hamilton PRP-X200
(250 mm� 4.6 mm� 10mm) analytical cation exchange
column as described earlier (Hawari et al., 2001).

Analysis of N2 and N2O was performed as previously
described (Fournier et al., 2002). Formaldehyde
(HCHO) was analyzed as described by Summers
(1990) and Hawari et al. (2002).
3. Results and discussion

3.1. Photodegradation of CL-20 in aqueous solutions

We found that photolysis of CL-20 in aqueous
(3.5 mg/L) or MeCN/water (50 mg/L) solutions (50%
v/v) at either 254, 300 or 350 nm led to the disappear-

ance of the energetic chemical, but the presence of
MeCN increased solubility of the energetic chemical and
consequently led to the accumulation of sufficient

amounts of products that facilitated detection. The
removal of CL-20 at 300 nm was accompanied with the
concurrent formation and accumulation of nitrite

(NO2
�), nitrate (NO3

�), ammonia (NH3) and formic acid
(HCOOH) (Fig. 2) and trace amount of glyoxal
(HCOHCO) was detected (data not shown). Nitrogen
(N2) and nitrous oxide (N2O) were detected in trace

amounts. Apparently NO3
� was produced from photo-

oxidation of NO2
�. Bose et al. (1998) reported that

photo-oxidation of the cyclic nitramine RDX with

ozone at 230 nm also produced nitrate.
When photolysis was carried out at 254 nm CL-20

disappeared rapidly. For instance it took approximately

1 h to photodegrade CL-20 (50 mg/L) at 300 nm (Fig. 2)
whereas it took less than 1 min to remove the same
amount of CL-20 at 254 nm in MeCN/water solution.

On the other hand, photolysis of CL-20 at either 350 nm
or with sunlight gave closely related product distribution
but at rates much lower than those observed using the
Rayonet photoreactor at shorter wavelengths (Fig. 2). In

dark controls containing CL-20 in either water or
MeCN/water solutions no appreciable reduction in the
concentration of the energetic chemical was observed

within the time course of the experiment.
In general, we found that the present photodegrada-

tion of the caged structure polycyclic nitramine CL-20

was much more rapid than RDX (Hawari et al., 2002).
The extreme reactivity of CL-20 as compared to
monocyclic nitramines has also been noted during their

thermal decomposition (Oxley et al., 1994; Korsounskii
et al., 2000). Korsounskii et al. (2000) found that the
thermal decomposition of HMX and CL-20 in solution
proceeded via N–NO2 cleavage with first-order rate

constants (k) of 1.6� 10�5 and 4.4� 10�3 s�1, respec-
tively. The increased ring strain in CL-20 was suggested
to accelerate the decomposition of the energetic chemi-

cal as compared to the less strained monocyclic
nitramines (Oxley et al., 1994).

3.2. Intermediates and insight into the mechanisms of

initial reactions

Fig. 3A–C represents the UV chromatogram of CL-20
(I) after photolysis at 254, 300 and 350 nm, respectively.
As Fig. 3 show we were able to detect several suspected
intermediates (II–VI) of the energetic chemical. The
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suspected intermediates were tentatively identified using
LC/MS(ES�) as their adduct mass ([M+NO3

�]�) or
deprotonated molecular ([M–H]�) mass ions (Fig.

4A–D, Fig. 5A and B).

3.2.1. Photorearranged products

Peak I with a retention time (r.t.) of 17.5 min was that

of CL-20 which appeared as a nitrate adduct
[M+NO3

�]� at 500 Da (Fig. 4A and Fig. 5–Ia). Such
adducts have been detected during the LC/MS(ES�)
analysis of RDX (Zhao and Yinon, 2002). Whereas

peaks II–VI represented the intermediate products of I.
Peak II, appearing at 17.2 min, was only detected in
trace amounts and showed a [M–H]� molecular mass

ion at 421 Da, matching a molecular formula of
C6H6N11O11. The mass spectrum of II showed another
characteristic mass ion at 484 Da representing the

nitrated mass ion adduct [M+NO3
�]�. Using the ring

labeled 15N-CL-20 the previously detected mass ions
(421 and 484 Da) for II were observed at 427 and 490 Da
(an increase of 6 amu), respectively, suggesting the

involvement of the six 15N-ring atoms of the inter-
mediate (Fig. 5b). We tentatively identified II as the
0.0 2.5 5.0 7.5 10.0 12.5

Time [m

V

VI

Fig. 4. LC/MS (ES-) extracted ion chromatograms of CL-20 and its p

[M+NO3
�] were 500 Da (A, I), 484 Da (B, II) and deprotonated mass

VI).
mononitroso derivative of CL-20 (Fig. 4B and Fig. 5IIa
and b). This peak was observed when photolysis was
carried out at both 254 and 300 nm, although at higher

concentration in the former case (Fig. 3). It has been
reported that thermolysis (Shu et al., 2002) and
photolysis (Peyton et al., 1999) of RDX can lead to
the formation of the nitroso product via homolysis of an

N–NO2 bond followed by a secondary reaction that
involved the generated N centered species and nitric
oxide (NO). Also RDX (Zukermann et al., 1987;

Capellos et al., 1989) and HMX (Zukermann et al.,
1987) have been reported to photodissociate to
produce :OH radical via a five membered ring inter-

mediate formed by a transfer of H from a a-CH to one
of the two oxygens in a N–NO2 (1,5-H shift) bond in the
molecule. The subsequent loss of OH from the five
membered ring would yield a product with a nitroso

functionality. We presumed that both rearrangements
described above for monocyclic nitramines RDX and
HMX might also be applicable to polycyclic nitramines

such as CL-20.
The other two small peaks III and IV which appeared

at a r.t. of 15.2 and 14.1 min, respectively, each showed a
15.0 17.5 20.0 22.5 

in]

I

II

III

IV

(A)

(B)

(C)

(D)

roducts after photolysis at 300 nm. Extracted mass ion adducts

ion [M–H] were 408 Da (C, III and IV) and 345 Da (D, V and
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[M–H]� at 408 Da matching a molecular formula of

C6H7N11O11 (Fig. 4C and Fig 5IIIa and IVa). Also a
characteristic mass ion at 471 Da appeared for each of
the two products (III and IV), representing a nitrate

molecular mass ion adduct [M+NO3
�]�. When we

photolyzed the ring labeled 15N-[CL-20] the previously
detected mass ions for III and IV were observed at
414 Da (an increase of 6 amu), suggesting once again the

presence of the 6 15N ring atoms in each of the two
intermediates (Fig. 5b). We tentatively identified the
intermediates as either a photorearranged carbinol (III)

or a rearranged ketone (IV) formed via initial loss of
1NO from CL-20 and the gain of 1H from water
(Fig. 6). Bulusu et al. (1970) reported similar rearrange-
ments during electron impact—spectrometric analysis of

cyclic nitramines.
When photolysis was conducted in either H2

18O or
D2O the 408 Da intermediate was observed at 408 and

409 Da, respectively, suggesting that water acted as H
(or D) donor during its reaction with CL-20 (Fig. 6).
Whereas the presence of 18O2 during photolysis did not
affect the detected mass ions, but we detected the labeled
18O in nitrate (N18O16O2

�) only.

3.2.2. Cleavage of N–NO2

The two LC/MS peaks V and VI, with retention times
at 6.9 and 7.9 min, respectively, showed the same
[M–H]� at 345 Da each matching a molecular formula



ARTICLE IN PRESS

NO2O2N

O2N
O2N

N
NN

N

NN

N

NO2

H

O

O

I

NO2O2N

O2N
O2N NNN

N

NN

N

NO2

OH

O

H2O (D2O) N O H2O

NO2O2N

O2N
O2N HNN

N

NN

N

NO2

OH

(D2O)

(D)

III

H2O

(D)

NO2

N

N

N

C

H
NN

N

NO2

NO2 NO2

O

NO2

HNO2
IV

H2O

(D)

NO2

N

N

NH

C

H
NN

N

NO2

NO2 NO2

O
OH

hν e  (aq)

HCOOH +   NO2
-    + NH3

Fig. 6. Postulated photorearrangement routes of CL-20 at

300 nm in MeCN/water (50% v/v).

NO2O2N

O2N
O2N

NO2NN

N

NN

N

NO2

I

NO2

NO2O2N

O2N
O2N NN

N

NN

N

NO2

NO2O2N

O2N
O2N NN

N

NN

N

NO2

NO2

N

N

N

NN

N

NO2

NO2

NO2NO2

N

N

N

NN

N

NO2

NO2
NO2

NO2

+

V VI

Fig. 7. Postulated photodenitration routes of CL-20 at 300 nm

in an aqueous acetonitrile solution.

J. Hawari et al. / Water Research 38 (2004) 4055–4064 4061
of C6H6N10O8 (Fig. 4D and Fig. 5Va and VIa). Once
again when we photolyzed the ring labeled 15N-[CL-20]
the two intermediates V and VI showed their [M-H] at

351 Da (an increase of 6 amu), suggesting the involve-
ment of 6 15N atoms in the formation of each product
(Fig. 5b). We tentatively identified V and VI as a pair of

isomers of the diene products formed after the successive
loss of two nitro groups from CL-20 (Fig. 7).

We also detected an intermediate with a r.t. at 2.0 min
and a [M–H]� at 381 Da with a characteristic mass ion

fragment at 190 Da, matching a molecular formula of
C6H10N10O10. Photolysis of CL-20 in either H2

18O or
D2O the 381 Da product appeared at 385 Da and its
mass ion fragment at 192 Da, suggesting that 2H2O
molecules reacted with the former product (V) (Fig. 8).
When photolysis was repeated in the presence of 18O2 no
18O was detected in either intermediate. The intermedi-
ate was tentatively identified as the hydrolytic ring
cleavage product (VII) of the diene V (or VI) (Fig. 8).

Previously we found that the above intermediates,
particularly V and VI were detected following initial
denitration of I during incubation with the one electron
transfer enzyme salicylate monooxygenase (Bhushan

et al., 2004). In addition we found that following
photodenitration of the cyclic nitramine RDX, H2O
reacts with the generated enamine bond (–C=N–) to
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produce an unstable carbinol that dissociates rapidly in
water to HCHO, N2O and 4-nitro-2,4-diazabutanal

(Hawari et al., 2002). We thus suggested that a similar
pathway might have been responsible for the formation
of VII during the photolysis of the polycyclic nitramine

CL-20 (Fig. 8).

3.3. Reaction stoichiometry and regioselectivity of

denitration

Fig. 2 shows that the initial disappearance of the
energetic chemical at 300 nm (0.168 mmol min�1) was

accompanied with the formation of NO2
�

(0.237 mmol min�1), HCOOH (0.219 mmol min�1) and
NH3 (0.011 mmol min�1). The formation of NO2

� and

HCOOH was concurrent with the disappearance of CL-
20, but NH3 seemed to appear only after 5 min of
photolysis. The delay in the detection of NH3 as shown

in Fig. 2 was best explained as due to the involvement of
the inner aza N in its formation which first necessitated
ring cleavage following denitration.

After 16 h, the reaction stoichiometry for the reacted
CL-20 (1.2 mmol) was 6.11mmol for NO2

� and NO3
�,

1.65mmol for NH3 and 6.34mmol for HCOOH, suggest-
ing that approximately five of six peripheral NO2 and
5.3 of Cs in CL-20 were detected in the form of NO2
�

and HCOOH, respectively. The remaining N (mainly

ring aza) were apparently involved in the production
of N2O (0.267 mmol), N2 (trace) and unidentified
products.

The rapid initial formation of nitrite and most
importantly HCOOH was more likely attributed to an
initial denitration step followed by a rapid ring cleavage
possibly at the elongated C–C bond bridging the two

cyclopentane rings (Fig. 7). We suggested that following
homolysis of an N–NO2 bond, the resulting N-centered
free radical would undergo a rapid rearrangement to get

rid of the strained rigid structure with the loss of another
NO2 radical to give the diene V (or its isomer VI)
(Fig. 7). Patil and Brill (1991) reported that following

N–NO2 homolytic cleavage of CL-20 the molecule could
undergo rapid ring opening to rid itself from the strained
rigid structure. The diene V (Fig. 7) has two reactive
allylic N–NO2 bonds that might also undergo rapid

homolytic cleavage with light, supporting the rapid
release of 4NO2

� as nitrite ion during the first 10 min of
photolysis (Fig. 2). Several researchers studied the

regioselectivity of cleaving the N–NO2 bond during
photolysis of CL-20 in the solid phase (Pace, 1991;
Ryzhkov and McBride, 1996) and concluded that one of
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the N–NO2 bonds located at one of the two cyclopen-
tane rings in CL-20 are preferentially cleaved. The
formation of NO2

� during photolysis of CL-20 can be

achieved by either concerted elimination of HONO or
direct homolysis of an N–NO2 bond. Such reactions
have been frequently reported to occur during photo-
lysis of RDX and HMX (Hawari et al., 2002; Peyton

et al., 1999; Zukermann et al., 1987; Capellos et al.,
1989). The energy associated with 254 and 300 nm is 472
and 400 kJ mol�1, respectively, and therefore either

wavelength should be sufficient to cleave the N–NO2

bond(s) (BDE 204.9 kJ mol�1) in CL-20 (Behrens and
Bulusu, 1991).

The secondary reactions responsible for the formation
of products such as HCOOH, NH3 and N2 are not clear
yet. However, we presumed that the decomposition of
the unstable diols (VII) (Fig. 8) of the diene V (or its

isomer VI) would lead to their formation. Likewise the
hydrolytic decomposition of either intermediate III or
IV (Fig. 6) could lead to HCOOH, NH3 and NO2

�.

Interestingly, when we hydrolyzed CL-20 at pH 10 we
found that the removal of the nitramine was accom-
panied by the formation of two molar equivalents of

NO2
�, NH3 and HCOOH, respectively (Balakrishnan

et al., 2003). More recently Bhushan et al. (2003c)
showed that a denitrifying bacteria (Pseudomonass strain

FA1) can also degrade the energetic chemical via initial
enzymatic denitration to produce nitrite, nitrous oxide
and HCOOH. The striking similarity in the product
distribution of the present photolysis study and those of

the alkaline hydrolysis (Balakrishnan et al., 2003) and
biodegradation of CL-20 (Bhushan et al., 2003c, 2004)
suggested that initial denitration whether chemical,

photochemical or enzymatic is sufficient to decompose
the energetic chemical to produce almost similar
products.
4. Conclusions

In conclusion, photolysis of CL-20 at 300 nm led to
rapid decomposition and the formation of nitrite and
HCOOH in almost stoichiometric amounts after 16 h.

Reaction at shorter wavelengths (l254 nm) was much
more rapid, but reaction at longer wavelengths (l350 nm
or sunlight) was much slower. Following the detection

of several transient intermediates we suggested that
initial photorearrangement and homolysis of one of the
N–NO2 bond(s) might have been responsible for the

decomposition of CL-20. However, we were unable to
quantify the relative importance of each route in the
decomposition process. The discovery of several CL-20

intermediates and the knowledge gained on their
reactions should provide insight into the mechanism of
CL-20 photodecomposition and thus help predict the
environmental fate and impact of the energetic chemical.
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Abstract

CL-20 is a polycyclic energetic nitramine, which may soon replace the monocyclic nitramines RDX and HMX, because of its superior
explosive performance. Therefore, to predict its environmental fate, analytical and physico-chemical data must be made available. An HPLC
technique was thus developed to measure CL-20 in soil samples based on the US Environmental Protection Agency method 8330. We found
that the soil water content and aging (21 days) had no effect on the recoveries (>92%) of CL-20, provided that the extracts were kept acidic
(pH 3). The aqueous solubility of CL-20 was poor (3.6 mg l−1 at 25◦C) and increased with temperature to reach 18.5 mg l−1 at 60◦C. The
octanol–water partition coefficient of CL-20 (logKOW = 1.92) was higher than that of RDX (logKOW = 0.90) and HMX (logKOW = 0.16),
indicating its higher affinity to organic matter. Finally, CL-20 was found to decompose in non-acidified water upon contact with glass contain-
ers to give NO2

− (2 equiv.), N2O (2 equiv.), and HCOO− (2 equiv.). The experimental findings suggest that CL-20 should be less persistent
in the environment than RDX and HMX.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Past and present high-scale manufacturing, use, and dis-
posal of explosives have resulted in severe environmental
contamination[1]. Explosives such as the cyclic nitramines,
RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) and HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) (Fig. 1),
are toxic to various terrestrial and aquatic receptors[2,3],
and the provision of chemical and analytical data on their
transport and transformation mechanisms in soil has been the
subject of extensive study. Due to their high energy content,
polynitropolyaza-caged compounds seem more attractive
than the presently used RDX and HMX. A typical energetic
chemical of this family is 2,4,6,8,10,12-hexanitro-2,4,6,8,
10,12-hexaazatetracyclo[5.5.0.05,9.03,11]dodecane or hexa-
nitrohexaazaisowurtzitane (HNIW), commonly known as
CL-20 (Fig. 1), which was synthesized by Nielsen[4] and
later adopted by Thiokol for pilot scale production[5].
Because of its superior ballistic, detonation and explosive
performance, CL-20 may soon replace RDX and HMX.

∗ Corresponding author. Tel.:+1-514-4966267; fax:+1-514-4966265.
E-mail address:jalal.hawari@cnrc-nrc.gc.ca (J. Hawari).

However, to limit the consequences of its use, the environ-
mental fate, transport and impact of CL-20 should first be
thoroughly understood.

Prediction of the environmental fate (transport and trans-
formation) of a new chemical such as CL-20 requires accu-
rate analysis of the compound and its degradation products in
both water and soil samples. The stability of the compound
while being manipulated and analyzed should be well char-
acterized. Moreover, physico-chemical parameters such as
the octanol–water partition coefficient (KOW), the aqueous
solubilities and the soil sorption coefficients (Kd) must be-
come known in order to foresee both bioaccumulation in ter-
restrial and aquatic biota and migration through subsurface
soil that causes groundwater contamination[6]. CL-20 is a
relatively new compound and most of its physico-chemical
parameters have yet to be determined. The objectives of
the present study were threefold: first, to provide the reader
with an optimized analytical method to quantify CL-20 in
aqueous and soil matrices; second, to make data available
on its aqueous solubility at different temperatures (5–60◦C)
as well as its octanol/water partition and soil sorption coef-
ficients; and finally, to provide insight into the stability of
CL-20 in water.

0021-9673/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2003.08.060
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Fig. 1. Structural formulae of nitramine explosives (for clarity protons are omitted).

2. Experimental

2.1. Materials

CL-20 (purity 99.3%, determined by HPLC) was ob-
tained from A.T.K. Thiokol Propulsion (Brigham City,
UT, USA), as anε-form (≥95% as determined by IR).
Elemental composition was determined on a Carlo Erba
EA 1108 analyzer and was found to be C (16.84%), N
(37.52%), H (1.06%) (calculated values for C6H6N12O12:
C (16.45%), N (38.36%), H (1.38%)). RDX and HMX
(with a purity >99%) were provided by Defense Re-
search and Development Canada (DRDC), Valcartier, Que.,
Canada.

Hydroxypropyl-�-cyclodextrin (HP-�-CD) and heptakis-
2,6-di-O-methyl-�-cyclodextrin (DM-�-CD) were obtained
from Aldrich. Reagent grade inorganic chemicals (CaCl2,
NaHSO4, H2SO4) were used as well as deionized Milli-
QUV plus (Millipore) water. The solvents used were acetoni-
trile (CH3CN, HPLC grade) and methanol (CH3OH, HPLC
grade) from J.T. Baker, acetone (CH3COCH3, HPLC grade)
from Fisher and octan-1-ol from Aldrich.

The soil (Sassafras Sandy Loam, referenced as SSL) was
sampled in an uncontaminated open grassland on the prop-
erty of US Army Aberdeen Proving Ground (Edgewood,
MD, USA). It has a particle size distribution of 11% clay
(<2�m), 18% silt (2–53�m), and 71% sand (>53�m), a
pH of 5.1, a cation exchange capacity of 5.0 meq./100 g and
a total organic carbon content of 0.33%.

2.2. HPLC analysis of CL-20

CL-20 stock standard solutions (10 g l−1) and inter-
mediate standard solutions (100, 10, 1, 0.1 mg l−1) were
prepared in acetonitrile and stored at 4◦C in 16 ml glass
tubes equipped with PTFE-coated screw caps and wrapped
with aluminum. Calibration standards at a minimum of five
concentrations (0.05–25 mg l−1) were prepared by dilut-
ing the intermediate standard solutions to yield solutions
containing acidified water (0.2 g l−1 sodium bisulfate) and
acetonitrile in a 50:50 (v/v) ratio.

Aqueous samples were diluted with acidified (250�l
concentrated H2SO4 l−1) CH3CN to give a CH3CN–water
(50:50 (v/v)) mixture. If analysis could not be performed

on the day of preparation, samples were stored at 4◦C away
from light.

For soil samples, US Environmenal Protection Agency
(EPA) SW-846 method 8330[7] was used with slight
modification. Dried soil (2.0 g) was weighed into 16 ml
glass tubes with PTFE-lined caps. Samples and associated
quality-control samples were spiked with surrogate (RDX)
and CL-20 solutions in acetone to get concentrations of CL-
20 in soil ranging from 1 to 10 000 mg kg−1. Solvent was
allowed to evaporate overnight in the fume-hood before sub-
sequent extraction by CH3CN (10 ml/each tube) using soni-
cation at 20◦C for 18 h. After centrifugation at 1170×g for
30 min, a volume of supernatant (5 ml) was combined with
5 ml of a CaCl2–NaHSO4 aqueous solution (5 and 0.2 g l−1,
respectively) instead of the usual solution of calcium chlo-
ride. The resulting sample was shaken, allowed to stand for
30 min and filtered through a 0.45�m Millipore PTFE filter,
discarding the first 3 ml. The filtrate was analyzed by HPLC.

In order to assess the effect of water on the extraction
efficiency, some samples were supplemented with water
(0.353 ml (15% (w/w)) or 2 ml (50% (w/w))) following ace-
tone evaporation. One third of the samples were extracted
immediately, a second third after being stored at 10◦C and
in the dark for 7 days, and the final third after being stored
for 21 days under similar conditions.

The CL-20 concentration was analysed by HPLC using a
chromatographic system (ThermoFinningan, San Jose, CA,
USA) composed of a Model P4000 pump, a Model AS3000
injector, including temperature control for the column, and a
Model UV6000LP Photodiode-Array Detector. The separa-
tion was completed on a Supelcosil LC-CN column (25 cm×
4.6 mm, 5�m; Supelco, Oakville, Canada) maintained at
35◦C. The mobile phase (70% aqueous methanol) was run
isocratically at 1 ml/min for the entire run time of 14 min.
The detector was set to scan from 200 to 350 nm. Chro-
matograms were extracted at a wavelength of 230 nm with
quantification taken from peak areas of external standards.
Peaks were identified by comparison with elution times for
external standards and UV spectra. The injection volume
was 50�l.

The concentrations of RDX and HMX were determined
using a reversed-phase HPLC connected to a photodiode
array detection (DAD) system, as described previously for
RDX [8].
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2.3. Determination of aqueous solubility as a function of
temperature

The solubilities (S) of CL-20, RDX and HMX were de-
termined in water at temperatures (T) of 5, 10, 15, 20, 25,
30, 40, 50 and 60◦C according to the procedure described
by Lynch et al.[9]. An excess amount of explosive (0.015 g)
was added to 100 ml of deionized water (pH 5.5) in a glass
bottle. The samples were stirred at 200 rpm and at the re-
quired temperature in a thermostated bath (Innowa 3000
(New Brunswick Sci.)), away from light. After a 48 h stirring
period, the suspension was filtered and diluted 1:1 in acidi-
fied acetonitrile (pH 3). The resulting solution was analyzed
by HPLC. All experiments were performed in triplicate.

The solubility of CL-20 was also measured in the presence
of two cyclodextrins (CDs): hydroxypropyl-�-cyclodextrin
(HP-�-CD) and heptakis-2,6-di-O-methyl-�-cyclodextrin
(DM-�-CD). An excess of CL-20 (300 mg l−1) was com-
bined with increasing concentrations of cyclodextrin (0–5%
(w/v)) and solubility was measured after 18 h of equilibra-
tion at room temperature (21± 2 ◦C).

2.4. Determination of n-octanol/water partition coefficient

Partition coefficients were measured at 21± 2 ◦C as de-
scribed in the OECD Guideline 107[10]. A preliminaryKOW
measurement was done with RDX to check the need to satu-
rate octanol with water and water with octanol before doing
the actual measurement. Similar results were obtained with
saturated (logKOW = 0.90) and non-saturated (logKOW =
0.90) solvents. Thus, the measurements were performed with
non-saturated solvents. Various volumes (3 or 4 ml) of an
aqueous solution of explosive (CL-20: 3.48 mg l−1; HMX:
4.01 mg l−1; RDX: 11.20 mg l−1) were added to octan-1-ol
(2 or 3 ml) in a 16 ml PTFE-lined capped glass tube. The
mixtures were equilibrated for four 10 min shaking periods
spaced 10 min apart. The tubes were centrifuged for 10 min
at 1170× g. The concentration of the substrate in water
was determined by HPLC as described above. The octanol
fraction was diluted (1:3) with a solution containing 70%
methanol in water and the concentration of CL-20 was de-
termined by HPLC. Experiments were run in triplicate.

2.5. Determination of RDX, HMX and CL-20 Kd values
with SSL soil

Batch sorption experiments were conducted at ambient
temperature (21±2 ◦C) for 72 h. A solution (15 ml) of RDX,
HMX or CL-20 (0.5–40 mg l−1 for RDX; 0.5–4 mg l−1 for
HMX and CL-20) was agitated with 2 g dried SSL soil in a
16 ml borosilicate centrifuge tubes fitted with PTFE-coated
screw caps, away from light and at 430 rpm (Model 75 Wrist
Action shaker; Burrell, Pittsburgh, PA, USA). After centrifu-
gation at 1170× g for 30 min, the supernatant was filtered
through a Millex-HV 0.45�m filter (Millipore, Bedford,
MA, USA), and analyzed by HPLC after discarding the first

3 ml. The remaining pellet was extracted with acetonitrile
to measure the amount of sorbed explosive. The respective
isotherms (i.e. sorbed amount in�g g−1 as a function of the
equilibrium concentration in mg l−1) were plotted and the
Kd values were obtained from the slopes of linear isotherms.

2.6. Stability of CL-20 in solution

The stability of CL-20 was determined in aqueous and
aqueous acetonitrile solutions as a function of temperature.
In aqueous acetonitrile media, the solutions (2.5 mg l−1)
were allowed to sit at either 10◦C or ambient tempera-
ture (21± 2 ◦C) for 7 days and samples were periodically
analyzed for CL-20 by HPLC. In water, the solutions
(3.5 mg l−1) were agitated in PTFE-capped glass headspace
vials at 150 rpm at either 30◦C or ambient temperatures
(21± 2 ◦C). Vials were sampled periodically over 14 days
to measure the suspected CL-20 degradation product N2O
in the headspace and other products such as nitrite (NO2

−),
nitrate (NO3

−) and formate (HCOO−) in the liquid. N2O
analyses were carried out as described by Sheremata and
Hawari [11]. Analyses of nitrite, nitrate and formate were
performed by ion chromatography (IC) equipped with a
conductivity detector. The Waters IC system consisted of
a Model 600 Pump, a Model 717 Autosampler Plus, and a
Model 430 conductivity detector. Separation was performed
on a Dionex IonPac AS15 column (250 mm× 2 mm). The
mobile phase was 30 mM KOH (aq.) at a flow rate of
0.4 ml min−1 at 40◦C. The detection of anions was en-
hanced by reducing the background with a Model DS-Plus
autosuppressor from Altech. Detection limits were 150 ppb.

In another experiment, the stability of CL-20 in water
was measured at ambient temperature (21±2 ◦C) using two
types of frequently encountered container materials (glass
or polypropylene), under static or agitated conditions. The
aqueous CL-20 solution was added to either 16 ml borosil-
icate centrifuge tubes fitted with PTFE-coated screw caps,
or 15 ml polypropylene centrifuge tubes. All tubes were
wrapped in aluminum foil. Half the tubes were then agi-
tated on a Wrist Action shaker at 430 rpm (Burrell), while
the other half were allowed to remain static. Tubes were
sampled periodically over 28 days for analysis by HPLC.
These experiments were conducted in triplicate.

3. Results and discussion

3.1. Quantification of CL-20 in aqueous and soil samples

Because explosives are often applied as mixtures, it is
important to establish conditions that permit a good sep-
aration amongst CL-20 and other energetic chemicals.
Analysis by HPLC of a mixture containing RDX, HMX
and CL-20 using the previously mentioned conditions gave
a well resolved chromatogram with retention times of 4.8,
5.9 and 8.3 min, respectively (Fig. 2). Peak areas were used
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Fig. 2. A typical HPLC chromatogram showing separation of CL-20 from RDX and HMX. Column: LC-CN; mobile phase: water–methanol (30:70);
flow rate: 1 ml min−1; detection: DAD (λ = 230 nm).

to quantify chromatographic signals and excellent linearity
was obtained over the entire range of CL-20 concentrations
used (0.05–25 mg l−1) (y = 6.4864×105x; R2 = 0.99996).
The instrumental detection limit (IDL) and the instrumental
quantification limit (IQL) were found to be 3 and 9�g l−1,
respectively (R.S.D. = 3.8%, n = 10).

Larson et al.[12] recently published an HPLC method
for analyses of CL-20 in water and soil samples but the
susceptibility of CL-20 to decomposition has not been
reported. For instance, we found that CL-20 degrades sig-
nificantly in aqueous acetonitrile media (Fig. 3), and that
degradation is more rapid at 21◦C (65% after 7 days) than
at 10◦C (8% after 7 days). We also found that decomposi-
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Fig. 3. Effect of acidification and temperature on the stability of CL-20
in water/acetonitrile (50/50) media.

tion can be significantly reduced by acidifying the medium
to pH 3 (Fig. 3). Therefore, in order to avoid a possible
degradation of CL-20, all aqueous samples should be an-
alyzed after a 50:50 (v/v) dilution with acidified CH3CN.
CL-20 is a weak acid that, upon losing one of its labile pro-
tons, can undergo successive degradation steps. It hydro-
lyses in water under rather mild alkaline conditions. Since
acetonitrile is known to be a more powerful proton accep-
tor than water[13], it may favor the initial deprotonation
of CL-20 and hence cause decomposition even in neutral
media. Acidification of the media prevents the removal
of the labile proton from CL-20, thereby stabilizing the
chemical.

In the case of soil samples, extraction was performed as
described in US EPA SW-846 method 8330[7]. As a con-
sequence of the instability of CL-20 observed in aqueous
acetonitrile media, the extract was added to a solution of
CaCl2 containing 0.2 g l−1 of sodium bisulfate to bring the
solution pH to 3. The method detection limit (MDL) and
the method quantification limit (MQL) were determined and
found to be 0.06 and 0.20 mg kg−1, respectively (n = 10;
R.S.D. = 10.7%). CL-20 recoveries were found to stand
within the interval 83%< R < 113% (n = 20, S.D. =
4.9%, average= 97.9%).

Single laboratory precision method and recovery data are
gathered inTable 1for soil samples spiked with different
concentrations of CL-20. Precision was good for replicate
analyses and excellent recoveries (96–106%) were obtained
over a wide range of concentrations. The addition of water
(0, 0.353, or 2 ml of water, corresponding to soils containing
0, 15, or 50% moisture) did not affect the extracted amounts
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Table 1
Recovery data for soil samples spiked with different concentrations of CL-20

Nominal concentration
(mg kg−1)

Water
(%)

Measured concentration
(mg kg−1)

S.D.
(n = 3)

R.S.D.
(%)

Mean
recovery (%)

1.00 0 1.040 0.156 14.990 104.0
15 1.015 0.021 2.041 101.5
50 1.000 0.028 2.771 100.0

5.00 0 5.107 0.535 10.477 102.1
15 5.166 0.062 1.202 103.3
50 5.300 0.080 1.508 106.0

10.00 0 10.373 0.211 2.037 103.7
15 10.156 0.188 1.855 101.6
50 10.400 0.126 1.212 104.0

100.00 0 99.247 1.385 1.396 99.2
15 99.354 1.078 1.085 104.0
50 101.656 0.321 0.315 101.7

1000.00 0 978.733 6.481 0.662 97.9
15 994.578 11.404 1.147 99.5
50 1001.720 15.574 1.555 100.2

10000.00 0 10261.667 137.114 1.336 102.6
15 9669.702 394.638 4.081 96.7
50 9978.400 334.422 3.351 99.8

of CL-20. No degradation of CL-20 occurred when adding
2 ml of water to the 10 ml of acetonitrile and sonicating the
mixture for 18 h at 20◦C, thus demonstrating the applicabil-
ity of the method to both dry and wet samples. Aging (21
days) of spiked samples with 0 or 15% water showed that
CL-20 extractability was not affected and that irreversible
binding did not occur within this period of time.

3.2. Solubility of CL-20 in water

The aqueous solubility (S) of RDX and HMX has been
shown to vary significantly with temperature[9,14]. Since
the temperatures to which explosives are exposed in the en-
vironment may vary from below 0 to greater than 50◦C, the
solubility of CL-20 was measured in water over a tempera-
ture range of 5–60◦C. For comparison, aqueous solubilities
of RDX and HMX were also measured under similar con-
ditions. The solubility data collected are gathered inTable
2. As with RDX and HMX, the aqueous solubility of CL-
20 increases with the temperature, but to a lesser extent.
The solubility of CL-20 is much lower than that of RDX,
whereas the comparison with HMX is more complex: CL-
20 is more soluble than HMX at lower temperatures but the
trend is reversed at temperatures above 20◦C.

For ideal solutions, the amount of a compound, B, present
in solution at saturation can be estimated usingEq. (1).

ln xB = −
(

�Hfus

R

) (
1

T
− 1

T ∗

)
, (1)

wherexB is the mole fraction of solute B,�Hfus the en-
thalpy of fusion of solute B,R the ideal gas constant,T the
temperature at which equilibrium is considered andT∗ the
melting temperature of solute B. While aqueous solutions

of explosives are not ideal, the relationship betweenS and
T follows Eq. (2)as described by Lynch et al.[9]:

ln S = A − B

T
, (2)

whereS is the solubility andA andB are arbitrary constants.
Data were thus plotted as lnS versus 1/T (with T (in K))

and linear regressions were performed for the three explo-
sives as shown inFig. 4. The lower slope observed for CL-
20 suggests that this compound has a smaller enthalpy of
melting than either RDX or HMX. The linearization allowed
comparison of the data from the present study to those re-
ported previously for temperatures other than those investi-
gated here. Solubilities for RDX are in good agreement with
data reported by Townsend and Myers[14], but are slightly
higher than the solubilities recently measured by Lynch et al.

Table 2
Aqueous solubilities (S) of RDX, HMX and CL-20 as a function of
temperature and logKOW values measured at ambient temperature

T (◦C) RDX HMX CL-20

S (mg l−1) (n = 3)
5 16.01 (±0.16) 1.32 (±0.16) 1.97 (±0.08)

10 22.19 (±0.12) 1.67 (±0.14) 2.12 (±0.04)
15 29.67 (±0.57) 2.27 (±0.09) 2.48 (±0.02)
20 42.58 (±1.32) 3.34 (±0.12) 3.16 (±0.04)
25 56.35 (±1.79) 4.46 (±0.03) 3.65 (±0.04)
30 n.d. n.d. 4.89 (±0.03)
40 122.94 (±0.94) 11.83 (±0.09) 7.39 (±0.06)
50 n.d. n.d. 11.62 (±0.01)
60 342.71 (±3.25) 39.69 (±2.24) 18.48 (±0.80)

LogKOW (n = 9)
21 0.90 (±0.03) 0.165 (±0.006) 1.92 (±0.02)

Values within parentheses are S.D.; n.d.: non determined.
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Fig. 4. Solubilities of RDX, HMX and CL-20 in water as a function of
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lines: linear regressions from[9] for RDX and HMX).

[9] represented in dashed lines inFig. 4. As for HMX, solu-
bility data are consistent with those reported by Lynch et al.
[9] and significantly higher than those reported by Spang-
gord et al.[15]. Overall, the values measured for RDX and
HMX agree reasonably well with literature data.

While thinking of a soil washing technology that could
be used to remediate a CL-20-contaminated soil, we looked
for an environmentally friendly chemical able to increase
the solubility of CL-20 in water. Cyclodextrins fit these re-
quirements as they are nontoxic[16] and they were shown to
be capable of enhancing the solubility of a number of com-
mon organic compounds[17]. The effect of two cyclodex-
trins (HP-�-CD and DM-�-CD) on the solubility of CL-20
in water was thus studied (Fig. 5). While the presence of
both cyclodextrins significantly increased the aqueous sol-
ubility of CL-20, the most remarkable effect was induced
by DM-�-CD with a 25-fold increase observed when the
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Fig. 5. Solubility of CL-20 in water in presence of�-cyclodextrins, relative
to the solubility of CL-20 in water ([CL-20]0).

cyclodextrin was present at a concentration of 0.38 mol l−1.
In addition to the large solubility enhancement however, we
found that DM-�-CD favors the decomposition of the ener-
getic compound as determined by the disappearance of CL-
20 in the filtered supernatant (80% loss after 14 days) and
the detection of nitrite ions. Therefore, aqueous solutions of
cyclodextrins would be more efficient than water to extract
CL-20 from a contaminated soil.

3.3. Octan-1-ol/water partition coefficient (KOW ) of
nitramines

The determination of the octan-1-ol–water partition co-
efficient (KOW) is of environmental importance because
this parameter can be used to predict soil adsorption, mi-
gration through subsurface soil and bioaccumulation in
terrestrial and aquatic biota. Several logKOW values have
been reported for RDX, in relatively good agreement with
each other (0.81, 0.86 and 0.87 ([18] and references cited
therein)), whereas more disparate values were measured for
HMX (0.06 and 0.26 ([18] and references cited therein)).
Values of logKOW were measured for RDX, HMX and
CL-20 using different combinations of water/octan-1-ol
mixtures and different amounts of nitramine. Three different
sets of conditions were used for each explosive and each set
was run in triplicate. The average of the nine measurements
is reported inTable 2. Regardless of the octanol/water ratios
used,KOW values remained basically constant and a value
of 82.6 ± 0.9 (logKOW = 1.92 ± 0.02) was obtained for
CL-20, significantly higher than the partition coefficients
for RDX (8.0 ± 0.6) and HMX (1.46 ± 0.02). This find-
ing suggests that CL-20 will sorb onto soils more strongly
than RDX and HMX and that this hydrophobic interac-
tion will be particularly important in soils containing high
amounts of organic matter.Kd values obtained for RDX,
HMX and CL-20 onto SSL soil (0.3, 0.7, and 2.4 l kg−1 for
RDX, HMX and CL-20, respectively) confirmed the higher
affinity of the latter for soils.

3.4. Stability of CL-20 in water

From the stability results presented inFig. 6, it appears
that agitation in borosilicate glass vials causes greater loss
of CL-20 (38% after 17 days) than in agitated polypropy-
lene vials (15% after 17 days). In addition, when the vials
remained static at ambient temperature, decomposition de-
creased (15 and 8% in glass and polypropylene, respec-
tively). We detected nitrite (NO2−) and formate (HCOO−)
ions in the agitated vials, which we previously detected dur-
ing the alkaline hydrolysis (pH 10)[19] of CL-20. No CL-
20 was recovered from the tubes walls after washing them
with CH3CN, suggesting that no CL-20 sorption took place.

The effect of temperature on CL-20 stability was investi-
gated by agitating sealed head-space glass vials at 150 rpm
and either 30◦C or ambient temperature (21± 2 ◦C). Inter-
estingly, 90% of the original CL-20 degraded at 30◦C after
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Fig. 6. Stability of aqueous solutions of CL-20 at ambient temperature (21±2 ◦C) in glass and polypropylene containers (static= 0 rpm; agitation: 430 rpm).

2 weeks, as compared to 33% at ambient temperature (Fig.
7). Once again, the losses were accompanied by the forma-
tion of end products such as nitrite (NO2

−, ca. 2 equiv.),
nitrous oxide (N2O, ca. 2 equiv.), and formate (HCOO−, ca.
2 equiv.).

The present experimental findings show that CL-20 is un-
stable and the extent of decomposition depends on the rate
of agitation and temperature. The release of 2 mol of NO2

−
ions per mole of reacted CL-20 indicates a partial denitra-
tion of the molecule. The detection of 2 mol of HCOO−
ions and 2 mol of N2O per reacted CL-20 indicates the oc-
currence of ring cleavage, with a probable initial cleavage
at the longer and weaker C1–C3 bond between the two cy-
clopentane rings of CL-20 (1.590 Å compared to 1.575 Å for
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Fig. 7. Effect of temperature on stability of aqueous solutions of CL-20 in glass vials agitated at 150 rpm.

C6–C4 and C2–C5 bonds (Fig. 1)) [20]. These observations
are very similar to what was observed in hydrolysis at pH 10
[19], indicating that an initial denitration step is responsible
for the lack of stability of CL-20 and its decomposition.

In contrast, neither RDX nor HMX was found to degrade
during agitation under the same conditions. However, the
polycyclic CL-20 is a more highly strained and thus less
stable molecule than are the monocyclic nitramines. Given
that nitramine explosives such as RDX are sensitive to fric-
tion [21], we suggest that friction obtained during agitation
might generate enough energy to cause decomposition of
the most sensitive CL-20. With a wetting contact angle of
100.6◦ in water[22], polypropylene surfaces exhibit a much
lower flow friction than borosilicate surfaces (contact angle
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in water: 38.5◦ [23]). Therefore, the higher stability of CL-
20 in polypropylene as compared to borosilicate may result
from the lower flow friction, and as a consequence, lower
shear force induced in the former. Similarly, heating a solu-
tion to 30◦C provides a thermal energy that could enhance
the degradation process, explaining why CL-20 degrades
faster at 30◦C than it does at ambient temperatures.

4. Conclusion

The present study demonstrates that CL-20 can be ex-
tracted from soil samples with high recoveries, regardless of
the water content or short-term aging of soil. The poor solu-
bility of CL-20 in water (2.0 mg l−1 at 5◦C and 18.5 mg l−1

at 60◦C) and its higher logKOW value compared to those of
RDX and HMX (1.92, 0.90, and 0.16, respectively) suggest
that CL-20 will migrate less in soil than RDX and HMX.
Also, aqueous solutions of CL-20 exhibit significant abiotic
losses when agitated in glass containers or when exposed to
temperatures above 30◦C. The present experimental find-
ings can be used to provide understanding of the environ-
mental fate of CL-20 that awaits wide scale production and
field applications.
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Abstract—Monocyclic nitramine explosives such as 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) and octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) are toxic to a number of ecological receptors, including earthworms. The polycyclic nitramine CL-20
(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane) is a powerful explosive that may replace RDX and HMX, but its
toxicity is not known. In the present study, the lethal and sublethal toxicities of CL-20 to the earthworm (Eisenia andrei) are
evaluated. Two natural soils, a natural sandy forest soil (designated RacFor2002) taken in the Montreal area (QC, Canada; 20%
organic carbon, pH 7.2) and a Sassafras sandy loam soil (SSL) taken on the property of U.S. Army Aberdeen Proving Ground
(Edgewood, MD, USA; 0.33% organic carbon, pH 5.1), were used. Results showed that CL-20 was not lethal at concentrations of
125 mg/kg or less in the RacFor2002 soil but was lethal at concentrations of 90.7 mg/kg or greater in the SSL soil. Effects on the
reproduction parameters such as a decrease in the number of juveniles after 56 d of exposure were observed at the initial CL-20
concentration of 1.6 mg/kg or greater in the RacFor2002 soil, compared to 0.2 mg/kg or greater in the SSL soil. Moreover, low
concentrations of CL-20 in SSL soil (;0.1 mg/kg; nominal concentration) were found to reduce the fertility of earthworms. Taken
together, the present results show that CL-20 is a reproductive toxicant to the earthworm, with lethal effects at higher concentrations.
Its toxicity can be decreased in soils favoring CL-20 adsorption (high organic carbon content).

Keywords—Hexanitrohexaazaisowurtzitane Soil Toxicity Reproduction Earthworm

INTRODUCTION

Toxicities of energetic materials such as TNT, 1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX), and octahydro-1,3,5,7-tetran-
itro-1,3,5,7-tetrazocine (HMX) have been assessed in many
different laboratory and field studies [1–10]. Presently, TNT,
RDX, and HMX are the most prevalent sources of contami-
nation at thousands of military sites around the world [10].
Energetic materials such as TNT, RDX, and HMX are toxic
at relatively low concentrations to a number of organisms,
including the earthworm Eisenia andrei [1–5].

The recently synthesized energetic compound CL-20
(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane)
is a powerful polycyclic nitramine explosive that may replace
RDX and HMX [11] (Fig. 1). Propellants and explosive for-
mulations using CL-20 are expected to have better perfor-
mance in terms of specific impulse, burn rate, ballistics, and
detonation velocity compared to those of RDX and HMX [11].
However, considering that the monocyclic nitramines RDX and
HMX reduce the fertility of earthworms [5], one may hypoth-
esize that the polycyclic nitramine CL-20 is also toxic.

Few studies regarding the environmental impacts of CL-20
are available. Thus, before large-scale production of CL-20
and its use by the military, more information concerning the
environmental fate and effects of this energetic chemical is
needed. The toxicological data presented here may help future
managers of sites contaminated with CL-20 to make more
informed decisions before the release of this new explosive in
the environment. In addition, the toxicological data derived
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National Research Council Canada Publication 45922.

using a standard toxicity test method and quality-control pro-
cedures may be used to determine preliminary soil-quality
criteria.

In the present study, the toxicological effects of CL-20 on
survival and life-cycle parameters such as growth (wet wt
change) and productivity of cocoons and juveniles of E. andrei
were assessed in a freshly amended, natural sandy forest soil
(designated RacFor2002) and a Sassafras sandy loam (SSL)
soil. The two soils, SSL and RacFor2002, were selected with
different organic content and pH so that the effect of bio-
availability (sorption) could be evaluated.

MATERIALS AND METHODS

Chemicals and reagents

The e-CL-20 (chemical abstract service registry number
135285-90-4; purity, .99%) was obtained from ATK Thiokol
Propulsion (Brigham, UT, USA). The pesticide carbendazim
(Chemical Abstract Service registry number 10605-21-7) and
potassium chloride (KCl; Chemical Abstract Service registry
number 7447-40-7) were used as reference toxicants and were
obtained from Aldrich (Milwaukee, WI, USA) and EM Science
(Darmstadt, Germany), respectively. Deionized water (Amer-
ican Society for Testing and Materials, type II) was obtained
using a Milliporet Super-Q water purification system (Milli-
pore, Bedford, MA, USA) or a Zenopuret Mega-90 laboratory
water system (Zenon Environmental, Système d’eau O.B.L.X.,
St-Bruno, QC, Canada). Glassware was washed with phos-
phate-free detergent followed by rinses with acetone, nitric
acid (10%, vol/vol), and deionized water.
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Fig. 1. Typical structures of the nitroaromatic 2,4,6-trinitrotoluene
(TNT), monocyclic nitramine explosives 1,3,5-trinitro-1,3,5-triaza-
cyclohexane (RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetra-
zocine (HMX), and the polycyclic nitramine 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (CL-20).

Soil characteristics and handling

A sandy-type natural forest soil sample taken in the Mon-
treal area (designated as RacFor2002) was obtained from a
local supplier (Racicot, Boucherville, QC, Canada) and had
the following physical characteristics: Proportion of soil frac-
tions were 89.8% sand (50–2,000 mm), 9.1% silt (2–50 mm),
and 1.2% clay (,2 mm); soil sample had 36% moisture, 20%
total organic carbon, a cation-exchange capacity of 48.2 cmol/
kg, and pH 7.2. Chemical characterization of this RacFor2002
soil showed that organic contaminants (e.g., polycyclic aro-
matic hydrocarbon, polychlorinated biphenyl, and pesticides)
were not detected, except for di(2-ethylhexyl) phthalate (2.8
mg/kg). Using standard soil extraction analytical methods, the
total concentrations of toxic metals in the forest soil were low
(5.8 mg/kg of Ag, 73 mg/kg of Ba, 2.0 mg/kg of Co, 12 mg/
kg of Cr, 67 mg/kg of Cu, 310 mg/kg of Mn, 8.9 mg/kg of
Ni, 11 mg/kg of Pb, and 180 mg/kg of Zn) or were not detected
(As, Be, Li, Cd, Mo, Sb, Se, and Sn). Total concentrations of
other metals were 5,600 mg/kg of Al, 9.0 mg/kg of B, 16,000
mg/kg of Ca, 4,800 mg/kg of Fe, 2,000 mg/kg of Mg, 410
mg/kg of Na, 77 mg/kg of Sr, 120 mg/kg of Ti, and 6.2 mg/
kg of V. In addition, total concentrations of nutrients were
11,000 mg/kg of P, 10,000 mg/kg of Kjeldhal N (i.e., Kjeldhal
nitrogen), and 1 400 mg/kg of K.

The Sassafras sandy loam (designated as SSL) soil sample
was provided by Roman Kuperman (U.S. Army Edgewood
Chemical Biological Center, Aberdeen Proving Ground, Ed-
gewood, MD). A soil sample was collected from an uncon-
taminated, open grassland on the property of the U.S. Army
Aberdeen Proving Ground. Vegetation and surface organic
matter were removed, and the top 15 cm of the A horizon was
collected and sieved through a 2-mm screen and air-dried. The
SSL soil had the following physical characteristics: 71% sand;
18% silt, 11% clay, 0.33 % organic carbon, a cation-exchange
capacity of 5.0 cmol/kg, and pH 5.1. The total concentrations
of toxic metals in the SSL soil were low (33 mg/kg of Ba, 4.3
mg/kg of Co, 7.9 mg/kg of Cr, 14 mg/kg of Cu, 77 mg/kg of
Mn, 6.1 mg/kg of Ni, and 30 mg/kg of Zn) or were not detected
(Ag, As, B, Be, Li, Cd, Mo, Pb, Sb, Se, Sr, and Sn). Total
concentrations of other metals were 7,900 mg/kg of Al, 870

mg/kg of Ca, 13,000 mg/kg of Fe, 900 mg/kg of Mg, 24 mg/
kg of Na, 150 mg/kg of Ti, and 14 mg/kg of V. In addition,
total concentrations of nutrients were 100 mg/kg of P, 420 mg/
kg of Kjeldhal N, and 640 mg/kg of K.

Artificial soil (used as a substrate for the reference toxi-
cants) consisted of 70% (wt/wt) grade 4010 silica sand (Unimin
Canada, St. Canut, QC, Canada), 20% colloidal kaolinite clay
(CAS 1332-56-7), and 10% 2-mm sieved Canadian sphagnum
peat according to the Organisation for Economic Cooperation
and Development Guideline [12]. Peat, sand, and clay were
obtained from local suppliers. Calcium carbonate (1%, wt/wt)
was used to adjust the pH of the wetted substrate to 6.0 6 0.5
(mean 6 SD).

The RacFor2002 and SSL soils were spiked using different
concentrations of CL-20 in acetone solution. The forest soil
RacFor2002 samples were first placed into 1.5-L glass jars,
whereas the SSL soil (500 g dry wt) was placed into 1-L glass
jars. The CL-20 was dissolved in acetone to obtain a stock
solution (;5,000 mg/L), which was dissolved at a defined
concentration before being spiked into the soil. An aliquot
(12.8 ml/kg of RacFor2002 soil and 20 ml/kg of SSL soil) of
each solution was added to a soil layer (thickness, 2.5 cm).
Acetone was then evaporated in the dark in a chemical hood
to reach a low and nontoxic level (,0.1 ml/g dry soil). Spiked
soils were then mixed for 18 h in a rotary mixer. The above
procedure was repeated with different defined concentrations
(range, 0.5–5,000 mg/L) to obtain the selected nominal soil
CL-20 concentrations (;0.01, 0.1, 1.0, 10, and 100 mg/kg dry
soil) for the earthworm reproduction assays.

A solvent control (i.e., soil amended with acetone only)
and a negative control (i.e., soil with water added only) were
included in the experimental design. In the present study, 24
h (SSL soil) and 48 h (forest soil) of evaporation led to 0.04
ml acetone/g dry soil or less and 0.003 ml acetone/g soil or
less, respectively. For the quality-control assays, reference tox-
icants (carbendazim and KCl) were first dissolved in water
before being added to 500 g of dry artificial soil placed into
1-L glass jars.

At the beginning of each experiment, three replicates of
200 g of dry soil (earthworm lethality test) or four replicates
of 500 g (earthworm reproduction test) per concentration were
rehydrated to 75% of the water-holding capacity with deion-
ized water or with separate solutions of the pure reference
toxicants (KCl and carbendazim for earthworm lethality and
reproduction assays, respectively). The water-holding capacity
(21.2 and 123.4 ml/100 g for SSL and RacFor2002 soil, re-
spectively) was determined by saturating the soil with deion-
ized water and measuring the water content [13].

Earthworms

The oligochaetes E. andrei were obtained from Carolina
Biological Supply (Burlington, NC, USA) and were initially
used to establish the laboratory cultures. Animals were main-
tained in earthworm bedding (Magic Products, Amherst, WI,
USA) supplemented with dry cereal (Magic Worm Food; Mag-
ic Products) at 20 6 18C, 70–80% humidity, and a 16:8-h
light:dark cycle. In the following toxicity tests, only adult
earthworms (wet wt, 300–600 mg) having a well-developed
clitellum were used.

Earthworm lethality test

The lethal effects of CL-20 on E. andrei in SSL were as-
sessed using the U.S. Environmental Protection Agency Meth-
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Fig. 2. Representative high-performance liquid chromatograms of acetonitrile extracts of a sandy-type forest (RacFor2002) soil spiked with
acetone solution containing (a) or not containing (b) the polycyclic nitramine hexanitrohexaazaisowurtzitane (CL-20; 134 mg/kg) as well as
extracts of Sassafras sandy loam soil containing (c) or not containing (d) CL-20 (89 mg/kg).

od EPA/600/3-88/029 [14]. After acclimation for 1 to 4 d in
clean soil, 10 E. andrei were individually washed, weighed,
and added to each replicate glass jar containing the test soil
sample. The glass jars were closed using a geotextile and per-
forated lids with 1.6-mm air holes. The number of surviving
E. andrei (determined in triplicate) was recorded after 7 and
14 d of exposure, as were their individual wet body weights
(14 d).

Earthworm reproduction test

The effects of explosives-spiked soils (RacFor2002 and
SSL) on growth and reproduction of E. andrei were assessed
using the International Organization for Standardization Meth-
od 103390 [15]. Following acclimation in clean soil, 10 E.
andrei were individually rinsed, weighed, and added to each
replicate jar containing the toxicant-amended soil. Glass jars
were closed using a geotextile and lids with 1.6-mm air holes.
Food (2 g of dry cereal) was added to the surface of the test
matrix at the beginning of the experiment and then once week-
ly. The earthworms were hand-sorted from the soil, and the
number of surviving E. andrei (per replicate) as well as the
individual weight (wet biomass) were recorded at 28 d. The
remaining soil (containing cocoons) was then returned to its
respective jar and incubated for another 28 d to continue the
exposure of cocoons and juveniles to the test soil. At the end
of the experiment (test day 56), the soils were wet sieved, and
the number of hatched and nonhatched cocoons as well as the
number of juveniles and their biomass were recorded. The pH
was measured before and after each test using a 1:5 (vol/vol)
suspension of soil in water [16]. Water content was also mea-
sured by loss of soil weight on drying both before and after
each test.

Chemical analyses

The residual acetone at the beginning of toxicity assays was
determined using headspace gas chromatographic analyses as
described earlier [13]. The limit of detection of the instrument
was 100 mg/L acetone.

Concentrations of CL-20 in acetone solutions and soil were
determined by high-performance liquid chromatography
(HPLC) using a modified version of U.S. Environmental Pro-
tection Agency Method 8330 [17]. Solutions of CL-20 (;5,000
mg/L) were prepared in acetone for the assays. An aliquot of
the solution was first mixed with acetonitrile (1:9, vol/vol) and
then with deionized water acidified with NaHSO4 (1:1, vol/
vol) before the analyses. Soil samples were extracted at the
beginning (t 5 0), after 28 d, and at the end (t 5 56 d) of the
experiments. Briefly, acetonitrile (10 ml) was added to a por-
tion of a weighed soil sample (2 g) and then vortexed for 1
min. The sample was then sonicated (60 Hz) for 18 6 2 h at
208C. Next, 5 ml of supernatant were combined with 5 ml of
CaCl2/NaHSO4 aqueous solution (5 and 0.2 g/L, respectively)
and then filtered through a 0.45-mm Millipore polytetrafluor-
oethylene membrane. The first 3 ml of filtrate were discarded,
and the remainder was analyzed using a Thermo Finningan
(San Jose, CA, USA) chromatographic system composed of a
model P4000 pump; a model AS1000 autosampler, including
temperature control for the column; and a model ultraviolet
6000LP photodiode-array detector. The column used was a CN
reverse-phase HPLC column (25 cm 3 4.6 mm, 5 mm; Su-
pelcosil LC-CN; Supelco, Oakville, ON, Canada). Temperature
of the autosampler was held at 108C. The initial solvent com-
position was 30% water and 70% methanol. Retention time
(RT) of CL-20 ranged from 8 to 10 min. The detector was set
to 230 nm.
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Fig. 3. Mean polycyclic nitramine hexanitrohexaazaisowurtzitane
(CL-20) concentrations measured in the sandy-type forest (Rac-
For2002; a) and Sassafras sandy loam (SSL; b) soil (n 5 4) at days
0 (l) and 56 (m) compared to CL-20 nominal concentrations. Error
bars indicate standard deviations. An asterisk indicates a significant
difference (p # 0.05) compared to the corresponding initial concen-
trations (t 5 0). Figure inset shows the same data at low concentra-
tions.

Fig. 5. Lethal (m) and sublethal (l; growth) effects of the polycyclic
nitramine hexanitrohexaazaisowurtzitane (CL-20) to Eisenia andrei
in the sandy-type forest (RacFor2002; a) and Sassafras sandy loam
(SSL; b) soil after 28 d of exposure (n 5 10 earthworms 3 4 replicates/
concentration at start of experiment). Error bars indicate standard
deviation. An asterisk indicates a significant difference (p # 0.05)
compared to negative and solvent controls. DW 5 dry weight.

Fig. 4. Lethal and sublethal (wt) effects of the polycyclic nitramine
hexanitrohexaazaisowurtzitane (CL-20) to Eisenia andrei using a
standard toxicity test method. Survival after 7 d (□) and 14 d (m)
of exposure (n 5 10 earthworms 3 3 replicates/concentration at start
of experiment) and variation of weight (i.e., wt loss; m) after 14 d of
exposure. Error bars indicate standard deviation. An asterisk indicates
a significant difference (p # 0.05) compared to negative and solvent
controls. SSL 5 Sassafras sandy loam; DW 5 dry weight.

Quality control

All experiments were done in triplicate (for the lethality
test) or quadruplicate (for the reproduction test) and included
negative controls (soil with water added only; no toxic sub-
stances added) and solvent controls (soil amended with acetone
only). Mortality, growth, and reproduction endpoints for the
reference toxicants as well as other established criteria (e.g.,
response in the negative control, temperature) were verified
against laboratory in-house control data to validate the toxi-
cological analyses. The positive-control results using the ref-
erence toxicants carbendazim (median effect concentration
[EC50] for the number of juveniles after 56 d was 0.88 mg/
kg dry artificial soil) and KCl (median lethal concentration
[LC50] of adult earthworms after 14 d was 7,000 mg/kg dry
artificial soil) were consistent with in-house data and those of
previous studies [4].

Data analysis

Toxicity endpoints such as the lethal concentration causing
a percentage mortality, the estimated effect concentration caus-
ing a percentage (ECp) inhibition of a measurement endpoint
compared to solvent control groups, the no-observed-effect
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concentration (NOEC), and the lowest-observed-effect con-
centration (LOEC) were determined using the ToxCalc pro-
gram (Ver 5.0; Tidepool Scientific Software, McKinleyville,
CA, USA). The 10% effective concentration, 20% effective
concentration (EC20), and EC50 were chosen as representative
point estimates of three toxicity levels. Linear interpolation
with bootstrapping was used for point-estimates. Dunnett’s
multiple-comparison test was used to determine the LOEC and
NOEC (p # 0.05). Data are expressed as the average 6 stan-
dard deviation (survival and reproductive parameters) or stan-
dard error (growth parameters). The differences between initial
and final concentrations were analyzed with a heteroscedastic
t test (unequal variance) and with a nonparametric test (Mann–
Whitney U test or Wilcoxon matched-pairs test) to observe
differences (p # 0.05) among the treatment concentrations.

RESULTS

CL-20 soil concentrations during the 56-d toxicity
experiments

The initial measured concentration of CL-20 in soil ranged
from 0.45 to 125.4 mg/kg dry soil in the RacFor2002 forest
soil and from 0.31 to 90.7 mg/kg in SSL soil. Examples of
HPLC chromatograms of solvent extracts for noncontaminated
and CL-20 spiked soil samples are shown in Figure 2. The
RacFor2002 soil extracts (Fig. 2a and b) had a higher back-
ground signal (RT 5 4–8 min) than SSL soil extracts (Fig. 2c
and d), presumably because RacFor2002 soil has a higher or-
ganic matter content compared to SSL soil. For SSL soil, the
method detection limit and method quantification limit were
0.06 and 0.2 mg CL-20/kg dry soil, respectively; for the
RacFor2002 soil, the limit of quantification was estimated to
0.5 mg CL-20/kg. The method detection limit was not deter-
mined for RacFor2002 soil, but CL-20 was measured in all
spiked soil samples, the results of which suggest that the de-
tection limit would be similar (i.e., 0.06 mg CL-20/kg dry soil)
to that of SSL soil. However, the measured concentrations of
CL-20 in two samples of the RacFor2002 soil were higher
(0.45 6 0.02 and 0.46 6 0.10 mg/kg) than their nominal con-
centrations (0.016 and 0.157 mg/kg, respectively). At CL-20
concentrations less than 0.5 mg/kg of RacFor2002 soil, dif-
ferences between nominal and initial measured concentrations
may be caused by a possible interference with organic matter.
For CL-20 concentrations less than 0.2 mg/kg of SSL soil or
less than 0.5 mg/kg of RacFor2002 soil, nominal concentra-
tions were used for the toxicity endpoint calculations.

The concentration of CL-20 remained constant in the
RacFor2002 soil (#3.8% of initial values) over the 56-d ex-
posure period (Fig. 3a) but decreased significantly (#43.9%
of initial exposure concentrations) at all SSL soil concentra-
tions (Fig. 3b). At nominal concentrations less than 0.5 mg/
kg, the measured concentrations of CL-20 decreased at 28 d
(in the RacFor2002) and reached below the detection limit
after 56 d in both SSL and RacFor2002 soil samples.

Effects of CL-20 on adult earthworm survival in amended
SSL and RacFor2002 forest soil

Exposure to CL-20-spiked SSL soil caused significant ef-
fects on E. andrei, as evidenced by concentration-dependent
decreases in survival and body weight (Figs. 4 and 5). A pre-
liminary acute test using the SSL soil showed that the survival
of adult earthworms significantly decreased at nominal con-
centrations of 100 mg/kg or greater after 14 d of exposure

(Fig. 4). After 7 d of exposure, survival decreased using nom-
inal CL-20 concentrations of 1,000 mg/kg or greater. The wet
weight of earthworms exposed for 14 d was also significantly
decreased at 100 mg/kg.

Exposure to CL-20 for 28 d showed that survival of adult
earthworms was not affected at 157 mg CL-20/kg dry soil
(nominal concentration) in the forest soil (Fig. 5a and Table
1). In the SSL soil, survival was decreased by 90% at 100 mg/
kg dry soil (Fig. 5b), and the LC50 was 53.4 mg/kg. Survival
was not significantly decreased at 10 mg/kg dry SSL soil (Fig.
5b and Table 2). Growth was significantly reduced at 1.57 mg/
kg of CL-20 or greater in RacFor2002 soil only, whereas
growth was decreased at 0.1 mg/kg or greater in SSL soil
(Tables 1 and 2).

Effects of CL-20 on earthworm fertility in amended SSL
and RacFor2002 forest soil

Results of the earthworm reproduction studies show that
fertility was decreased at 1.57 mg CL-20/kg dry soil or greater
(nominal concentration) using the RacFor2002 soil (Table 1)
or at 0.1 mg CL-20/kg or greater using the SSL soil (Table
2). These effects occurred at nonlethal concentrations.

Table 3 summarizes the toxicity endpoints (LOEC, NOEC,
lethal concentration causing a percentage, and ECp) for CL-
20 in both RacFor2002 and SSL soils compared to controls.
The CL-20 in the RacFor2002 soil decreased the number of
juveniles (one of the most sensitive reproduction endpoints).
The EC20 of this effect was 0.57 mg CL-20/kg dry soil and
corresponded to other reproduction responses within the same
concentration range. These responses include decreases in the
total (e.g., EC20 5 0.62 mg/kg) and hatched (e.g., EC20 5
0.67 mg/kg) number of cocoons. The CL-20 was more toxic
in the SSL soil than in RacFor2002 soil, as determined using
the number of juveniles as the endpoint as well as the total
and hatched numbers of cocoons (EC20 , 0.01 mg/kg).

DISCUSSION

The present study shows that CL-20 decreases the survival
and reproductive capacity of the earthworm E. andrei. Sub-
lethal effects were observed in two different sandy soils. The
RacFor2002 forest soil had 20% organic carbon content and
pH 7.2, whereas the SSL soil had a lower organic content
(0.33%) and lower pH (5.1). Lethal and sublethal effects of
CL-20 were more dramatic in the SSL soil compared to the
RacFor2002 soil. For example, CL-20 was lethal in the SSL
soil at initial concentrations of 90.7 mg/kg or greater but was
not lethal at 125 mg/kg in the RacFor2002 soil. Also, growth
of adults was diminished at nominal concentrations of 0.01
mg CL-20/kg or greater in the SSL soil and at initial concen-
trations of 1.57 mg CL-20/kg or greater in the RacFor2002
soil. Fertility was significantly reduced at a nominal concen-
tration of 0.1 mg CL-20/kg (LOEC) in the SSL soil, whereas
a significant effect on fertility was seen at initial concentrations
of 1.57 mg/kg (LOEC) or greater using the RacFor2002 soil.

It is not known why CL-20 in freshly amended SSL soil
was more toxic to earthworms than it was in the RacFor2002
soil. A number of factors should be considered. Chemical anal-
ysis indicated that the SSL soil had a lower water-holding
capacity and cation-exchange capacity as well as a higher silt
and clay content compared to the forest RacFor2002 soil. Also,
the SSL soil had a lower organic carbon and pH compared to
the RacFor2002 soil.

Decreased toxicity and bioavailability of CL-20 may be
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Table 3. Lethal and sublethal effects of hexanitrohexaazaisowurtzitane (CL-20) on earthworm (Eisenia andrei) using freshly amended natural
soilsa

Parameter NOEC
(mg/kg)

LOEC
(mg/kg)

LC10 or EC10
(mg/kg [95% CI])

LC20 or EC20
(mg/kg [95% CI])

LC50 or EC50
(mg/kg [95% CI])

RacFor2002 soil
Survival of adults (28 d)
Growth of adults (28 d)
No. total cocoons (56 d)
No. hatched cocoons (56 d)
No. juveniles (56 d)

125
125

1.59
1.59
0.62

.125

.125
3.79
3.79
1.59

.125
,0.01b

0.36 (,0.01–1.15)
0.39 (,0.01–1.19)
0.31 (,0.01–1.10)

.125
,0.01b

0.62 (,0.01–1.38)
0.67 (,0.01–1.45)
0.57 (,0.01–1.24)

.125
,0.01b

1.50 (0.65–3.10)
1.45 (0.29–3.13)
1.30 (0.09–2.87)

SSL soil
Survival of adults (28 d)
Growth of adults (28 d)
No. total cocoons (56 d)
No. hatched cocoons (56 d)
No. juveniles (56 d)

8.57
,0.01b

,0.01b

,0.01b

,0.01b

90.7
0.01b

0.01b

0.01b

0.01b

16.0 (8.1–19.7)
,0.01b

,0.01b

,0.01b

,0.01b

25.3 (17.8–29.5)
0.01 (,0.01–0.02)b

0.01 (,0.01–0.04)b

0.01 (,0.01–0.03)b

0.01 (,0.01–0.04)b

53.4 (46.3–63.0)
0.04 (0.03–0.08)b

0.09 (0.03–0.16)c

0.07 (0.02–0.12)b

0.05 (,0.01–0.08)c

a 95% CI 5 95% confidence intervals; NOEC 5 no-observed-effect concentration; LOEC 5 lowest-observed-effect concentration; LC10 5
estimated lethal concentration for 10% of the organisms tested; LC20 5 estimated lethal concentration for 20% of the organisms tested; LC50
5 estimated lethal concentration for 50% of the organisms tested (median); EC10 5 estimated concentration causing 10% inhibition of measured
response; EC20 5 estimated concentration causing 20% inhibition of measured response; EC50 5 estimated concentration causing 50% inhibition
of measured response (median); RacFor2002 5 sandy-type forest soil; SSL 5 Sassafras sandy loam. Data are expressed on a dry soil basis.

b Less than the method detection limit of 0.06 mg/kg dry soil.
c Less than the method quantification limit of 0.2 mg/kg dry soil.

explained by differences in organic carbon content between
the RacFor2002 and SSL soils. Also, preliminary studies were
carried out to determine CL-20 Kd (sorption constant) values.
For this, batch sorption experiments were conducted at ambient
temperature (21 6 28C) for 72 h. Solutions of CL-20 were
agitated with soil in the dark. After centrifugation (1,170 g for
30 min), the supernatant was filtered (pore size, 0.45 mm) and
analyzed by HPLC. The remaining pellet was extracted with
acetonitrile to measure the amount of sorbed explosive. The
respective isotherms (i.e., sorbed amount in mg/g as a function
of the equilibrium concentration in mg/L) were plotted, and
the Kd values were obtained from the slopes of linear isotherms.
These preliminary studies confirmed that CL-20 sorption in
RacFor2002 soil (Kd . 300 L/kg) is higher than in SSL soil
(Kd 5 2.4 L/kg; F. Monteil-Rivera, National Research Council
of Canada, Montreal, QC, unpublished data).

On the other hand, it is unlikely that the slightly alkaline
pH in the RacFor2002 soil (pH 7.2) compared to the SSL soil
(pH 5.0) contributed to the observed differences in CL-20
toxicity. Balakrishnan et al. [18] reported that CL-20 can be
hydrolyzed relatively easily at greater than pH 7 to produce
nitrite and formic acid. However, the HPLC results presented
in this article indicate that CL-20 concentrations were un-
changed in the RacFor2002 soil, indicating that pH was not a
major factor in determining the bioavailability and toxicity of
CL-20 in the present study. Closer examination of the effect
of pH and organic carbon content on the bioavailability and
toxicity of CL-20 will be carried out in future studies.

For reproduction effects, LOEC values of 58.8, 46.7, and
15.6 mg/kg observed earlier for TNT, RDX, and HMX, re-
spectively [5], were at least one order of magnitude higher
than that for CL-20 (Table 3), indicating that lethal and sub-
lethal effects of CL-20 to earthworms occurred at relatively
low concentrations [3–5]. Lethal effects of CL-20 occurred at
concentrations as low as 90.7 mg/kg (LOEC) in the SSL soil.
These differences in toxic responses suggest that the hazardous
effects of energetic contaminants, including CL-20, cannot be
explained by a common mechanism of toxicity. This may not
be surprising in view of the marked differences in their phys-

ico-chemical properties caused by differences in their chemical
structures (Fig. 1). For instance, TNT is polynitroaromatic,
RDX and HMX are monocyclic nitramines, but CL-20 is a
rigid polycyclic nitramine.

Environmental agencies and future managers of explosive-
contaminated sites should be cognizant that CL-20 is relatively
more toxic to earthworms than other explosives. Based on
laboratory toxicological data, CL-20 may have hazardous ef-
fects on soil organisms and pose a significant risk to other
ecosystem components.

CONCLUSION

The CL-20 has significant lethal and sublethal effects on
the earthworm E. andrei. Fertility of earthworms was reduced
at CL-20 concentrations as low as 0.1 mg/kg dry soil using
SSL soil. These effects were observed at higher concentrations
in the RacFor2002 forest soil than in the SSL soil. The exact
reason for this difference in effects between SSL and Rac-
For2002 soil is not known, but it is probably caused by the
presence of high organic carbon content in the latter case,
which decreased the bioavailability of CL-20 because of high
sorption to the soil matrix.
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Abstract. Hexanitrohexaazaisowurtzitane, or CL-20, is an
emerging highly energetic compound currently under con-
sideration for military applications. With the anticipated wide
use of CL-20, there is the potential for soil and groundwater
contamination resulting in adverse toxicologic effects on
environmental receptors. Presently, there is a lack of data
describing the toxic effects of CL-20 on avian species. The
present study describes the effect of CL-20 on Japanese quail
(Coturnix coturnix japonica) modified from standard toxicity
test guidelines. First, a 14-day subacute assay was adopted
using repeated gavage doses (0, 307, 964, 2439, 3475, or
5304 mg CL-20/kg body weight (BW)/d for 5 days followed
by no CL-20 exposure (vehicle only) for 10 days. Second, a
subchronic feeding assay (0, 11, 114, or 1085 mg CL-20/kg
feed) was done for 42 days. During both studies, no overt
toxicity was observed in the CL-20–treated birds. During the
first 5 days of the subacute study, CL-20–exposed birds
showed a dose-dependent decrease in BW gain, whereas in-
creased liver weight, plasma sodium, and creatinine levels
were observed in birds receiving the highest dose tested. For
the subchronic study, embryo weights were significantly de-
creased in a dose-dependent manner. Embryos from CL-20–
exposed birds were observed to have multiple cranial and
facial deformities, beak curvatures, possible mid-brain
enlargement, and classic one-sided development with micro-
opthalamia (nonstatistical comparisons with control em-
bryos). A trend toward decreased number of eggs laid per
female bird was also observed. We conclude that CL-20 (or
its degradation products) elicits few effects in adults but may
affect avian development, although these preliminary findings
should be confirmed.

Hexanitrohexaazaisowurtzitane, or CL-20 (Fig. 1), is a high-
density polynitro compound currently under consideration for
military application. CL-20 is envisaged to deliver 10% to
20% higher performance than octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) and better performance than
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) (Nielsen et al.
1998; Geetha et al. 2003). RDX and HMX are common
contaminants found in soil at military-related sites, and the
toxicity of these nitramines to terrestrial vertebrate species
such as mammals, amphibians, and birds is becoming better
known (Schneider et al. 1976; Levine et al. 1981; Talmage et
al. 1999; Gogal et al. 2003; Johnson et al. 2004). Gogal et al.
(2003) found the approximate lethal dose of acute oral RDX
exposure in northern bobwhite (Colinus virginianus) to be
280 mg/kg body weight (BW) for male and 187 mg/kg BW
for female birds. The dose-dependent effects of RDX also
included a decrease in food intake, BW, and spleen and liver
mass for 14 days but not for 90 days of exposure. Although
the effects of CL-20 in plant and soil invertebrate species
have been recently reported (Gong et al. 2004; Robidoux et
al. 2004), no data are available on the toxicity of CL-20 in
birds.
CL-20 is a polycyclic nitramine characterized by having

N-NO2 bonds, similar to the two monocyclic nitramines RDX
and HMX. Based on these structural similarities, we
hypothesized that the effects of CL-20 to birds will be similar
to those of RDX. In the present study, we investigated the
toxic effects of CL-20 on the gallinaceous test species Jap-
anese quail (Coturnix coturnix japonica) exposed to repeated
daily doses of CL-20. We selected this species because it is
amenable to laboratory toxicity testing, and species of this
order can have significant dietary exposure to soil based on
their foraging and behavioral habits. This species has been
used in many standard toxicity testing regimes for standard
avian toxicity testing (American Society for Testing and
Materials [ASTM] 1997; United States Environmental Pro-
tection Agency [USEPA] 1996a, 1996b; Organization for
Economic Cooperation and Development [OECD] 1984a,
1984b). Data generated using these standardized toxicity test
methods will be useful for the ecotoxicologic risk assessment
of birds exposed to CL-20.
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Materials and Methods

Chemicals and Reagents

CL-20 (Chemical Abstracts Service [CAS] no. 135285-90-4) in the �
form (purity >95%) was obtained from ATK Thiokol Propulsion
(Brigham City, UT). Acetonitrile and acetone (high-performance li-
quid chromatography [HPLC]–grade) were obtained from EM Sci-
ence (Darmstadt, Germany). All other chemicals and reagents were of
the highest grades of purity available and were obtained from
Anachemia (Milwaukee, WI). Deionized water was obtained using a
Zenopure Mega-90 water purification system (Zenon Environmental
Inc, Burlington. Ontario). All glassware was washed with phosphate-
free detergent, rinsed with acetone, and acid washed before a final
rinse with deionized water.

Raising of Test Species

Fertilized Japanese quail (C. coturnix japonica) eggs (n = 70 for
subacute study and n = 120 for subchronic study) obtained from a
local breeder (Couvoir Simetin, Mirabel, PQ, Canada) were placed
in an environment-controlled incubator at 37�C € 1�C (SD), with
65% € 5% relative humidity, and turned 180� every fourth hour.
Three days before hatching, rotation of eggs was stopped and the

relative humidity increased to 70%. Eggs were grouped at the center
of the incubator on a 5-mm mesh until they hatched. When dry,
quail chicks were transferred to a heated brooder (35�C achieved
using an electric resistance element) under constant illumination
with red incandescent light to prevent eye damage. Birds were fed a
diet of powdered Turkey Starter (Purina Mills, St Louis, MO) and
tap water ad libitum until 14 days of age. Quail were then main-
tained under controlled conditions of temperature (22.0�C € 3.0�C),
relative humidity (50.0% € 6.0%), and lighting (14 hours light to 10
hours dark).

Experimental Design

The subacute study (Fig. 2A) described in this article was modified
from the USEPA (1996a) and OECD (1984a) guidelines. Forty-four
2-week-old quail were weighed, banded, and observed for any
abnormalities. A blood sample (1 ml) was taken from the jugular
vein (described later), and each bird was then randomly assigned to
one of six groups (n = 7 to 8/group for n = 44 total). Animals were
housed together in stainless steel cages (61 cm wide x 76 cm long x
41 cm high; 10-mm mesh floor) (2 to 3 individuals/cage) and were
uniquely identified by a leg band. Two days later, birds were ga-
vaged daily for 5 days with pulverized commercial feed (Ralston
Purina Turkey Grower) containing CL-20. Briefly, the feed was
pulverized using a hand-held blender until a granular consistency was
formed, then CL-20 was added. The CL-20–contaminated feed was
prepared daily, and the doses were adjusted to the BW that was taken
daily during the dosing period (1% of BW). To deliver the con-
taminated feed, the desired quantity was transferred into a 5-ml
syringe, and 1 ml water was added to the syringe to form a slurry. A
10-gauge stainless steel curved feeding tube equipped with a Luer
Lock fitting (Becton Dickinson, Canada) onto the syringe was in-
serted down the esophagus to the crop. The slurry was administered
gently to ensure minimal regurgitation. The calculated doses deliv-
ered (mg CL-20/kg BW) were 307 € 1, 964 € 8, 2439 € 12,
3475 € 5, and 5304 € 53. A second blood sample (from 1 to 1.5 ml)
was collected 5 days after completion of the dosing. At the end of the
experiment (day 14 of study), birds were anesthetized and a third
blood sample (5 ml) was procured. While under deep anaesthesia,
birds were killed (as desired later), and the organs (heart, brain, liver,
and spleen) were weighed and frozen at –80�C for residual CL-20
analysis. The somatic index (%) was calculated as the wet organ
weight (g) per 100 g BW.
The subchronic study described in this article was modified

from the USEPA (1996b) and OECD (1984b) guidelines. The
lighting period was changed (16 hours light to 8 hours dark) to
provide optimal reproductive conditions when the quail were
2 weeks old. The birds (n = 48) were then randomly assigned to
one of each of the four dose groups (described below) in tripli-
cate. Each exposure was conducted in triplicate, each group (three
female and one male bird) was housed in stainless steel cages
(described above). Quail were uniquely identified by a leg band.
During this period, close surveillance was required to monitor any
signs of increased aggression. Individuals injured or demonstrating
incompatible behavior relative to the group were replaced. Eggs
were collected and incubated during the pre-exposure period to
verify fertility and thus ensure that only proven breeders were
included in this study. Two days before the start of feeding CL-20
diets when quail were 54 days old, a blood sample (2 ml) was
taken from each bird. The diets were prepared by mixing CL-20
(previously dissolved in acetone) with commercial feed (Ralston
Purina Turkey Grower) to achieve nominal concentrations de-
scribed later. Acetone was allowed to evaporate, and the CL-20
feed mixture was then placed in glass jars and stored at
4.0�C € 2.0�C in the absence of light. Measured concentrations of
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Fig. 1. Molecular structures of the cyclic nitramine explosives CL-
20, HMX, and RDX. CL-20 = hexanitrohexaazaisowurtzitane; HMX
=octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine; RDX = hexahydro-
1,3,5-trinitro-1,3,5-triazine

216 G. Bardai et al.



CL-20 in the feed were analyzed using HPLC (11 € 1, 114 € 26,
and 1085 € 52 mg CL-20/kg feed corresponding to the nominal
exposure groups of 10, 100, and 1000 mg/kg BW, respectively),
and were found to be consistent throughout the study. All feed
was provided daily ad libitum. Daily feed consumption was esti-
mated as the difference between initial and final feed weight plus
the quantity of unconsumed pellets recovered from the litter pans,
which was determined daily for the first 2 weeks of the study and
then on every alternate day.
A subsample of eggs (based on total eggs collected, n = 15 to 20/d)

were collected and frozen at –80�C; the remaining eggs (n = 10 to 12
collected/d) were stored in a refrigerator (16�C € 1�C and 60% to
70% humidity) for 5 days. Eggs of the latter group were then incu-
bated at 37.8�C and 60% relative humidity. After 8 days of incuba-
tion, the eggs were cooled to 4�C, and embryos were removed and
weighed. Embryos were then preserved in capped vials containing
10% formalin, and they were stored at room temperature in the dark
until further evaluation of developmental effects. Embryos were
evaluated according to the Hamburger-Hamilton system (1951) for
normal stages of chick embryo development. At the end of the 6-week
exposure period, the adult birds were killed and examined for gross
lesions. Liver, spleen, heart, and brain were excised, weighed, frozen
in liquid nitrogen, and stored at –80�C before residual CL-20
analyses.
For both studies, birds were monitored daily for changes in

health or disposition (i.e., alertness, appearance). For the subacute
study, BW gain was measured daily for the duration of the ga-
vaging phase and then on study days 10 and 14. Body weight and
feed consumption for the subchronic study were measured daily
for a 2-week period and then on every alternate day. At the end
of the experiments, birds were anesthetized (2% to 5% isoflurane),
and killed (90% CO2 and 10% O2). Moribund animals were
treated in the same fashion. Manipulation and handling were in
accordance with the Canadian Council on Animal Care guidelines
(1984).

Blood Collection and Analysis

For clinical chemistry and hematological analyses, female quail blood
was collected from the jugular vein with a 27-gauge needle and 3-ml
syringe containing 100 ll 1% ethylenediaminetetraacetic acid solution
in saline. Male birds were not considered for this study because of the
low number of male birds per exposure group (1 male bird/3 female

birds/replicate, 3 replicates/exposure group). Blood was thoroughly
mixed, and 250 ll was removed for whole-blood analysis. Plasma was
prepared in 1.5-ml Eppendorf tubes centrifuged at 13,000 x g for 5
minutes and was used either fresh for clinical chemistry analysis to
screen for biochemical and pathologic abnormalities or was stored at –
80�C for plasma residual CL-20 analysis. Quail plasma was analyzed
to determine its clinical chemistry profile (Beckman LX20 Pro,
Rochester, NY); the tests measured Na, K, Cl, glucose, creatinine,
total protein, PO4, total bilirubin, direct bilirubin uric acid, Mg,
cholesterol, alanine aminotransferase, aspartate aminotransferase
(AST), alkaline phosphatase, amylase, lactate dehydrogenase, and
triglycerides. For hematologic analysis, one drop of anticoagulated
blood was placed on a microscope slide, and a smear was made. The
blood smear was fixed in methanol, stained with modified Wright-
Giemsa, and the leukocyte differential performed when 100 leuko-
cytes (lymphocytes, heterophils, monocytes, basophils, and eosin-
ophils) were enumerated. Heterophil-to-lymphocyte ratios were
calculated to investigate stress. For hematocrit (HCT) determination, a
nonheparinized hematocrit capillary tube was filled with anticoagu-
lated blood. The bottom of the capillary tube was sealed with a clay
plug and centrifuged for 5 minutes at 3000 rpm, and the HCT was
determined as the ratio between total capillary volume and the packed
cell volume (PCV).

CL-20 Extraction from Quail Tissue

CL-20 extractions were performed according to USEPA Method No.
8330A (USEPA 1998) with the following modifications. For CL-20
exposure studies, whole organs taken from test animals were imme-
diately homogenized on ice in 7 ml cold acetonitrile using a Polytron
tissue homogenizer (30 seconds for brain and spleen or 1 minute for
heart and liver) in Teflon tubes. After overnight sonication in the dark
at 8�C (60 Hz; Branson 3200, Danbury, CT), samples were centrifuged
at 4�C for 10 minutes at 10,000 x g. To 5 ml of the decanted super-
natant was added an equal volume of a CaCl2 (90 mM)-NaHSO4 (1.6
mM) solution, and the resulting mixture was vortexed for 30 seconds
and stored at 4�C for 2 hours to precipitate proteins. The resulting
solution was filtered through a 0.45-lm membrane before HPLC
analysis (described later). To increase the sensitivity of the previously
described method, the supernatants of different tissue samples (liver,
heart, brain, and kidney) were also concentrated. Each supernatant
(5 ml) was evaporated to dryness in a Speed Vac (Savant, Hicksville,
NY). To the precipitate was added 500 ll acetonitrile, and the mixture
was vortexed for 1 minute, after which the CaCl2–NaHSO4 solution

Days of Study

-56

Hatching
(Preparation)

Blood
Sample 1

Start CL-20
treatment

Termination
of study

-1 +1 +42

Blood
Sample 2

-15

Hatching
(Preparation)

Blood
Sample 1

Start CL-20
treatment

End CL-20
treatment

Days of Study

Termination
of study

-1 +1 +5 +10 +14

Blood
Sample 2

Blood
Sample 3

A

B

Fig. 2. Schedule for the two CL-20 exposure studies. (A) Subacute study. (B) Subchronic study
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was added as described previously. For the control recovery studies,
whole organs (liver, brain, spleen, or heart) were taken from non-
treated quail and spiked with varying concentrations of CL-20 before
being immediately frozen at –80�C for 24 hours. The organs were then
thawed in cold acetonitrile, and CL-20 was extracted as previously
described.

Extraction of CL-20 from the Test Diet

Acetonitrile extractions of test diet were also performed using the
USEPA Method No. 8330A (USEPA 1998). One ml 1.6 mM NaHSO4
prepared in water was added to 2 g feed and vortexed for 10 seconds.
To this was added 10 ml (for feed containing 10 mg CL-20/kg feed) or
20 ml acetonitrile (for feed containing 100 to 1000 mg CL-20/kg
feed), before vortexing for 1 minute.

HPLC Analysis

In brief, a ThermoFinnigan chromatographic system composed of a
model P4000 pump, a model AS1000 injector, and a model
UV6000LP photodiode-array detector (k = 230 nm) was used. A
Supelcosil LC-CN column (250 x 4.6 mm, 5-lm particles; Supelco,
Bellefonte, PA) was used for separation with a column heater set at
35�C. The isocratic mobile phase consisted of methanol and water
(70/30 v/v) delivered at 1.0 ml/min. The sample volume injected was
50 ll with a 14-minute run time. The limit of quantification was 0.05
mg/L. Relative SD for the instrument precision was <1.3% for con-
centrations ‡0.5 mg CL-20/L and 7.5% for a concentration of 0.05 mg
CL-20/L.

Statistical Analysis

The data were evaluated by two-way and repeated measures analysis
of variance (ANOVA). Differences between exposure groups and
their respective controls were considered significant when p £ 0.05
using the Dunnett's test. Statistical analysis was performed using
JMPIN software (version 4; SAS Institute, Cary, NC).

Results

Subacute Study

No clinical or overt toxic symptoms were observed during the
5-day exposure period to CL-20. The change in average weight
gain (expressed as the percent of respective control) for each
exposure group is shown in Figure 3. Data indicate that a dose-
dependent decrease in BW gain occurred during the first 5
days of the study (p £ 0.05). On the second study day, the CL-
20 quail exposure groups ‡964 mg/kg BW/d gained less
weight than the control group (p £ 0.05); however, this effect
was not detected by the end of the study (day 14 or 10 d of no
CL-20 exposure). Initial BWs before exposure were not sig-
nificantly different between groups (data not shown).
Liver weights were significantly increased in the highest

dose group (5304 mg/kg BW/d), whereas other organ weights
(brain and spleen) were not significantly different between CL-

Fig. 3. Changes in BW of juvenile Japanese quail gavaged with CL-20 for 5 days (subacute study). Exposure schedule is shown in Figure 2. Each
value (expressed as percent of control, which was set at 100%) is the average € SEM (n = 6 to 10 birds). *Value is statistically different from the
control (p £ 0.05). The average BWs of the control group (g € SEM) (n = 6 birds) for study days 2, 3, 4, 5, 10, and 14 were 98 € 8, 106 € 6,
116 € 7, 126 € 8, 172 € 8, and 202 € 9, respectively

Fig. 4. Somatic index of selected organs of juvenile Japanese quail
gavaged with CL-20 for 5 days followed by 10 days of vehicle only (no
CL-20). Data are expressed as mean € SD (n = 44 birds). Study design
is shown in Figure 2. *Value is statistically different from the control
(p £ 0.05)
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20–treated and control groups (Fig. 4). Increases in plasma
sodium and creatinine levels were found in birds treated with
5304 mg CL-20/kg BW/d compared with controls (Table 1).
Hematologic parameters (heterophil-to-lymphocyte ratios and
hematocrit) in the subacute study were not statistically dif-
ferent between exposure groups compared with controls (data
not shown).

Subchronic Study

No clinical or overt toxic symptoms were observed during the
42-day exposure period in this study. Aggressive behavior was
noted in one individual who was subsequently isolated from
the control group. Another bird from a different control group
had to be killed because of injuries inflicted by an aggressive
control bird that was subsequently removed from the triplicate.
These observations were not related to exposure. Based on
feed consumption (feed consumed per number of individuals
in each dose group) and mean BW, the calculated daily doses

to quail consuming the CL-20 diet were 0, 0.96, 10, and 94 mg
CL-20/kg BW for the measured 0, 11, 114, and 1085 mg CL-
20/kg feed exposure groups, respectively. Throughout this
study, no differences in feed consumption or BW were ob-
served between exposure groups (data not shown). Clinical
chemistry analysis of quail blood taken from the subchronic
study (Table 2) revealed that the AST level was increased by
1.25 times in the birds of the highest measured feed dose level
(1085 mg CL-20/kg) relative to controls (p £ 0.05).
Embryo weight was found to decrease significantly and in a

dose-dependent manner (Fig. 5). Based on the measured
exposure concentration, the unbounded lowest observed ad-
verse effect level for this effect was 11 mg/kg feed. The
unintentional evaporation of the preserving medium from
some of the storage vials caused a dehydration of the embryos,
thus making these samples unsuitable for further analysis.
Embryos in vials that still contained formalin were analyzed.
In the 114 mg/kg feed exposure group, two of the six embryos
had multiple (cranial and facial) deformities, whereas in the
highest dose group (1085 mg/kg feed), three of the nine em-
bryos experienced beak curvatures, possible mid-brain

Table 1. Selected plasma biochemical parameters of adult Japanese quail exposed to CL-20 by gavage for 5 days followed by 10 days of
exposure with no CL-20

CL-20 exposure groups (mg CL-20 kg BW/d)a

Parameters 0 307 964 2439 3475 5304

PO4 (mmol/L) 3.22 € 0.21b 2.89 € 0.26 2.91 € 0.26 2.53 € 0.21 2.73 € 0.24 2.96 € 0.39
TP (g/L) 19.2 € 3.6 22.0 € 2.6 22.3 € 2.9 18.4 € 2.9 20.8 € 2.8 21.63 € 3.25
Glu (mmol/L) 16.3 € 1.0 17.0 € 0.7 16.7 € 1.0 16.4 € 1.2 17.1 € 1.3 16.36 € 1.45
Cre (lmol/L) 20.0 € 2.6 18.6 € 3.2 20.3 € 4.0 18.2 € 5.4 21.8 € 4.4 25.00 € 3.16*

Na (mmol/L) 143.9 € 0.8 145.5 € 1.0 144.0 € 0.8 144.6 € 2.7 149.5 € 1.6 151.7 € 2.70*

ALP (IU/L) 592 € 327 711 € 253 1056 € 301 485 € 396 328 € 275 509 € 230
ALT (IU/L) 4.25 € 1.50 4.20 € 1.30 5.00 € 0.82 4.80 € 0.84 4.50 € 1.05 4.50 € 0.76
Uric (lmol/L) 201.3 € 53.3 239.2 € 78.1 269.0 € 134.8 195.0 € 37.6 216.0 € 101.8 300.6 € 68.5
AMY (IU/L) 336 € 71 460 € 190 377 € 197 178 € 60 436 € 136 377 € 193
AST (IU/L) 101.3 € 11.7 87.3 € 10.0 94.0 € 10.1 107.2 € 21.9 95.5 € 13.5 101.9 € 11.8
Chol (mmol/L) 5.32 € 0.74 4.06 € 0.91 5.17 € 1.52 5.63 € 2.50 4.67 € 0.98 5.38 € 1.44
Dbili (lmol/L) 1.25 € 0.24 0.95 € 0.21 0.78 € 0.31 1.40 € 0.50 0.83 € 0.27 1.16 € 0.49
Tbili- (lmol/L) 2.8 € 0.5 2.6 € 1.6 4.0 € 1.2 2.2 € 1.3 2.3 € 1.1 3.5 € 0.9
GGT (IU/L) 6.5 € 4.5 8.8 € 2.3 8.0 € 1.4 8.4 € 0.9 7.5 € 2.2 10.0 € 2.2
LDH (IU/L) 59.8 € 13.0 48.8 € 8.4 47.0 € 9.5 49.2 € 12.8 41.0 € 12.7 56.4 € 28.8
TG (mmol/L) 1.84 € 0.20 1.42 € 0.32 2.05 € 0.91 2.04 € 0.52 1.49 € 0.36 2.06 € 0.78
Mg (mmol/L) 0.15 € 0.50 0.20 € 0.01 0.28 € 0.05 0.11 € 0.14 0.10 € 0.04 0.13 € 0.7

ALP = Alkaline phosphatase.
ALT = Alanine aminotransferase.
AMY = Amylase.
AST = Asparatate aminotransferase.
Chol = Cholestrol.
CL-20 = Hexanitrohaxaazaisowurztiane.
Cre = Creatinine.
Dbili = Billirubin.
GGT = c glutamyltransferase.
Glu = Glucose.
LDH = Lactate dehydrogenase.
Tbili = Total Billirubin.
TG = Triglycerides.
TP = Total proteins.
a Measured concentrations of CL-20 intake by gavaged quails.
b Data are expressed as mean € SD (n = 4 to 8 birds/exposure group).
* Exposure group is significantly different from control using Dunnett's test (p £ 0.05).
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enlargement, and classic one-sided development with micro-
opthalamia. These CL-20 exposure–related deformities were
not observed in the control group; however, two of the nine

control embryos showed very slight ocular asymmetric devi-
ations. No decrease in the rate of development was detected;
all embryos were at stages 30 to 31 (Hamburger and Hamilton
1951). In addition, CL-20 exposure tended to decrease the
number of eggs laid per female bird (0.48 < p < 0.99 for the
different treatment groups using the Dunnett's two-sided t test
for multiple comparisons) compared with controls (Fig. 6).

CL-20 Recovery from Tissue

CL-20 was not detected in the plasma or selected organs
(brain, spleen, heart, and liver) of quail treated with CL-20
(data not shown), despite the excellent recovery of the chem-
ical (99% to 105%) using different spiked tissues (Figs. 7 and
8). This method was specific for CL-20 detection only.

Discussion

Few acute and subchronic effects were found from oral CL-20
exposure to quail in this study. However, our 42-day sub-
chronic study indicated that CL-20 exposure led to significant

Table 2. Selected plasma biochemical parameters of adult Japanese quail fed CL-20 for 42 days

CL-20 exposure groups (mg CL-20/kg feed)a

Parameters 0 11 114 1085

PO4 (mmol/L) 2.87 € 0.63b 2.56 € 0.39 3.03 € 0.84 2.11 € 0.71
TP (g/L) 31.6 € 4.0 30.1 € 2.3 33.5 € 1.7 28.3 € 3.2
Glu (mmol/L) 15.1 € 0.99 15.4 € 1.29 14.5 € 0.8 14.4 € 0.9
Cre (lmol/L) 30.3 € 9.6 32.4 € 4.7 24.4 € 6.1 27.0 € 9.6
Na (mmol/L) 144.4 € 3.6 142.3 € 1.3 139.8 € 3.5 142.3 € 1.3
ALT (IU/L) 5.16 € 1.60 4.83 € 2.22 6.00 € 1.63 6.50 € 1.51
Uric (lmol/L) 213.4 € 58.7 303.0 € 147.0 136.8 € 71.2 232.3 € 131.5
AMY (IU/L) 507 € 179 368 € 222 643 € 304 472 € 154
AST (IU/L) 133.3 € 11.6 144.8 € 23.5 154.6 € 27.4 167.2 € 23.2 *
Chol (mmol/L) 6.27 € 2.06 4.84 € 1.76 7.39 € 3.85 4.63 € 1.34
Tbili (lmol/L) 7.65 € 1.97 6.94 € 1.45 8.12 € 1.39 6.98 € 0.96
GGT (IU/L) 5.88 € 1.64 6.57 € 1.13 6.13 € 2.41 6.43 € 1.90
LDH (IU/L) 54.8 € 59.0 31.3 € 27.0 34.8 € 51.0 74.2 € 39.0
TG (mmol/L) 11.7 € 2.4 9.8 € 2.7 10.8 € 2.2 9.2 € 2.7
Mg (mmol/L) 1.63 € 0.33 1.36 € 0.23 1.48 € 0.29 1.34 € 0.25
K (mmol/L) 2.9 € 0.5 3.2 € 0.3 2.7 € 0.3 2.9 € 0.4
Cl (mmol/L) 110.1 € 4.2 107.8 € 3.9 107.1 € 3.5 110.3 € 3.2

ALT = Alanine aminotransferase.
AMY = Amylase.
AST = Asparate aminotransferase.
Chol = Cholestrol.
CL-20 = Hexanitrohexaazaisowurtzitane.
Cre = Creatinine.
GGT = c-glutamyltransferase.
Glu = Glucose.
LDH = Lactate dehydrogenase.
Tbili = Total bilirubin.
TG = Triglycerides.
TP = Total proteins
Uric = Uric acid.
a Measured concentration in feed using USEPA Method 8330A.
b Data are expressed as mean € SD (n = 7 to 9 birds group).
* Exposure group is significantly different from control using Dunnett's test (p £ 0.05).
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decreases in embryo weight without a corresponding effect on
developmental stage. This would suggest an effect on energy
metabolism rather than a decrease in the rate of embryonic
development per se. Although we have evidence that CL-20
exposure caused abnormal developmental effects, these results
should be considered preliminary until a more rigorous tera-
tologic evaluation is done using increased number of repli-
cates. Bhushan et al. (2004a, 2004b) reported the formation of
nitrite NO2

-, nitrous oxide N2O, ammonia, formic acid,
ammonium, or glyoxal from the enzymatic biodegradation of
CL-20 by the flavin containing enzymes, nitroreductase, and
salicylate 1-monooxygenase. Quail have been found to possess
both phase I and II biotransformation enzymes (Gregus et al.
1983). It is possible that quail may possess similar enzymes
capable of degrading CL-20 and that the presence of the
resulting degradation products may be related to the observed
CL-20 toxicity in our present studies. A preliminary survey of
the avian toxicity literature failed to identify studies charac-
terizing the toxic effects of the latter CL-20 degradation
products to quail. To further characterize the reported effect of
embryo malformation by CL-20 and gain more information
about the mechanism of CL-20 toxicity (direct and indirect
effects of CL-20 on the embryo), in ovo approaches are sug-
gested.
Earlier studies have shown that exposure to the mono-

cyclic nitramine explosive RDX causes central nervous
system disturbances in birds (northern bobwhite), terrestrial
salamanders, and mammals (rats and miniature swine)
(Schneider et al. 1976; Levine et al. 1981; Gogal et al.
2003; Johnson et al. 2004). Rats injected intraperitoneally
with 500 mg RDX/kg BW had seizures before death.
Miniature swine treated intravenously with RDX showed
convulsions from 12 to 24 hours after exposure. A recent
study reported that red-backed salamanders (Plethodon
cinereus) exposed to 5,000 mg RDX/kg soil in laboratory
microcosms for 28 days showed signs of neuromuscular
effects including lethargy, convulsions, rolling and gaping
motions, and hyperactivity as well as marked weight loss
(Johnson et al. 2004). In contrast to these earlier studies
using RDX, none of the CL-20 treated birds in our present
studies exhibited signs of neurotoxicity.

Earlier studies by Gogal et al. (2003) showed that RDX in a
water vehicle was lethal to the northern bobwhite at a single
dose (‡187 mg RDX/kg BW) after 72 hours exposure. In our
subacute study, CL-20 caused no mortality in adult Japanese
quail gavaged with up to 5304 mg CL-20/kg BW. These data
suggest that CL-20 is not as lethal to galliform species as
RDX. Physicochemical differences between RDX (aqueous
solubility at 20�C = 42.58 mg/L, log Kow = 0.90) and CL-20
(aqueous solubility at 20�C = 3.16 mg/L, log Kow = 1.92)
(Monteil-Rivera et al. 2004) may favor the absorption or
bioavailability of RDX relative to CL-20 and may help to
explain the differences in acute toxicity.
Increased liver-to-BW ratios were observed in the highest

dose group (5304 mg CL-20/kg BW/d) at 10 days post–CL-20
exposure, whereas the spleen- and heart-to-BW ratios were not
significantly altered compared with controls. This effect con-
trasts with the earlier results showing decreased liver-to-BW
ratios observed for northern bobwhite exposed to RDX in feed
(Gogal et al. 2003). Birds exposed to RDX for 14 days caused
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significant increases in hematologic parameters such as het-
erophil counts and the heterophil-to-lymphocyte ratio as well
as an increase in PCV (Gogal et al. 2003). In contrast, our
study using CL-20 did not show an effect of exposure on the
heterophil-to-lymphocyte ratio or PCV, suggesting that CL-20
is not an immunotoxicant or a mitogen, at least not during this
period of exposure. It is possible that immunologic effects may
have occurred but were reversed during our exposure schedule
that allowed 10 days of no exposure to CL-20.
In conclusion, although CL-20 has certain structural simi-

larities to the monocyclic nitramine RDX (Fig. 1), this poly-
cyclic nitramine does not appear to demonstrate the same
profile of toxicities as RDX in quail. Our present study has
provided basic toxicity data and suggests that further research
should be carried out to study the developmental effects of CL-
20 in birds.
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Abstract

A dehydrogenase from Clostridium sp. EDB2 and a diaphorase from Clostridium kluyveri were reacted with CL-20 to gain insights
into the enzyme-catalyzed hydride transfer to CL-20, and the enzyme�s stereo-specificity for either pro-R or pro-S hydrogens of
NAD(P)H. Both enzymes biotransformed CL-20 at rates of 18.5 and 24 nmol/h/mg protein, using NADH and NADPH as hydride-
source, respectively, to produce a N-denitrohydrogenated product with a molecular weight of 393 Da. In enzyme kinetics studies using
reduced deuterated pyridine nucleotides, we found a kinetic deuterium isotopic effect of 2-fold on CL-20 biotransformation rate using
dehydrogenase enzyme against (R)NADD as a hydride-source compared to either (S)NADD or NADH. Whereas, in case of diaphorase,
the kinetic deuterium isotopic effect of about 1.5-fold was observed on CL-20 biotransformation rate using (R)NADPD as hydride-
source. In a comparative study with LC–MS, using deuterated and non-deuterated NAD(P)H, we found a positive mass-shift of
1 Da in the N-denitrohydrogenated product suggesting the involvement of a deuteride (D�) transfer from NAD(P)D. The present study
thus revealed that both dehydrogenase and diaphorase enzymes from the two Clostridium species catalyzed a hydride transfer to CL-20
and showed stereo-specificity for pro-R hydrogen of NAD(P)H.
� 2005 Elsevier Inc. All rights reserved.

Keywords: CL-20; Clostridium sp.; Dehydrogenase; Diaphorase; Hydride transfer
CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisow-
urtzitane) is a newly synthesized future-generation energetic
chemical [1] which may replace the conventionally used
explosives such as hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX),
and 2,4,6-trinitrotoluene (TNT) [2]. It is likely that extensive
use of CL-20 in the near future may also raise similar envi-
ronmental, biological, and health concerns as those previ-
ously experienced with other cyclic nitramines such as
RDX and HMX [3–5]. Recent toxicological studies have
shown the adverse effects of CL-20 in various biological
receptors [6–8].

Several previous studies have shown that CL-20 can be
degraded by microorganisms such as Pseudomonas sp.
FA1, Clostridium sp. EDB2, Agrobacterium sp. strain
0006-291X/$ - see front matter � 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2005.09.166
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E-mail address: jalal.hawari@nrc.ca (J. Hawari).
JS71, and white-rot fungi [9–12], by enzymes e.g., monoox-
ygenase, nitroreductase, and dehydrogenase [10,13,14], and
by indigenous degraders present in soils and sediments
[15,16]. However, none of these reports has emphasized
on the mechanism of hydride-transfer to CL-20.

Previously, a DT-diaphorase from rat liver catalyzed a
hydride transfer from NADPH to a nitramine compound,
2,4,6-trinitrophenyl-N-methylnitramine (Tetryl), to pro-
duce a corresponding N-denitrohydrogenated product
[17]. In another report, a diaphorase from Clostridium kluy-

veri catalyzed a hydride transfer to a cyclic nitramine com-
pound, RDX, followed by N-denitration [18]. Based on
the stoichiometry of NADH consumed per reacted RDX
molecule, Bhushan et al. [18] proposed the formation of a
corresponding N-denitrohydrogenated product. The latter,
however, could not be detected probably due to its very
short half-life. More recently, a dehydrogenase enzyme from
Clostridium sp. EDB2 degraded CL-20 via the formation of
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the N-denitrohydrogenated product [10]. None of the above
studies elaborated on the enzyme�s stereo-specificity for
either pro-R or pro-S hydrogens of NADH.

In the present study, we employed two enzymes, a dehy-
drogenase from Clostridium sp. EDB2, and a diaphorase
from C. kluyveri, to study the enzyme-catalyzed hydride
transfer to CL-20, and to gain insights into the enzyme�s
stereo-specificity for either pro-R or pro-S hydrogens of
NAD(P)H. We used LC–MS (ES-) to detect a mass-shift
in the N-denitrohydrogenated product following CL-20
reactions with NAD(P)H and NAD(P)D as a hydride-
source. Hydrogen–deuterium exchange between the ND-
group of N-denitrohydrogenated product and the water
was also examined during the reaction.

Materials and methods

Chemicals. CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisow-
urtzitane) in e-form and 99.3% purity was provided by ATK Thiokol
Propulsion, Brigham City, UT, USA. NAD+, NADP+, ATP, 2-propanol-
d8, ethanol-d5, alcohol dehydrogenase, D-glucose-d1, glucose-6-phosphate
dehydrogenase, and hexokinase were purchased from Sigma–Aldrich
chemicals, Oakville, Ont., Canada. All other chemicals were of the highest
purity grade.

Enzymes preparation. A dehydrogenase enzyme was isolated and
purified from Clostridium sp. EDB2 as described before [10]. A diaphorase
(EC 1.8.1.4) from C. kluyveri was obtained as a lyophilized powder from
Sigma chemicals, Oakville, Ont., Canada. The enzyme was suspended in
50 mM potassium phosphate buffer (pH 7.0) and filtered through a
Biomax-5K membrane filter (Sigma chemicals) before resuspending into
the same buffer. The native enzyme activity of diaphorase was estimated
spectrophotometrically at 340 nm (as per company guidelines) as the rate
of oxidation of NADH using 2,6-dichlorophenol-indophenol as an elec-
tron acceptor.

Synthesis of deuterated and non-deuterated pyridine nucleotides.

(R)NADD was synthesized by the method described by Ganzhorn and
Plapp [19] with some modifications. A total of 25 mM NAD+, 200 mM
ethanol-d5, and 75 U alcohol dehydrogenase were dissolved in 5 mL of
50 mM Tris-buffer, pH 9.0. The reaction was allowed to proceed at 37 �C,
and the formation of (R)NADD was monitored by following the increase
in absorbance at 340 nm. When no further increase in the OD340 was
observed, the enzyme was separated from the reaction mixture using
10 kDa molecular weight cutoff filter (Centriprep YM10, Amicon Bio-
separations, Bedford, MA).

(S)NADD was synthesized by the modified method described by
Sucharitakul et al. [20]. The reaction mixture was composed of: 25 mM
NAD+, 35 mM D-glucose-d1, 80 mM ATP, and 75 U each of hexokinase
and glucose-6-phosphate dehydrogenase in 4 mL of 100 mM phosphate-
buffer at pH 8.0. The reaction was allowed to proceed at room tempera-
ture until a maximum absorbance was achieved at 340 nm. Enzymes were
removed with 5 kDa molecular weight cutoff filter. For proper controls,
non-deuterated (S)NADH and (R)NADH were also synthesized by uti-
lizing the non-deuterated components and by using the identical proce-
dures that were used for (S)NADD and (R)NADD, respectively.

Furthermore, (R)NADPD and (S)NADPD were synthesized by the
methods described by Pollock and Barber [21]. Non-deuterated
(S)NADPH and (R)NADPH were also synthesized by utilizing the non-
deuterated components and by using the identical procedures that were
used for (S)NADPD and (R)NADPD, respectively.

Biotransformation assays. Enzyme catalyzed biotransformation assays
were performed under anaerobic conditions in 6 ml glass vials. Anaerobic
conditions were created by purging the reaction mixture with argon gas for
20 min in sealed vials. Each assay vial contained, in 1 mL assay mixture,
CL-20 (25 lM or 11 mg/L), NADH(D) or NADPH(D) (200 lM), enzyme
preparation (250 lg), and potassium phosphate buffer (50 mM, pH 7.0).
Reactions were performed at 30 �C. Three different controls were prepared
by omitting either enzyme, CL-20 or NAD(P)H(D) from the assay mix-
ture. Heat-inactivated enzyme was also used as a negative control.
NAD(P)H(D) oxidation was measured spectrophotometrically at 340 nm
as described before [18]. Samples from the liquid phase in the reaction vials
were analyzed periodically for the residual CL-20, and the N-denitrohy-
drogenated product.

For enzyme kinetics, enzyme and CL-20 reactions were performed at
increasing CL-20 concentrations in the presence of NADH(D) in case of
dehydrogenase and NADPH(D) in case of diaphorase. The data thus
obtained were used to generate standard Lineweaver–Burk plots (double
reciprocal plots).

Analytical techniques. CL-20 was analyzed with a LC–MS using a
negative electro-spray ionization mode (ES-) to produce deprotonated
molecular mass ion as described previously [10,22,23]. Whereas, N-deni-
trohydrogenated product was detected, with a LC–MS, as an [M+TFA]�

adduct at m/z 506 Da following addition of trifluoroacetic acid (TFA) in
the mobile phase. Protein concentrations were estimated by bicinchoninic
acid (BCA) kit (Pierce Chemicals, Rockford, IL) using bovine serum
albumin as standard.

Results and discussion

Two purified enzymes, a dehydrogenase from Clostridi-

um sp. EDB2 and a diaphorase from C. kluyveri, biotrans-
formed CL-20 (I) at rates of 18.5 and 24 nmol/h/mg
protein, using NADH and NADPH as a hydride-source,
respectively, to produce a denitrohydrogenated product
(II) (Fig. 1). The latter had a HPLC-retention time and a
molecular mass of 11.8 min and 393 Da (detected as
F
g
f
d
e
p
a



-0 .0 4 0.0 0 0.0 4 0.0 8 0.1 2 0.1 6 0.2 0
0. 0

0. 1

0. 2

0. 3

0. 4

0. 5

0. 6

0. 7

1/CL-20 ( µM-1)

1/
V

 (n
m

ol
-1

.h
.m

g 
pr

ot
ei

n)

-0 .0 4 0.0 0 0.0 4 0.0 8 0.1 2 0.1 6 0.2 0
0. 00

0. 05

0. 10

0. 15

0. 20

0. 25

0. 30

0. 35

1/CL-20 (µM-1)

1/
V

 (n
m

ol
-1

.h
.m

g 
pr

ot
ei

n)
A

B

Fig. 2. Standard Lineweaver–Burk plots of CL-20 concentration versus its
enzymatic biotransformation rate. (A) Plots using dehydrogenase enzyme
from Clostridium sp. EDB2 in the presence of either NADH (s),
(S)NADD (.), or (R)NADD (d). (B) Plots using diaphorase enzyme
from C. kluyveri in the presence of either NADPH (s), (S)NADPD (.) or
(R)NADPD (d). Data are means of the triplicate experiments, and the
standard deviations were within 8% of the mean values.

Table 1
Time-course of H M D exchange between ND-group of N-denitrohydro-
genated product and water as followed with a LC–MS during dehydro-
genase catalyzed hydride transfer from (R)NADD to CL-20

Reaction time (min) Mass signal intensity of
N-denitrohydrogenated product

Non-deuterated
[Mh7+TFAa]�

m/z 506 Da

Deuterated
[Mh6,d1

+TFA]�

m/z 507 Da

Controlb 216,211 0
0 0 0
5 74,759 2440
10 104,799 578
20 120,673 342

a Molecular mass of N-denitrohydrogenated product of CL-20 as an
adduct with TFA (trifluoroacetic acid).

b CL-20 was reacted with dehydrogenase in the presence of NADH for
20 min.
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[M+TFA]� adduct mass at m/z 506 Da), respectively.
Product II was produced as a result of an obligate transfer
of a hydride ion at the N-NO2 group of CL-20 with the
concomitant release of a nitro-group (Fig. 1). The product
II, as reported in our previous study, was unstable in water,
and therefore readily decomposed to finally produce NO2

�,
N2O, and HCOOH [10]. Product II was previously detected
during photolysis and Fe(0)-mediated degradation of CL-
20; however in these reactions, NAD(P)H was not used
as reducing agent [22,23]. On the contrary, in enzyme cat-
alyzed reduction reactions, the reduced pyridine nucleo-
tides such as NADH or NADPH mainly serve as the
source of hydride [19–21,24].

To understand the stereo-specific effect of pro-R and
pro-S hydrogens on hydride transfer reactions, both en-
zymes, dehydrogenase and diaphorase, were reacted with
CL-20 in the presence of either deuterated or non-deuterat-
ed reduced pyridine nucleotides. In case of dehydrogenase
enzyme, when Lineweaver–Burk plots of (S)NADD and
(R)NADD were compared with that of NADH, we found
a 2-fold deuterium isotopic effect with (R)NADD (i.e.,
Vmax was 2-fold less with (R)NADD) compared to NADH,
whereas results with (S)NADD were similar to those of
NADH (Fig. 2A). This study revealed that dehydrogenase
stereo-specifically utilized pro-(R)-hydride of NADH for
CL-20 reduction and that the isotope effect is due to the
cleavage of (4R)-deuterium-carbon bond in NADH.

Furthermore, in case of diaphorase, when Lineweaver–
Burk plots of (S)NADPD and (R)NADPD were compared
with that of NADPH, we found a 1.5-fold deuterium isoto-
pic effect with (R)NADPD compared to NADPH, whereas
results with (S)NADPD were closely identical to those ob-
tained with NADPH (Fig. 2B). This study showed that
diaphorase stereo-specifically transferred a pro-(R)-hydride
of NADPH to CL-20 in order to produce denitrohydroge-
nated product II, and that the isotope effect is due to the
cleavage of (4R)-deuterium–carbon bond in NADPH.

In order to confirm the presence of hydride, from
NAD(P)H, in product II (MW 393 Da), we performed
enzymatic reactions with CL-20 in the presence of either
NADD or NADPD containing deuterated pro-R or deu-
terated pro-S hydrogens. In a comparative study with
LC–MS, using dehydrogenase, we found a positive mass-
shift of 1 Da in product II using (R)NADD compared to
either NADH or (S)NADD, suggesting the involvement
of a deuteride (D�) transfer from (R)NADD. Surprisingly,
the mass signal, corresponding to mono-deuterated prod-
uct II with MW 394 Da (detected as [M+TFA]� adduct
mass at m/z 507 Da), rapidly decreased with time with a
concomitant increase in the non-deuterated mass signal
corresponding to MW 393 Da (detected as [M+TFA]� ad-
duct mass at m/z 506 Da) (Table 1). Similar results were
obtained when diaphorase was reacted with CL-20 in the
presence of (R)NADPD (data not shown). The above
experimental evidence suggested that the deuterium at
ND-group of the product II might be labile, and therefore
we detected a rapid exchange of D M H between ND-
group and water (Fig. 1B) as marked by the rapidly de-
creased mass signal of mono-deuterated product II during
the course of reaction (Table 1).
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Several enzymes have previously been reported to be ste-
reo-specific towards either (R)- or (S)-hydrogens of
NAD(P)H for a hydride transfer to a variety of substrates
[19–21,24]. However, the present study is the first one that
showed stereo-specificity of two enzymes, dehydrogenase
and diaphorase from Clostridium species, toward
(R)-hydrogens of NAD(P)H for a hydride transfer to an
environmentally significant cyclic nitramine compound,
CL-20. Taken together, the data presented here extend
our fundamental knowledge about the role of enzyme-cat-
alyzed hydride transfer reactions in CL-20
biotransformation.
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Abstract In a previous study, a marine isolate Clostridium
sp. EDB2 degraded 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) under anaerobic conditions
(Bhushan B,Halasz A, Thiboutot S, AmplemanG,Hawari J
(2004c) Chemotaxis-mediated biodegradation of cyclic
nitramine explosives RDX, HMX, and CL-20 by Clostrid-
ium sp. EDB2. Biochem Biophys Res Commun 316:816–
821); however, the enzyme responsible for CL-20 degra-
dation was not known. In the present study, we isolated and
purified an enzyme, from strain EDB2, responsible for CL-
20 degradation. The enzyme was membrane-associated and
NADH-dependent and had a molecular weight of 56 kDa
(with SDS-PAGE). N-terminal amino acid sequence of
enzyme revealed that it belonged to dehydrogenase class
of enzymes. The purified enzyme degraded CL-20 at a rate
of 18.5 nmol/h mg protein under anaerobic conditions. Car-
bon and nitrogen mass balance of the products were 100
and 64%, respectively. In LC–MS–MS studies, we detected
three different initial metabolites from CL-20, i.e., mono-
nitroso derivative, denitrohydrogenated product, and dou-
ble-denitrated isomers with molecular weight of 422, 393,
and 346 Da, corresponding to presumed empirical formulas
of C6H6N12O11, C6H7N11O10, and C6H6N10O8, respective-
ly. Identity of all the three metabolites were confirmed by
using ring-labeled [15N]CL-20 and the nitro-group-labeled
[15NO2]CL-20. Taken together, the above data suggested
that the enzyme degraded CL-20 via three different routes:
Route A, via two single electron transfers necessary to re-
lease two nitro-groups from CL-20 to produce two double-
denitrated isomers; Route B, via a hydride transfer necessary
to produce a denitrohydrogenated product; and Route C,
via transfer of two redox equivalents to CL-20 necessary to

produce a mono-nitroso derivative of CL-20. This is the
first biochemical study which showed that CL-20 degra-
dation can be initiated via more than one pathway.

Introduction

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(CL-20) is a newly synthesized future-generation energetic
chemical (Nielsen et al. 1998), which is likely to replace the
conventionally used explosives such as hexahydro-1,3,5-
trinitro-1,3,5-triazine (RDX), octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX), and 2,4,6-trinitrotoluene (TNT)
in the future. Initial reports on biological toxicity of CL-20
(Gong et al. 2004; Robidoux et al. 2004) have prompted the
research in the area of determining its environmental fate
and impacts. It is quite likely that extensive use of CL-20 in
the near future (Giles 2004) may also raise similar environ-
mental, biological, and health concerns as those previously
experienced with structurally similar cyclic nitramines such
as RDX and HMX (Etnier and Hartley 1990; Hoek 2004;
McLellan et al. 1988; Talmage et al. 1999; Woody et al.
1986; Yinon 1990).

Several previous reports on microbial (Pseudomonas sp.
FA1) (Bhushan et al. 2003), enzymatic (salicylate 1-mono-
oxygenase and nitroreductase) (Bhushan et al. 2004a,b),
and chemical (alkali hydrolysis) (Balakrishnan et al. 2003)
degradation of CL-20 have shown that this compound can
be degraded via an initial N-denitration route. Recently, it
was found that photodegradation and Fe(0)-mediated deg-
radation of CL-20 occurred via three different routes as
shown in Fig. 1, i.e., N-denitration (route A), N-denitro-
hydrogenation (route B), and formation of mono-nitroso
derivative of CL-20 (route C) (Balakrishnan et al. 2004;
Hawari et al. 2004). However, no biological reaction has
been reported so far, which showed that CL-20 biotrans-
formation can proceed through a route other than initial
N-denitration.

In our previous study, we showed that Clostridium sp.
EDB2 degraded CL-20 under anaerobic conditions (Bhushan
et al. 2004c); however, the enzyme responsible for CL-20

B. Bhushan . A. Halasz . J. Hawari (*)
Biotechnology Research Institute,
National Research Council of Canada,
6100 Royalmount Avenue,
Montreal, Quebec, H4P 2R2, Canada
e-mail: jalal.hawari@nrc.ca
Tel.: +1-514-4966267
Fax: +1-514-4966265



degradation was not known. Therefore, the objective of the
present study was to isolate and purify the enzyme(s), re-
sponsible for CL-20 degradation, from strain EDB2. LC–
MS (ES−) was used to determine the initial products and
other intermediates produced during CL-20 degradation.
We used uniformly ring-labeled [15N]CL-20 and uniformly
nitro-group-labeled [15NO2]CL-20 to identify the interme-
diate(s). Radiolabeled [14C]CL-20 was used, due to the
unavailability of authentic standards, to quantify the initial
metabolites (in terms of radioactivity distribution) in order
to supplement the product mass balance.

Materials and methods

Chemicals

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(CL-20) in ɛ-form and 99.3% purity, uniformly ring-labeled
[15N]CL-20 (87.6% purity), uniformly nitro-group-labeled
[15NO2]CL-20 (99.4% purity), and [UL-14C]CL-20 (96.7%
chemical purity, 95.7% radiochemical purity, and specif-
ic activity of 294.5 μCi/mmol) were provided by ATK
Thiokol Propulsion (Brigham City, UT, USA). Nitrous
oxide (N2O) was purchased from Scott Specialty Gases
(Sarnia, ON, Canada). All other chemicals were of the
highest purity grade.

Enzyme purification and characterization

Cells of Clostridium sp. EDB2 were grown as described
before (Bhushan et al. 2004c). The cell biomass waswashed
two times with normal saline and one time with suspension
buffer (Tris–HCl 25 mM, sucrose 25 mM, PMSF 1 mM,
EDTA 5 mM, DTT 0.5 mM). The washed cell biomass
(0.2 g/ml) was subjected to disruption with a French press at
20,000 lb/in2. The disrupted cell suspension was centri-
fuged at 9,000×g for 30min at 4°C to remove cell debris and
undisrupted cells. The supernatant thus obtained was ultra-
centrifuged at 165,000×g for 1 h at 4°C. The pellet (mem-
brane protein fraction) and supernatant (soluble protein
fraction) were separated. The membrane-associated protein
fraction was dissociated from the membrane preparation by
stirring with 0.2% Triton-X-100 for 1 h in an ice bath. The
soluble and insoluble fractions of the membrane prepara-
tion were separated by ultracentrifugation, and the soluble
membrane fraction, thus obtained, was retained. The low
molecular weight proteins and peptides were removed from
the soluble membrane fraction using 30 kDa cut off mem-
brane, Centriprep YM30 (Amicon Bioseparations). The
partially purified protein fraction was concentrated which
showed activity against CL-20 in the presence of NADH
under anaerobic conditions. Therefore, this protein fraction
was subjected to further purification with ion-exchange chro-
matography with Q-sepharose column (HiTrap Q XL, Amer-
sham Biosciences) using AKTA protein purification system
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(Amersham Pharmacia). Column bed volume and flow rate
were 5.0 ml and 1.5 ml/min, respectively. The proteins
bound to the column were eluted with step-gradient method
using a 20 mM Tris–HCl (pH 8.0) buffer supplemented
with an increasing NaCl concentration (i.e., an increment
of 50 mM of NaCl after every 7 min).

Enzyme purity and molecular weight were determined
with standard SDS-PAGE procedure using 10% polyacryl-
amide gel (Laemmli 1970). The protein content was deter-
mined with a Bicinchoninic acid protein assay kit from
Pierce Chemical Company (Rockford, IL). Enzyme spec-
ificity for electron donor was determined by assaying the
enzyme against CL-20 in the presence of either NADH or
NADPH. Km and Vmax values against CL-20 were deter-
mined with standard Lineweaver–Burk’s plots.

N-terminal amino acid sequencing

The purified enzymewas blotted onto a polyvinylidine fluoride
(PVDF) membrane (Problott membrane AB #400994) using
the method as follows: protein sample (about 250 pmol)
was subjected to electrophoresis using a mini gel (Mini
Protean II, Electrophoresis Cell, Bio-Rad). Thereafter, the
gel was soaked in a transfer buffer [10 mM of cyclohex-
ylamino-1-propanesulfonic acid (CAPS) and 10% v/v meth-
anol, pH 11.0] for 5 min. The gel was sandwiched between
two sheets of PVDF and assembled into a blotting apparatus
(Mini Protean II, Bio-Rad). Electroelution of proteins was
carried out at room temperature for 15 min at 250 mA in
transfer buffer. After blotting, the PVDF membranes were
stained with Coomassie blue R-250. N-terminus sequence of
the isolated protein, on PVDF membrane, was obtained by
automated Edman degradation performed on amodel Procise
cLC 494 cLC protein sequencer from Applied Biosystems
employing the general protocol of Hewick et al. (1981).
About 1 pmol of the protein (on Problott membrane AB
#400994) was loaded onto the sequencer. A standard pro-
gram using liquid-phase TFAwas employed for sequencing.
The phenylthiohydantoin amino acid (PTH-aa) derivatives
were determined by comparison with standards (PTH stan-
dards, AB) analyzed on-line on a capillary separation system
(ABI 140D).

Biotransformation assays

Enzyme catalyzed biotransformation assays were performed
under anaerobic conditions in 6-ml glass vials. Anaerobic
conditions were created by purging the reaction mixture
with argon gas for 20 min in sealed vials. Each assay vial
contained, in 1ml of assaymixture, CL-20 (25μMor 11mg
l−1), NADH (150 μM), enzyme preparation (250 μg), and
potassium phosphate buffer (50 mM, pH 7.0). Higher CL-
20 concentrations, as compared to its aqueous solubility
of 3.6 mg l−1, were used in order to allow detection and
quantification of the intermediate(s). Reactions were per-
formed at 30°C. Three different controls were prepared by
omitting either enzyme, CL-20, or NADH from the assay

mixture. Heat-inactivated enzyme was also used as a neg-
ative control. NADH oxidation was measured spectropho-
tometrically at 340 nm as described before (Bhushan et al.
2002). Samples from the liquid and gas phases in the vials
were analyzed for residual CL-20 and biotransformed
products.

To determine the residual CL-20 concentrations during
biotransformation studies, at each time point, the total CL-
20 content in one reaction vial was solubilized in 50%
aqueous acetonitrile and analyzed by HPLC (see below).
Enzyme activity against CL-20 was expressed as nano-
moles per hour per milligrams of protein unless otherwise
stated.

CL-20 and its intermediates, glyoxal (OHC–CHO),
HCOOH, N2O, and NO2

−, were analyzed as described pre-
viously (Balakrishnan et al. 2004; Bhushan et al. 2003,
2004a,b,c; Hawari et al. 2004). Nitrous oxide detection
method (gas chromatograph with electron capture detector)
was much more sensitive (lowest detection limit 0.022
nmol/ml) compared to the nitrite detection method (HPLC
ion conductivity detector) (lowest detection limit 5.434
nmol/ml).

Due to unavailability of the authentic reference samples
of CL-20 intermediates, we quantified the initial metabo-
lites in terms of dpm (radioactivity) counts using radiola-
beled [14C]CL-20. A reacted CL-20 sample was injected
into HPLC-UV, the fractions corresponding to each me-
tabolite were collected, and the radioactivity (in terms of
dpm) associated with them were measured with a liquid
scintillation counter (Packard, Tri-Carb 4530, model 2100
TR, Packard Instruments Company, Meriden, CT).

Attempted isolation and purification of metabolite IV,
1,4,5,8-tetranitro-1,3a,4,4a,5,7a,8,8a-octahydro-
diimidazo[4,5-b:4′,5′-e]pyrazine (C6H6N10O8)

Previously, we hypothesized that metabolite, IV (and its
isomer V) (Fig. 1), was unstable in water and decomposes
spontaneously to eventually produce N2O, glyoxal, and
HCOOH (Balakrishnan et al. 2004; Bhushan et al. 2004a,b;
Hawari et al. 2004). In order to determine the fate of
metabolite IV in the degradation pathway, we produced and
purified this compound by degrading CL-20 with resting
cells of Clostridium sp. EDB2. The bacterial cells were
grown in anaerobic batch culture containing 1 l of Luria–
Bertani broth supplemented with 15 mg l−1 of CL-20. The
cells were separated by centrifugation, washed three times
with normal saline, and suspended in 100 ml of 50 mM
phosphate buffer pH 7.0. CL-20 (10 mg) was added to the
cell suspension from a stock solution made in acetone.
Reaction was performed under anaerobic conditions (under
argon atmosphere) for 1 h, and thereafter, cells were re-
moved by centrifugation. The supernatant containing the
metabolite(s) was passed through Sep-Pak RDX column
(Supelco Co.). Metabolite IV and residual CL-20 were
retained on the column. The loaded column was first washed
with 10 ml of water followed by 10 ml of 10% aqueous
acetonitrile solution. The bound metabolite fractions were
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then eluted with 50% aqueous acetonitrile solution. One-
milliliter-size fractions were collected and subjected to LC–
MS (ES−) to follow the elution profile of metabolite IV. The
latter was eluted and collected in acetonitrile–water (1:1)
mixture. Acetonitrile was evaporated under argon gas, and
water phase, containing the metabolite, was lyophilized at
−50°C. The dried material, thus obtained, was stored at
−20°C. A part of purified metabolite IV was suspended in
deionized water and its disappearance was followed over
time using LC–MS (ES−).

Results and discussion

Enzyme isolation and properties

Previously, we reported that resting cells of strain EDB2
biotransformed CL-20 under anaerobic conditions in the
presence of NADH.We detected some end-products includ-
ing NO2

−, N2O, and HCOOH; however, no other interme-
diates were detected (Bhushan et al. 2004c). In the present
study, we isolated and purified an enzyme, responsible for
CL-20 biotransformation, from strain EDB2. Various pro-
tein fractions were made from strain EDB2, and their acti-
vities against CL-20 were determined under both aerobic
and anaerobic conditions. We found that enzyme activity
towards CL-20 was largely associated with membrane pro-
tein fraction (Table 1). Subsequent ion-exchange chroma-
tography using Q-sepharose gave a purified enzyme fraction
at 300mMNaCl step-elution gradient. Themolecular weight
of purified enzyme was found to be 56 kDa as deter-
mined with standard SDS-PAGE (Fig. 2). The N-terminal
amino acid sequence (20 amino acids) of the enzyme
was “AVKVAINGFGRIGRLAFRQM.” A comparison with
BLAST database revealed that N-terminal amino acid se-
quence of purified enzyme matched with a variety of de-

hydrogenases from several Clostridium spp., e.g., glycer-
aldehyde-3-phosphate dehydrogenases from Clostridium
pasteurianum and Clostridium acetobutylicum, 20α-hy-
droxysteroid dehydrogenase from Clostridium scindens,
myo-inositol 2-dehydrogenase from Clostridium tetani, and
Fe–S oxidoreductase from Clostridium thermocellum with
E-values of 8×10−9, 3×10−8, 2×10−5, 0.018, and 0.19, re-
spectively. Therefore, we classified the enzyme, isolated
from strain EDB2, in dehydrogenase class.

The enzyme activity against CL-20 under anaerobic and
aerobic conditions were 18.5 and 1.6 nmol/h mg protein,
respectively, in the presence of NADH, suggesting that
anaerobic conditions favored the reaction. As reported in
our previous study (Bhushan et al. 2004b), molecular oxy-
gen (O2) quenches electron from the CL-20 free-radical
anion, converting it back to the parent CL-20 molecule and
thus enforcing a futile redox cycling. Analogously, in the
present study, route A (Fig. 1), being the major pathway of
CL-20 biotransformation that occurs via formation of CL-20
free-radical anion (discussed below), was inhibited under
aerobic conditions. Therefore, subsequent experiments were
carried out under anaerobic conditions. In enzyme-kinetic
studies, we found that the purified enzyme degraded CL-20
at a rate of 18.5 and 2.7 nmol/h mg protein (Table 1) in the
presence of NADH and NADPH, respectively, indicating
that the enzymewasmainlyNADH-dependent. The apparent
Km andVmax values against CL-20, determinedwith standard
Lineweaver–Burks plots, were found to be 26.8 μM and 25
nmol/h mg protein, respectively.

Biotransformation of CL-20 with purified enzyme

In a time course study, the biotransformation of CL-20 was
accompanied by gradual release of nitrite and nitrous oxide
(Fig. 3). The concomitant formation of nitrite with the
removal of CL-20 indicated that degradation of the ener-
getic chemical proceeded via initial N-denitration route
(Fig. 1a); however, we were not sure whether this was the
only degradation route. Contrariwise, the release of nitrous

Table 1 Purification of CL-20 degrading dehydrogenase enzyme
from Clostridium sp. EDB2

Protein fraction Total
protein
(mg)

Total
enzyme
activitya

Specific
activityb

Yield
(%)

Purification-
fold

(1) Crude extract 280.0 1,568 5.6 100 1.0
(2) Soluble fraction 202.0 465 2.3 29.6 0.4
(3) Membrane-
associated fraction

56.4 547 9.7 34.9 1.7

(4) Membrane
fraction washed
and concentrated
with Centriprep
YM30

23.2 283 12.2 18.0 2.1

(5) Ion exchange
(Q-sepharose)

5.7 106 18.5 6.7 3.3

aEnzyme activity was determined against CL-20
bSpecific activity was determined in terms of nanomoles of CL-20
degraded per hour per milligrams of protein

A   BFig. 2 SDS-PAGE picture
showing band of purified dehy-
drogenase enzyme from Clos-
tridium sp. EDB2 in lane A, and
the standard molecular weight
protein markers in lane B (from
top to bottom 66, 45, 36, 29, 24,
and 14.2 kDa)
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oxide from CL-20 was indicative of ring opening and de-
composition of the molecule. This is to be noted that CL-20
is unstable in water if kept for longer hours (Monteil-Rivera
et al. 2004); however, in the present study, we performed
enzymatic reactions for short time period (up to 2 h) and
found negligible CL-20 degradation in control experiments
without enzyme.

Furthermore, during a time-course reaction using HPLC-
UV, we detected three different initial metabolites, II, III, IV
(and isomer V), that appeared simultaneously as early as 15
min of the reaction (Fig. 4a). The deprotonated molecular
mass ion [M−H]− of the metabolites, II, IV, and V, as de-
termined with LC–MS (ES−) were 421, 345, and 345 Da, cor-
responding to presumed empirical formulas of C6H6N12O11,
C6H6N10O8, and C6H6N10O8, respectively (Fig. 4c, e–f).
Metabolites IV and V had identical masses and therefore
were identified as isomers. However, IV and V were dif-
fered in their retention times of 8.65 and 8.10 min, re-
spectively (Fig. 4 and Table 2), most probably due to
difference in their polarities. On the other hand, metabolite
III was detected as a mass of nitrate adduct [M+NO3]

− at
455 Da corresponding to a presumed empirical formula of
C6H7N11O10 (Fig. 4d). The retention times and [M−H]− of
all the detected metabolites were closely similar with those
detected earlier during Fe(0)-mediated reduction and photo-
degradation of CL-20 (Balakrishnan et al. 2004; Hawari
et al. 2004).

Further confirmation of the above metabolites was
carried out by using uniformly ring-labeled [15N]CL-20.
The [M−H]− of products II, IVand V were observed at 427,
351, and 351 Da, respectively, whereas product III was
observed as a nitrate adduct [M+NO3]

− at 461 Da, indi-
cating an increase in mass by 6 Da in each case representing
the incorporation of the six [15N]-ring atoms in all the me-
tabolites. Subsequently, when experiment was performed
with nitro-group-labeled [15NO2]CL-20, the [M−H]− of prod-
ucts II, IV, and V were observed at 427, 349, and 349 Da,
respectively. Contrariwise, product III was observed as a
nitrate adduct [M+NO3]

− at 460 Da, indicating the incorpo-
ration of six [15N] atoms in II, five [15N] atoms in III, and

only four [15N] atoms in IV and V. Experiments with uni-
formly ring-labeled [15N]CL-20 and nitro-group-labeled
[15NO2]CL-20 did confirm the identities of II, III, and IV
andVasmono-nitroso derivative, denitrohydrogenated prod-
uct, and double-denitrated product of CL-20, respectively
(Fig. 1). All of the above metabolites were transient and
disappeared with time to eventually produce nitrite, nitrous
oxide, glyoxal, and formate (Figs. 1 and 3). The properties
of the above metabolites are described in Table 2.

Due to unavailability of authentic standards of CL-20
metabolites, we quantified each metabolite by using 14C-
radiolabeled CL-20. Since each of II, III, IV, and V inherited
six carbons from the parent CL-20 molecule, the radioac-
tivity associated with each of them and their molar quan-
tities should be comparable with that of CL-20. Therefore,
relative quantification of radiolabeled metabolites was car-
ried out by determining the amount of radioactivity (in
terms of dpm) associated with each metabolite following
their separation and fractionation with HPLC and by com-
paring them with that of CL-20. Radioactivity distribution
associated with metabolites, in terms of percentage of CL-
20, has been shown in detail in Table 3. We were able to
recover almost 100% of the carbonmass at 15 and 45min of
the time course.

The nitrogen mass balance was determined from a
parallel time-course experiment as shown in Fig. 3. At 2-h
experiment, we recovered 1.5 mol NO2

− and 3.1 mol N2O
per reacted mole of CL-20, which accounted for a total of
64% nitrogen. The remaining nitrogen would most prob-
ably be present in metabolites III, IV, V, and other uniden-
tified polar products as shown in Table 3.

Insight into the secondary degradation pathway

In our previous studies, we hypothesized that metabolite IV
should be unstable in aqueous medium due to the presence
of two imine (–C=N–) bonds, which are very prone to attack
by water molecules (March 1985). We also verified, with
LC–MS–MS, the addition of two water molecules to IV
using 18O-labeled water (H2

18O) and D2O (Bhushan et al.
2004a; Hawari et al. 2004). In the present study, we isolated
and purified IV using resting cells of strain EDB2 (see
“Materials and methods”). A part of purified IV was
suspended in deionized water and its disappearance was
followed over time using LC–MS (Fig. 5a). We found that
metabolite IV was unstable in water and was gradually
converted to another metabolite IVa (with a [M−H]− at 381
Da) by the addition of two water molecules across –C=N–
bonds. The apparent half-life of IV in deionized water at
10°C was determined as 150 min (Fig. 5a). Furthermore,
IVa underwent rearrangement accompanied by ring cleav-
age to producemetabolite IVb, which also have a [M−H]− at
381 Da (Fig. 5b). The latter disappeared with time, suggest-
ing that IVb was also unstable in water. Intermediates IV,
IVa, and IVb were also detected during enzymatic and
photodegradation of CL-20 in aqueous solution (Bhushan
et al. 2004a; Hawari et al. 2004), suggesting that initial
denitration whether chemical, physical, or biological leads
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Fig. 3 Time course of biotransformation of CL-20 by the purified
enzyme (1 mg) from Clostridium sp. EDB2 under anaerobic con-
ditions. Residual CL-20 (●), nitrite (○), and nitrous oxide (▾). Data are
means of results from triplicate experiments, and error bars indicate
standard errors. Some error bars are not visible due to their small size
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to spontaneous decomposition of the molecule. However,
intermediates II and III, as described above, were produced
in small amounts and did not persist in the aqueousmedium;
hence, their fates were not determined.

Taken together, the above data suggested that the enzyme
degraded CL-20 via three different routes (Fig. 1): Route A,
via two single electron transfers necessary to release two
nitro-groups from CL-20 to produce two double-denitrated
isomers, IVand V; Route B, via a hydride transfer necessary
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to produce a denitrohydrogenated product, III; and Route C,
via transfer of two redox equivalents necessary to produce a
mono-nitroso derivative (II) of CL-20.

In conclusion, we demonstrated for the first time that a
dehydrogenase class of enzyme from anaerobic bacterial
strain EDB2 biotransformed CL-20 via three different path-
ways which were previously not known in biological sys-
tems. The present data suggested that route A may be a
major pathway in CL-20 biodegradation followed by routes
B and C (Table 3 and Fig. 1). The present study has further
strengthened our previous findings (Balakrishnan et al.
2004; Bhushan et al. 2003, 2004a,b; Hawari et al. 2004) that
an initial reaction(s) either via denitration, denitrohydro-
genation, and/or nitrosation is necessary and sufficient to
destabilize CL-20 molecule leading to its ring opening and
decomposition. The data presented here improved our basic

Table 2 Properties of CL-20 and the intermediates detected and identified by LC/MS (ES−) during biotransformation of CL-20 catalyzed by
dehydrogenase from Clostridium sp. EDB2

CL-20 and intermediatesa Retention
time (min)

[M−H]− (Da)b Nitrogen atoms from
labeled ring [15N]CL-20

Nitrogen atoms from labeled
nitro-groups [15NO2]CL-20

Proposed
empirical formula

(CL-20) I 17.90 437 6 6 C6H6N12O12

II 17.60 421 6 6 C6H6N12O11

III 15.25 392 6 5 C6H7N11O10

IVc 8.65 345 6 4 C6H6N10O8

Vc 8.10 345 6 4 C6H6N10O8

aTentative structures of these intermediates are shown in Fig. 1
bDeprotonated molecular mass ions are shown in Fig. 4
cIsomeric intermediates differ in their retention time

Table 3 Radioactivity distribution among [14C]CL-20 and its deg-
radation products recovered after 15- and 45-min incubation with
dehydrogenase enzyme from strain EDB2

CL-20 and products Percent of 14C radioactivity
counts

15 min 45 min

(1) Residual CL-20 (I) 58.2 28.4
(2) Intermediate IIa <1.0 Trace amount
(3) Intermediate IIIa 3.3 <1.0
(4) Intermediates (IV and V)a 7.0 10.1
(5) Other polar productsb 33.0 63.2
(6) Total recovery of radioactivity 101.5 101.7
aThese metabolites are shown in Figs. 1 and 4a
bPolar products contained glyoxal, formate, and unidentified
product(s)
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understanding of microbial/enzyme-mediated degradation
of CL-20 and revealed the possible fate of this energetic
chemical in the environment.
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Abstract—Hexanitrohexaazaisowurtzitane (CL-20), a new polycyclic polynitramine, has the same functional nitramine groups (N-
NO2) as the widely used energetic chemicals hexahydro-1,3,5-trinitro-1,3,5-triazacyclohexane (royal demolition explosive [RDX])
and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (high-melting explosive [HMX]). Potential impacts of CL-20 as an emerging
contaminant must be assessed before its use. The effects of CL-20, RDX, or HMX on adult survival and juvenile production by
potworms Enchytraeus albidus and Enchytraeus crypticus were studied in three soil types, including Sassafras sandy loam (1.2%
organic matter [OM], 11% clay, pH 5.5), an agricultural soil (42% OM, 1% clay, pH 8.2), and a composite agricultural–forest soil
(23% OM, 2% clay, pH 7.9) by using ISO method 16387 (International Standard Organization, Geneva, Switzerland). Results
showed that CL-20 was toxic to E. crypticus with median lethal concentration values for adult survival ranging from 0.1 to 0.7
mg/kg dry mass (DM) when using the three tested soils. In addition, CL-20 adversely affected juvenile production by both species
in all soils tested, with median effective concentration (EC50) values ranging from 0.08 to 0.62 mg/kg DM. Enchytraeus crypticus
and E. albidus were similarly sensitive to CL-20 exposure in the composite agricultural–forest soil, which supported reproduction
by both species and enabled comparisons. Correlation analysis showed weak or no relationship overall among the soil properties
and reproduction toxicity endpoints. Neither RDX nor HMX affected (p . 0.05) adult survival of either species below 658 and
918 mg/kg DM, respectively, indicating that CL-20 is more toxic to enchytraeids than RDX or HMX. Examination of data shows
that CL-20 should be considered as a potential reproductive toxicant to soil invertebrates, and that safeguards should be considered
to minimize the potential for release of CL-20 into the environment.

Keywords—Hexanitrohexaazaisowurtzitane 1,3,5-Trinitro-1,3,5-triazacyclohexane Octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine Enchytraeid worms Natural soils

INTRODUCTION

Soil contamination with energetic chemicals is commonly
associated with military operations that involve munitions
manufacturing, disposal, testing, and training. Concentrations
of heterocyclic nitramines hexahydro-1,3,5-trinitro-1,3,5-tria-
zacyclohexane (royal demolition explosive [RDX]) and oc-
tahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (high-melting
explosive [HMX]) in soil have been reported to exceed 3,000
mg/kg in military training impact ranges [1,2]. In addition to
these energetic chemicals, a new polycyclic nitramine, hexani-
trohexaazaisowurtzitane (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane) or CL-20, is being considered for large-
scale production as an alternative to RDX and HMX [3,4].
The relative toxicity of CL-20 (in comparison to the other
nitramines) is not known, so it is not clear whether ecotoxi-
cological risk management action must be taken in case of
accidental release in the environment.

Limited information is available on the effects of CL-20
on soil microorganisms, terrestrial plants, and aquatic biota
[5,6]. Recently, Robidoux et al. [6] found that CL-20 signif-
icantly decreased survival of adult earthworms (Eisenia an-
drei) at 90.7 mg/kg and production of juveniles at 0.01 mg/
kg (nominal concentration), but no published information is
available on the effects of CL-20 for other soil invertebrates

* To whom correspondence may be addressed
(geoffrey.sunahara@cnrc-nrc.gc.ca).

including enchytraeids. More information is necessary to as-
sess the potential ecotoxicological effects of CL-20 in the ter-
restrial environment.

The development of ecotoxicological benchmarks for en-
ergetic materials (EMs) in soil has become a critical need in
recent years [7–9] (http://www.epa.gov/superfund/programs/
risk/ecorisk/ecossl.pdf). Enchytraeid worms have been in-
creasingly used in ecotoxicological studies with EMs to de-
velop such benchmarks for use in ecological risk assessment
of contaminated sites associated with military operations that
commonly produce elevated levels of EMs in soil [10–15].
The present study was conducted to determine the toxicity of
the nitramine EMs CL-20, RDX, and HMX in freshly amended
soils, to the two enchytraeid species Enchytraeus crypticus
and Enchytraeus albidus. Three soil types were selected to
determine the effects of contrasting soil properties (pH, organic
matter [OM], and clay contents) on the toxicity of the three
nitramines to enchytraeid worms. Similar to the two mono-
cyclic nitramines RDX and HMX, CL-20 contains the char-
acteristic N-NO2 functional groups (Fig. 1) but has a strained
cage polycyclic nitramine structure with higher energy and
lower aqueous solubility [16]. To determine the relative tox-
icities of these nitramines on enchytraeids, we designed our
studies to test the null hypothesis that the effects of CL-20,
RDX, or HMX are similar, because of apparent similarity in
their molecular structures. Alternatively, any ecotoxicological
differences among the three nitramines could be established
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Fig. 1. Chemical structures of the three cyclic nitramines used in this study: hexahydro-1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and hexanitrohexaazaisowurtzitane (CL-20).

Table 1. Physical and chemical characteristics of test soilsa

Parameters SSL RacAg2002 Rac50-50

pH
Water-holding capacity (%, v/w)
CECb (cmol/kg)
Organic matter (%, w/w)

5.5
21
5.5
1.2

8.2
320
69.6
42

7.9
93
20.3
23

Texturec

Sand, 50–2,000 mm
Silt, 2–50 mm
Clay, ,2 mm

71
18
11

90
9
1

87
11

2

a Soils used: SSL 5 Sassafras sandy loam; RacAg2002 5 agricultural
soil; Rac50-50 5 composite mixture of forest and agricultural soils.

b CEC 5 cation exchange capacity.
c Values are expressed as % (w/w), and include organic matter con-

tents.

by assessing toxicities of RDX or HMX for the same enchy-
traeid species in parallel with the CL-20 studies. This approach
enables direct comparisons of ecotoxicological data deter-
mined under similar experimental conditions and addresses the
following objectives: to assess the toxicity of CL-20 in soil
to enchytraeid worms and develop toxicological benchmarks
that can be used for ecological risk assessment at contaminated
sites; to compare the toxicity of CL-20 with that of currently
used cyclic nitramines RDX and HMX; and to determine the
effect of soil type as the exposure substrate on the polynitra-
mine toxicity to enchytraeids.

MATERIALS AND METHODS

Chemicals and reagents

We obtained CL-20 (CAS 135285-90-4) from ATK Thiokol
Propulsion (Brigham City, UT, USA) and RDX (CAS 121-82-
4) and HMX (CAS 2691-41-0) from Produits Chimiques Expro
(Valleyfield, QC, Canada). All EMs used were $99% pure.
All other chemicals, including carbendazim (methyl benzim-
idazol-2-yl carbamate; CAS 10605-21-7; $97% pure), were
American Chemical Society (ACS) reagent grade or higher
and were obtained from either BDH (Toronto, ON, Canada)
or Aldrich Chemical (Milwaukee, WI, USA). Deionized water
(American Society for Testing and Materials Type I) was ob-
tained by using a Milliporet Super-Q water purification system
(Nepean, ON, Canada) and was used throughout this study.
All glassware was washed with phosphate-free detergent,
rinsed with acetone, and acid-washed before a final and thor-
ough rinse with deionized water.

Preparation of test soils

The soils used for this study were Sassafras sandy loam
(designated SSL; fine-loamy, siliceous, mesic Typic Haplu-
dult), an agricultural soil (designated RacAg2002; fine-sandy,
composite), and a 50:50 mixture of forest and agricultural soils
(designated Rac50-50; fine-sandy, composite). Sassafras sandy
loam soil was selected because it has physical and chemical
properties supporting relatively high bioavailability of EMs
[9] (www.epa.gov/superfund/programs/risk/ecorisk/ecossl.
htm), including low OM and clay contents, which is necessary
for developing ecotoxicological values protective of soil biota.
The RacAg2002 and Rac50-50 soils with high OM contents
were selected to maximize the reproduction potential for E.
albidus, which favors organic soils. Furthermore, we expected
that greater microbial activity, which is usually associated with

greater soil OM content, would facilitate more rapid biotic
degradation and transformation of CL-20 in these soils com-
pared with SSL soil, thus providing additional information for
data interpretation. The RacAg2002 and Rac50-50 soils also
are representative of several northern forest ecosystems and
may become relevant for future risk assessment needs. The
SSL soil was collected from uncontaminated open grassland
on the property of Aberdeen Proving Ground (Maryland,
USA). Vegetation and the organic horizon were removed to
just below the root zone and the top 15 cm of the A-horizon
was collected. The RacAg2002 and Rac50-50 soils were ob-
tained from a local supplier (Transport Maurice Racicot & Fils,
Boucherville, QC, Canada). All soil samples were sieved
through a 5-mm mesh screen, air dried for at least 72 h, and
mixed periodically to ensure uniform drying. The soil was
then passed through a 2-mm sieve, and was stored at room
temperature before use. The pH of the soils was measured
before each test, by using the CaCl2 method [17]. The soil
moisture content and water-holding capacity were measured
according to the enchytraeid reproduction test guidelines [18].
Selected soil properties are summarized in Table 1.

Individual 400-g batches of air-dried soils were amended
with CL-20, RDX, or HMX in acetone to obtain nominal target
concentrations (mg/kg, dry mass [DM]) of 0.001, 0.05, 0.10,
0.5, 1, and 10 for CL-20; 175, 200, 300, and 700 for RDX;
or 200, 500, and 1,000 for HMX. Selection of RDX and HMX
concentrations in soil used in the present experiments were
based on earlier studies [19–22]. Solvent controls for soil treat-
ments were amended with acetone only. Soil samples were
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left for at least 16 h in a darkened chemical hood to allow the
evaporation of the solvent. Each amended soil sample was
mixed for 18 h on a three-dimensional rotary mixer, as de-
scribed earlier by Kuperman et al. [14]. The soils were then
hydrated with ASTM Type I water to a soil-specific percent
of the water-holding capacity (WHC) for toxicity testing. Hy-
drated soils were allowed to moisture equilibrate for 24 h
before use for toxicity testing or chemical analyses. Triplicate
soil samples collected from each soil batch for chemical anal-
yses were stored at 48C and were analyzed within one week.

To prepare CL-20 concentrations as low as 0.001 mg/kg
DM for subsequent toxicity testing, a different procedure was
used. Solutions of CL-20 ranging from 0.002 to 2.0 mg/L were
first prepared in acetone and then diluted with ASTM Type I
water 24 h before toxicity testing. The final concentration of
acetone in water was 1% (v/v), a concentration that did not
affect survival or reproduction of enchytraeids. Depending on
the soil type and WHC, 5 to 10 ml of each solution was added
to 20 g of dry soil. Final CL-20 concentrations (mg/kg DM)
in SSL soil were nominal 0, 0.001, 0.05, 0.1, and 0.5, and
analytically determined 2.98 and 9.79. The nominal concen-
trations in either RacAg2002 or Rac50-50 soils were 0, 0.001,
0.01, 0.05, 0.1, 0.5, and 1.0 mg/kg DM.

Culturing and handling of test species

Laboratory cultures of E. albidus Henle 1837 (white pot-
worm), and E. crypticus were originally provided by J. Römb-
ke (Frankfurt, Germany) and the U.S. Army Edgewood Chem-
ical Biological Center (Aberdeen Proving Grounds), respec-
tively. Enchytraeids were cultured separately in a mixture (1:
1, w/w) of garden soil (designated GS1) and Organization for
Economic Cooperation and Development standard artificial
soil [23] adjusted to 60% of the WHC, according to Römbke
and Moser [24]. The GS1 was a sandy loam soil with the
following properties: 70% sand, 23% silt, 7% clay, pH 6.9,
76% WHC, 11.2% total organic carbon, and 0.38% Kjeldahl
N (K-N). The artificial soil had the following properties: 70%
sand, 20% kaolin clay, and 10% grounded peat. Soil pH was
adjusted to 6.0 6 0.5 with CaCO3. The potworms were fed
once a week with commercially available oats (Pablumt Oat
cereal, H.J. Heinz Company of Canada, North York, ON, Can-
ada). Mature E. albidus with visible eggs in the clitellum
region were acclimated in RacAg2002, SSL, or Rac50-50 soils
for 24 h before testing. Cultures of E. crypticus were main-
tained in the test soils for two to three months before testing;
therefore, no acclimatization was required.

Enchytraeid reproduction and survival test

The enchytraeid reproduction and survival test used in the
present study was adapted from the ISO 16387 bioassay [18].
Briefly, a 20-g DM sample of each soil type was placed into
separate 200-ml glass jars, and was hydrated to 85 to 100%
of their respective WHC. After the 24-h equilibration period,
40 or 50 mg of lyophilized oats for E. albidus or E. crypticus,
respectively, were mixed into the soil in each jar. Ten accli-
mated enchytraeids were then added to each test container.
Each toxicity test was replicated (n 5 3) and included negative
(no chemicals added), carrier (acetone-treated soil after ace-
tone evaporation), and positive (reference toxicant, carben-
dazim) controls. Each jar was covered with a glass petri dish
to prevent moisture loss during the incubation period. All con-
tainers were placed in an environment-controlled incubator at
208C and 16:8 h light:dark cycle. The containers were weighed

once a week and the water loss was replenished with the ap-
propriate amount of ASTM type I water. Lyophilized oats (20
mg for E. albidus and 50 mg for E. crypticus) were added
weekly to each test container.

Adult survival was assessed on day 21 of the tests for E.
albidus, and on day 14 for E. crypticus. All surviving adults
were removed from the soil and were counted. The soil (con-
taining cocoons and juveniles) was then returned to the same
test container, adjusted to the initial moisture level, and was
incubated for an additional 21 d for tests with E. albidus and
14 d for E. crypticus. Juvenile production by each species was
assessed by counting the number of hatched juveniles on day
42 (E. albidus) or day 28 (E. crypticus) of the test. For this,
5 ml of 95% ethanol was added to each soil sample as a tissue
preservative, and approximately 250 ml of Bengal Rose bio-
logical stain (1% solution in ethanol) was added to each con-
tainer. Water was added into each container at the soil level
followed by 30% AM-30 Ludox colloidal silica (Sigma-Al-
drich Canada, Oakville, ON, Canada) in order to have a depth
of 1 to 2 cm of liquid above the soil surface. Ludox allowed
soil particles to stay at the bottom, whereas pink-stained en-
chytraeids floated. This method of harvesting and enumerating
enchytraeids from soil is rapid and highly efficient [25].

Quality control

The fungicide carbendazim was used as the reference tox-
icant in SSL soil for E. crypticus, and in artificial soil for
either E. crypticus or E. albidus. Carbendazim ($97% purity)
was applied in the following concentrations (mg/kg DM) in
artificial soil: 10, 25, 50, 75, and 100 for tests with E. crypticus,
and 1.0, 2.5, 5.0, 10, and 50 for tests with E. albidus. Validity
criteria for the positive controls were based on in-house control
data and published reports [12]. The test validity criteria for
negative controls included more than 80% survival of adult
potworms, an average of 25 or higher for number of juveniles
produced, and a coefficient of variation of 50% or less [18].
All definitive tests for CL-20 toxicity with E. crypticus and
E. albidus in Rac50-50 soil complied with the validity criteria
of the ISO 16387 guideline [18]. In addition, the median ef-
fective concentration (EC50) value for juvenile production by
E. albidus in the positive control with artificial soil was 1.6
mg carbendazim/kg DM, and was consistent with the work of
Römbke and Moser [24]. The EC50 values for juvenile pro-
duction by E. crypticus were 44 mg/kg in artificial soil and
8.5 mg/kg in SSL soil, and were within the baseline values
established for our laboratory culture of E. crypticus. Mean
adult survival in negative controls ranged from 84 to 97% in
tests with E. crypticus, and was 99% in test with E. albidus.
Mean number of juveniles produced by E. crypticus in neg-
ative controls ranged from 117 to 856, and was 45 for E.
albidus in Rac50-50 soil. The coefficient of variation values
for the negative control of each individual test ranged from
10.1 to 29%. Reproduction of E. albidus was not supported
in SSL soil that had properties (pH and OM content; Table 1)
outside the optimal requirements (near neutral pH, and high
OM content) for this species [24]. The reasons for poor re-
production of E. albidus in RacAg2002 are not clear, but could
be related to a relatively high soil pH, cation exchange ca-
pacity, or other properties that were not determined in this soil.

Chemical analysis of energetic nitramines

Acetonitrile extractions of CL-20, RDX, or HMX from
amended soils were performed according to U.S. Environ-
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Fig. 2. Adult survival (A) and juvenile production (B) by Enchytraeus crypticus exposed to hexanitrohexaazaisowurtzitane (CL-20) in freshly
amended Sassafras sandy loam soil (SSL).

mental Protection Agency Method 8330A [26]. Soil extracts
were analyzed and quantified by using a high-performance
liquid chromatography–ultraviolet detection system as de-
scribed elsewhere [6,21]. The limit of detection of liquid sam-
ples (mg/L) was approximately 50 for CL-20, 50 for RDX,
and 100 for HMX. Precision was $95% (standard deviation
, 2%, signal to noise ratio 5 10). The limit of quantification
in SSL soil was 0.25 mg/kg for both CL-20 and RDX, and
0.5 mg/kg for HMX. Both RacAg2002 and Rac50-50 soils
showed background signals changing the quantification limit
for CL-20 to 2.0 and 0.5 mg/kg, respectively. Therefore, only
nominal values are reported for all CL-20 concentrations below
2 mg/kg.

Statistical analyses

Definitive tests data were statistically analyzed to determine
toxicological benchmarks based on acute (adult survival) and
chronic (juvenile production) measurement endpoints. The pri-
mary focus of these analyses was to determine toxicological
benchmarks that are based on concentration–response rela-
tionships for the chronic measurement endpoints. Several re-
gression models described in Stephenson et al. [27] were eval-
uated to identify the best fit for the individual data sets gen-
erated in each toxicity test. This selection was based on several
parameters, including examination of histograms of the resid-
uals for the best appearance (i.e., most random scattering) and
stem-and-leaf graphs to ensure that normality assumptions
were met; examination of the regression line generated by each
model to select one with the closest fit to the data points; and
comparison of the variances, asymptotic standard errors, co-
efficients of determination, and the range of 95% confidence
intervals (CIs) associated with the point estimates to identify
a model that generated the smallest values or range for each
parameter. Based on these criteria, two models were chosen
that gave the best fit for the toxicity data. These models in-
cluded an exponential model (for CL-20 effect on reproduction
of E. crypticus in SSL)

({[log(1 2 p)]/ECp} 3 C) 1 bY 5 a 3 e

and logistic (Gompertz) model (for all remaining pairings)
b{[log(1 2 p)] 3 (C/ECp) }Y 5 a 3 e

where Y is the number for a measurement endpoint (e.g., num-
ber of juveniles); a is the control response; e is the base of
the natural logarithm; p is the targeted endpoint inhibition/100
(e.g., 0.50 for EC50); ECp is the estimate of effect concen-
tration for a specified percent effect; C is the exposure con-
centration in test soil; and b is a scale parameter.

The ECp parameters used in this study included the con-
centrations of CL-20, RDX, or HMX that produce a 20%
(EC20) or 50% (EC50) reduction in the measurement endpoint.
The EC20 parameter based on a reproduction endpoint is the
preferred parameter for deriving soil invertebrate ecological
soil screening level (Eco-SSL) values according to the U.S.
Environmental Protection Agency approach [9]. The EC50, a
commonly reported value, and survival data also were included
to enable comparisons of the results produced in this study
with results reported by other researchers.

Analysis of variance was used to determine the bounded
(where possible) no-observed-effect concentration (NOEC)
and lowest-observed-effect concentration (LOEC) values for
adult survival or juvenile production data. Means separations
were performed by using Fisher’s least significant difference
pairwise comparison tests. A significance level of p # 0.05
was accepted for determining the NOEC and LOEC values.
Pearson correlation analysis was used to test for relationships
among the soil properties and reproduction toxicity endpoints
for CL-20. Statistical analyses were performed by using SYS-
TATt 7.0.1 [28].

RESULTS AND DISCUSSION

Toxicity of CL-20 to enchytraeids

Both adult survival and juvenile production by E. crypticus
were affected by exposure to soils initially amended with CL-
20, within the concentration ranges tested in the definitive tests
(Figs. 2 to 4). The present studies indicate that CL-20 exposure
was toxic to the enchytraeids based on its lethal and sublethal
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Fig. 3. Adult survival (A) and juvenile production (B) by Enchytraeus crypticus exposed to hexanitrohexaazaisowurtzitane (CL-20) in freshly
amended RacAg2002 soil.

Fig. 4. Adult survival (A) and juvenile production (B) by Enchytraeus crypticus exposed to hexanitrohexaazaisowurtzitane (CL-20) in freshly
amended Rac50-50 soil (composite mixture of forest and agricultural soil).

effects. Ecotoxicological benchmarks summarized in Table 2
show that CL-20 in soil was highly toxic to E. crypticus in
the three soil types tested, with median lethal concentration
(LC50) and EC50 values ranging from 0.1 to 0.7, and from
0.08 to 0.62 mg/kg, respectively. Reproduction was a more
sensitive assessment endpoint compared with adult survival in
all soil types tested (Table 2). The order of CL-20 toxicity in
soils (from greatest to least) for E. crypticus was RacAg2002
. SSL . Rac50-50 soils based on EC50 values for juvenile
production.

Exposure to CL-20 did not adversely affect survival of adult
E. albidus in RacAg2002 soil up to and including 1 mg/kg,
but caused a concentration-dependent decrease in juvenile pro-
duction in the Rac50-50 soil (Fig. 5A and Table 2). No con-

centration–response relationships could be determined for ju-
venile production by E. albidus in SSL or RacAg2002 soils,
which did not support reproduction of this species. Accord-
ingly, data for CL-20 toxicity for E. albidus in EMs-amended
SSL or RacAg2002 should be interpreted with caution. To our
knowledge, there are no published studies describing the tox-
icity of CL-20 to enchytraeids.

Earlier studies by Dodard et al. [12] have shown that ex-
posure to EMs such as 2,4,6-trinitrotoluene (TNT) in amended
soil causes decreased production of juvenile E. albidus. This
exposure is also associated with the degradation of TNT in
both the soil as well as in the enchytraeids [13]. Dodard et al.
[12] also showed that TNT amended in soil was 5 to 10 times
more lethal to juveniles than to adult potworms. Therefore,
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Table 2. Toxicological benchmarks (mg/kg) for hexanitrohexaazaisowurtzitane (CL-20) determined in freshly amended soils by using the
enchytraeid survival and reproduction test with Enchytraeus crypticus and Enchytraeus albidusa

Species and soilb

Adult survivalc

LC20 (95% CI) LC50 (95% CI) LOEC NOEC

Juvenile productiond

EC20 (95% CI) EC50 (95% CI) LOEC NOEC

E. crypticus
SSL
RacAg2002
Rac50-50

0.2 (0.1–0.4)
0.003 (0–0.02)
0.3 (0.1–0.5)

0.4 (0.2–0.5)
0.1 (0–0.3)
0.7 (0.6–0.9)

0.5
0.05e

0.5

0.1
0.01e

0.1

0.04 (0.02–0.05)
0.001 (0–0.01)
0.03 (0–0.08)

0.12 (0.07–0.16)
0.08 (0–0.24)
0.62 (0.26–0.98)

0.05
0.05
0.05e

0.001
0.01
0.01e

E. albidus
SSL
RacAg2002
Rac50-50

0.006 (0–0.02)
.1.0
.0.5

0.2 (0–0.4)
.1.0
.0.5

0.05
.1.0

0.5

0.001
1.0
0.1

NDf

ND
0.05 (0–0.13)

ND
ND
0.19 (0.04–0.34)

ND
ND
0.5e

ND
ND
0.1e

a Mortality was assessed on day 14 for E. crypticus, and on day 21 for E. albidus, by counting the number of surviving adult enchytraeids.
Reproduction was assessed on day 28 for E. crypticus, and on day 42 for E. albidus, by counting the number of juvenile enchytraeids.

b SSL 5 Sassafras sandy loam soil; RacAg2002 5 agricultural soil; Rac50-50 5 composite mixture of forest and agricultural soil.
c LC 5 lethal concentration; CI 5 confidence interval; LOEC 5 lowest-observed-effect concentration; NOEC 5 no-observed-effect concentration.
d EC 5 effective concentrations.
e Based on Bonferroni adjusted comparison probabilities.
f ND 5 not determined because SSL and RacAg2002 soils did not support reproduction of E. albidus.

Fig. 5. Effects of hexanitrohexaazaisowurtzitane (CL-20) (A, nominal concentrations) or hexahydro-1,3,5-trinitro-1,3,5-triazacyclohexane (RDX)
(B, measured concentrations) on juvenile production by Enchytraeus albidus in freshly amended Rac50-50 soil.

the decreased enchytraeid juvenile production resulting from
exposure to TNT or its degradation products may have been
due, at least in part, to lower numbers of surviving adults as
well as juveniles. This explanation is not likely for E. albidus
exposed to CL-20 in Rac50-50 soil in the present study, be-
cause CL-20 decreased juvenile production without any evi-
dence of adult mortality (no significant change in the number
of surviving adults).

Toxicity benchmarks for CL-20 determined in the present
study with enchytraeids are generally consistent with data from
the only published study on E. andrei [6]. Toxicity of CL-20
for adult enchytraeids was greater compared with LC50 values
(53.4 and .125 mg/kg in SSL and RacFor2002, respectively)
for E. andrei [6]. The EC50 values for reproduction endpoints
for E. andrei (cocoon production and viability, and juvenile
production) ranged from 0.05 to 0.09 mg/kg in the same SSL
soil type, and from 1.3 to 1.5 mg/kg in RacFor2002 soil that
had properties similar to RacAg2002 soil of the present study

[6]. Our studies showed that E. crypticus and E. albidus were
similarly sensitive to CL-20 exposure in Rac50-50 soil, based
on NOEC or LOEC values for adult survival, and on EC50
or EC20 values (95% CI basis) for juvenile production (Table
2). In contrast, SSL sustained greater CL-20 toxicity to adult
E. albidus compared to E. crypticus, although suboptimal
properties of this soil for E. albidus could contribute to in-
creased sensitivity of this species in SSL.

Recent studies by Lachance et al. [29] showed that TNT
and its (bio)transformed products (2-aminodinitrotoluene and
4-aminodinitrotoluene) were responsible for causing toxic ef-
fects to earthworms E. andrei exposed to TNT-amended soils.
It is not yet determined whether the toxicity of CL-20 to en-
chytraeids, like TNT to earthworms, was caused by the parent
energetic chemical, or by its degradation products formed by
biotic and abiotic processes in soil. It is known that CL-20
can be degraded in nonsterile soils [30], under alkaline con-
ditions [31,32], or in the presence of zero-valent metals such
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Table 3. Effects of RDX and HMX on adult survival and juvenile production (means 6 standard deviation) by two enchytraeid species in a
freshly amended composite soil Rac50-50a

Test groups
Concentrations

(mg/kg)b

Adult survival

Enchytraeus albidus Enchytraeus crypticus

Number of juveniles produced

E. albidus E. crypticus

Negative control
Solvent control

0
0

9.3 6 0.6
10.0 6 0.0

9.7 6 0.6
10.0 6 0.0

83 6 7
92 6 17

622 6 50
569 6 85

RDX 174
209
299
658

9.0 6 1.0
10.0 6 0.0

9.7 6 0.6
9.7 6 0.6

9.3 6 0.6
9.3 6 0.6
9.3 6 0.6

10.0 6 0.0

90 6 16
43* 6 25
58* 6 3
31* 6 19

512 6 81
515 6 168
460 6 103
474 6 34

HMX 205
484
918

10.0 6 0.0
9.0 6 1.0
9.7 6 0.6

9.7 6 0.6
9.7 6 0.6

10.0 6 0.0

98 6 21
88 6 8
75 6 0.6

522 6 61
476 6 40
572 6 115

a RDX 5 hexahydro-1,3,5-trinitro-1,3,5-triazacyclohexane; HMX 5 octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine.
b Concentrations are based on acetonitrile extraction and high-performance liquid chromatography–ultraviolet detection using U.S. Environmental

Protection Agency Method 8330A [26].
* Significant difference from the respective solvent control (p # 0.05).

as iron [33] to produce nitrite (NO2
2), nitrous oxide (N2O),

ammonia (NH3), formic acid (HCOOH), and glyoxal (HCO-
CHO). The higher pH value of RacAg2002 compared with
SSL and Rac50-50 soils could accelerate the hydrolysis of CL-
20 and the concomitant formation of greater quantities of po-
tentially more toxic chemicals to enchytraeids such as glyoxal
or formic acid [34]. However, preliminary studies by our re-
search team have indicated that when glyoxal or formic acid
was separately amended in SSL soil at concentrations ranging
from 1 to 100 mg/kg DM, no lethal effects on the earthworms
were observed. Therefore, formation of CL-20 degradation
products other than glyoxal or formic acid can be important
for understanding the mechanisms of CL-20 toxicity in soil
and requires further investigations. These products may in-
clude the early reactive intermediates such as free radicals and
imines [32,35,36] that can lead to cell organelle injury, and
the subsequent toxicity to soil invertebrates.

Comparison of the effects of energetic nitramines
on enchytraeids

Comparison of the effects of CL-20, RDX, and HMX on
the two enchytraeid species was possible only in Rac50-50
soil because neither SSL nor RacAg2002 could support re-
production of E. albidus. Exposure of E. crypticus or E. al-
bidus to RDX or HMX in Rac50-50 soil did not affect (p .
0.05) adult survival up to their respective highest concentra-
tions of 658 and 918 mg/kg (Table 3). Juvenile production by
either species was unaffected by HMX in all exposure con-
centrations tested in this soil. In contrast to HMX, exposure
of E. albidus to RDX significantly (p # 0.05) decreased ju-
venile production at 209 mg/kg (bounded LOEC) and elicited
a concentration-dependent response (Fig. 5B) producing the
EC20 and EC50 values of 161 and 444 mg/kg, respectively.
Exposure of E. crypticus to RDX did not significantly affect
(p . 0.05) juvenile production up to the highest tested con-
centration of 658 mg/kg (Table 3).

Experimentally determined toxicological benchmark data
for the enchytraeid worm E. albidus in Rac50-50 soil showed
that the toxicity of CL-20 was three orders of magnitude great-
er compared with RDX, based on EC50 values for reproduc-
tion. The difference in toxicity between CL-20 and HMX was
even greater for E. crypticus, which was not affected by ex-
posure to RDX up to the highest concentration of 658 mg/kg
tested in Rac50-50 soil. The greatest contrast in the effects of

nitramines on either enchytraeid species was observed between
CL-20 and HMX, which did not adversely affect either adult
survival or reproduction up to 918 mg/kg DM. These results
do not support our initial hypothesis that cyclic nitramines CL-
20, RDX, and HMX sustain similar toxicities to the enchy-
traeid worms because of apparent similarities in their molec-
ular structures and functional groups. Toxicity data for RDX
determined in our studies agree with the results of Schäfer and
Achazi [10], who reported that RDX did not affect E. crypticus
up to 1,000 mg/kg in standard LUFA 2.2 soil aged for one
month before the exposure. More recent studies by Kuperman
et al. [14] that used higher RDX concentrations for E. crypticus
exposures in SSL soil, produced an EC50 value of 51,413 mg/
kg, five orders of magnitude difference compared with CL-20
effects on this species determined in our study (EC50 of 0.12
mg/kg). Results of our present studies with HMX are consistent
with findings by Kuperman et al. [14], who reported no adverse
effects of HMX on E. crypticus in freshly amended SSL soil
up to 21,750 mg/kg. Based on the results of the present studies
and those reported by others [14], the order of toxicity of cyclic
nitramines to enchytraeids in freshly amended soils is (from
greatest to least) CL-20 . RDX . HMX.

Both CL-20 and RDX can degrade in soil more easily than
does HMX. Analyses of soil samples from sites associated
with past and present practices involving extensive use of Oc-
tol (containing 70% [w/w] HMX, 30% TNT, and ,1% RDX)
showed that only HMX was detected as the principal contam-
inant in soil [37,38] or in plant tissue [39]. Furthermore, Rob-
idoux et al. [40] detected HMX in earthworm tissue after a
28-d exposure to soils collected from an antitank firing range
containing a number of contaminants including HMX. The
polycyclic nitramine CL-20 was found to biotransform faster
than the monocyclic nitramines RDX or HMX under similar
conditions [35]. The order of toxicity of the three EMs parallels
their order of chemical and biochemical reactivity, suggesting
that these chemicals can exert their toxic effects, at least in
part, through their degradation products. However, it should
be noted that the above toxicity order also follows the order
of respective log octanol–water partition coefficient (KOW) val-
ues for the studied EMs (CL-20: 1.92 . RDX: 0.90 . HMX:
0.16) [41], and that the toxicity could be favored by a higher
log KOW and a higher tissue uptake of the EM into the soil
organisms.
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Toxicity of CL-20 in different soil types

Soil types used in assessments of CL-20 toxicity varied
predominantly in percent WHC, OM and clay contents, pH,
and cation exchange capacity (Table 1). The soil WHC is de-
pendent on OM content and texture, and was not included in
the correlation analysis. The relationships among the remain-
ing soil properties and CL-20 toxicity for reproduction of E.
crypticus (EC20 level) were analyzed by using pairwise Pear-
son correlations. Analysis showed weak or no relationships
overall (p . 0.3) among the soil properties (pH, OM, clay, or
cation exchange capacity) and CL-20 toxicity (data not
shown). The strongest correlations were determined for cation
exchange capacity (r 5 20.843, p 5 0.362), and percent OM
(r 5 20.614, p 5 0.579), and the weakest for percent clay (r
5 0.231, p 5 0.852), and pH (r 5 20.275, p 5 0.822). The
effects of soil properties on the bioavailability and toxicity of
the cyclic nitramines to soil invertebrates have not been ad-
equately investigated [6,14,22]. However, CL-20 is highly im-
mobilized by soils rich in OM, and its bioavailability, affected
by sorption to soil constituents, could vary depending on the
pH, and the amount and quality of OM [32]. The SSL soil
used in the present study had low OM content and was hy-
pothesized to support relatively higher bioavailability and re-
sulting toxicity of CL-20, compared with the composite RacAg
2002 or Rac50-50 soils. Results of definitive tests showed that
this was not the case; RacAg2002 soil sustained the greatest
CL-20 toxicity to survival of adult E. crypticus and repro-
duction based on LC50 or EC50 values (Table 2). These results
show that more soil types with contrasting soil properties
should be included in future toxicity assessments to determine
the effect of specific soil constituents on the bioavailability
and toxicity of nitramine energetic chemicals.

CONCLUSION

The present study showed clearly that exposure to CL-20
is highly toxic to E. crypticus and E. albidus. Toxicity of CL-
20 was orders of magnitude greater compared to the currently
used energetic compounds RDX and HMX. Although CL-20
undergoes hydrolysis in alkaline soils, it can be a persistent
soil contaminant in the vadose zone of neutral and acidic soils.
The present uncertainties regarding soil constituents affecting
CL-20 degradation require further investigations of the fate of
CL-20 in soil. Identification of all intermediate and final prod-
ucts of CL-20 degradation, rates of formation, and their effects
on soil biota are necessary before the ecological risks and
impacts of this new cyclic nitramine in the soil vadose zone
can be more clearly understood.
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38. Dubé P, Ampleman G, Thiboutot S, Gagnon A, Marois A. 1999.
Characterization of potentially explosives-contaminated sites at
CFB Gagetown. Report DREV-TR-1999-13. Defense Research
Establishment Valcartier, Department of National Defense Can-
ada, Valcartier, QC.

39. Groom CA, Halasz A, Paquet L, Morris N, Olivier L, Dubois C,
Hawari J. 2002. Accumulation of HMX (octahydro-1,3,5,7-te-
tranitro-1,3,5,7-tetrazocine) in indigenous and agricultural plants
grown in HMX-contaminated anti-tank firing-range soil. Environ
Sci Technol 36:112–118.

40. Robidoux PY, Dubois C, Hawari J, Sunahara GI. 2004. Assess-
ment of soil toxicity from an antitank firing range using Lum-
bricus terrestris and Eisenia andrei in mesocosms and laboratory
studies. Ecotoxicology 13:603–614.

41. Monteil-Rivera F, Paquet L, Deschamps S, Balakrishnan VK,
Beaulieu C, Hawari J. 2004. Physico-chemical measurements of
CL-20 for environmental applications. Comparison with RDX and
HMX. J Chromatogr A 1025:125–132.



Journal of Chromatography A, 1072 (2005) 73–82

Detection of nitroaromatic and cyclic nitramine compounds by
cyclodextrin assisted capillary electrophoresis quadrupole

ion trap mass spectrometry

Carl A. Grooma, Annamaria Halasza, Louise Paqueta,
Sonia Thiboutotb, Guy Amplemanb, Jalal Hawaria,∗

a Biotechnology Research Institute, National Research Council of Canada, 6100 Royalmount Avenue, Montreal, Canada PQ H4P 2R2
b Defence Research and Development Canada, Val-Belair, Canada PQ G3J 1X5

Available online 8 January 2005

Abstract

An Agilent 3DCE capillary electrophoresis system using sulfobutylether-�-cyclodextrin (SB-�-CD)–ammonium acetate separation buffer
pH 6.9 was coupled to a Bruker Esquire 3000+ quadrupole ion trap mass detector via a commercially available electrospray ionization
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nterface with acetonitrile sheath flow. The CE–MS system was applied in negative ionization mode for the resolution and de
itroaromatic and polar cyclic or caged nitramine energetic materials including TNT [2,4,6-trinitrotoluene, formula mass (FW)
NB (1,3,5-trinitrobenzene, FW 213.12), RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine, FW 222.26) HMX (octahydro-1,3,5,7-te
,3,5,7-tetrazocine, FW 296.16), and CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane, FW 438.19). The CE–
onformed to the high-performance liquid chromatography with ultraviolet absorbance detection (HPLC–UV) and HPLC–MS
ethods for the identification of energetic contaminants and their degradation products in soil and marine sediment samples.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The overproduction of military explosives and propellants
as resulted in their inadvertent release to soil and aquatic
nvironments[1], and the potential toxicity of these materials
nd their degradation products has prompted governments to

nitiate programs for the identification and characterization of
ontaminated sites[2,3]. The most frequently occurring soil
ontaminants (TNT: 2,4,6-trinitrotoluene, HMX: octahydro-
,3,5,7-tetranitro-1,3,5,7-tetrazocine, and RDX: hexahydro-
,3,5-trinitro-1,3,5-triazine) are analyzed by C18 reverse
hase high-performance liquid chromatography with ultravi-
let absorbance detection (HPLC–UV) [US Environmental
rotection Agency (EPA) Method EPA 8330, Nitroaromatics
nd explosives in soil][4]. This method uses equipment read-

ly available to analytical laboratories, and offers�g/l detec-

∗ Corresponding author. Tel.: +1 514 496 6267; fax: +1 514 496 6265.
E-mail address:jalal.hawari@cnrc-nrc.gc.ca (J. Hawari).

tion limits, but requires known reference analytical stand
for unequivocal peak identification. The method is there
somewhat problematic for the discovery of novel degrada
products. The use of atmospheric electrospray ioniza
mass spectrometry (ESI-MS)[5–10]or atmospheric pressu
chemical ionization mass spectrometry (APCI-MS)[11–14]
with HPLC has greatly assisted in the identification of n
intermediates and the definition of environmental degr
tion pathways for energetic materials[15–20]. Frequently
however, the C18 reversed-phase HPLC system does no
solve polar metabolites, and analyte identification is hea
dependent on mass spectra. Alternative separation me
including gas chromatography[21–23], CN- or C8-reversed
phase HPLC[24], ion exclusion HPLC[25,26], and micella
electrokinetic chromatography[27] are consequently o
interest for use with mass spectrometry for the improved
olution and identification of energetic contaminants. Cy
nitramine explosives of moderate polarity are resolved u
sulfobutylether-�-cyclodextrin (SB-�-CD) assisted capillar

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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electrophoresis[28] and here we report on the coupling
of this separation method to a quadrupole ion trap mass
spectrometer for the identification of frequently encountered
explosives and their degradation products in environmental
samples.

2. Experimental

2.1. Materials

CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazai-
sowurtzitane, purity 99.3% as determined by HPLC, 95%
epsilon form as determined by IR) was provided by Thiokol
Propulsion (Brigham City, UT, USA). HMX, RDX, and
TNX (hexahydro-1,3,5-trinitroso-1,3,5-triazine, purity of all
chemicals >99%) were provided by Defense Research and
Development Canada (DRDC), Valcartier, Canada. MNX
(hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine, purity 98%)
was obtained from SRI International (Menlo Park, CA, USA).
TNT and TNB (1,3,5-trinitrobenzene) analytical standards
were purchased from Supelco (Oakville, Canada). Contam-
inated soil from an explosive manufacturing site (Produits
Chimiques Expro, Valleyfield, Canada) was obtained from
the BRI applied ecotoxicology group (Montreal, Canada).
C ance
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10 mM ammonium acetate pH 6.9. New capillaries were con-
ditioned by flushing with water (5 min), 1 M HCl (5 min), wa-
ter (5 min), 1 M NaOH (5 min) and separation buffer (15 min).
Following this the capillaries were conditioned electrophoret-
ically by applying 30 kV for 15 min with subsequent replen-
ishment of anodic and cathodic buffer vials. In between runs
the capillaries were rinsed for 30 s in 10 mM ammonium
acetate, and then flushed with separation buffer for 3 min.

2.3. MS system

A Bruker Esquire 3000 plus ion trap spectrometer (Bruker-
Daltonics, Boston, MA, USA) equipped with an Agilent
atmospheric electrospray ionization source (Agilent, Wald-
bronn, Germany) was employed for mass detection. The
electrospray was operated in negative ion mode to produce
mainly deprotonated molecular mass ions [M− H]−1. Ni-
trogen was used as drying gas at 150◦C, with a pressure of
816 mbar (12 psi) and at a flow rate of 7 l/min. Sheath liquid
was pumped to the atmospheric pressure interface using an
Agilent model 1100 isocratic pump with a 100:1 flow splitter
to deliver 6�l/min. The capillary voltage was set at 6000 V
with an end plate offset of−500 V. Observed electrospray
currents ranged from 5 to 17 nA. The scanning mass to charge
range was 40 to 600m/zwith a scanning speed of 13000m/z
per second. The resulting baseline peak width resolution was
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ontaminated marine sediment core samples (Ordin
ange UXO, Oahu Island, HW, USA) were provided by
S Naval Research Laboratory (Arlington, VA, USA). A
asep 4 (sulfobutylether-�-cyclodextrin, sodium salt)[29],
as purchased from Cydex (Overland Park, KS, USA)
rade ammonium acetate was purchased from Agilent T
ologies (New Castle, DE, USA). Formic acid was purcha

rom Fluka (Munich, Germany). HPLC grade acetone
-propanol were purchased from Fisher Scientific (M

real, Canada). Acetonitrile and methanol were obtained
allinckrodt Baker (Phillipsburg, NJ, USA). Ethyl acet
as provided by BDH (Poole, UK). Aqueous solutions w
repared using deionized Milli-Q plus (Millipore) water. A
ther chemicals (HCHO, HCl, NaOH, H3PO4) used were ob

ained from Aldrich (Oakville, Canada). Standard analy
olutions (1000 mg/l) were prepared by adding crysta
nalyte to acetonitrile with verification of concentration
PLC as described earlier[16]. Samples were prepared
iluting analytical standards or soil extracts in 10 mM a
onium acetate buffer pH 6.9.

.2. CE system

CE separations were carried out using an Agilent3DCE
nstrument (Agilent, Waldbronn, Germany). Fused s
apillaries (total length (L) 90 cm, effective length to U
etection window (l) 21.5 cm, internal diameter 50�m) were
urchased from Agilent. Unless otherwise indicated, se

ions were carried out at 30 kV and 25◦C. Sample injection
ere performed hydrodynamically (50 mbar, 1–10 s).
eparation buffer was 10 mM sulfobutylether-�-cyclodextrin
.6 U. The maximum accumulation time was 50 ms.

.4. Soil and sediment analysis

Soil and sediment samples were extracted by sonic
n acetonitrile in accordance with EPA Method 8330[4].
he HPLC–UV analyses were performed as descr
y Fournier et al. [30]. Sediment samples were a
nalyzed as follows using a Hewlett-Packard 6890
hromatograph equipped with electron-capture dete
GC-ECD). Acetonitrile extracts (2�l) were injected ont
Restek (Bellefonte, PA, USA) Rtx-TNT capillary colum

6 m× 0.530 mm, 1.50�m) with helium as carrier gas at
ow rate of 60 ml/min and 680 mbar (10 psi). The colu
as initially held at 100◦C for 2 min, then raised to 200◦C
t a rate of 10◦C/min. The temperature was then ram
t a rate of 20◦C/min to 230◦C and maintained there f
3.5 min. The injector and detector temperatures were
nd 300◦C, respectively. A Restek 8095 calibration mix
as employed for reference calibration. The instrume
uantification limits (�g/l) for this method were as follow
NT, 0.6; RDX, 8.9; HMX, 10.9; 1,3,5-TNB, 1.9; 2,6-DN
.3; 2,4-DNT, 1.6.

. Results and discussion

.1. Mass spectra of analytes in the presence of
yclodextrin

Beta cyclodextrins are widely known to be cyc
ligosaccharides containing seven glucopyranose
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linked exclusively through alpha (1–4) saccharide bonds
to form a single ring. The cyclic orientation provides a
truncated cone structure that is hydrophilic on the exterior
and lipophilic at the interior cavity. Native cyclodextrins are
of limited aqueous solubility or inclusion capacity, so the
parent macrocycles are frequently modified by electrophilic
persubstitution at the available hydroxyl groups of carbons
2, 3, or 6 of each glucopyranose subunit to produce charged
or alkylated derivatives[31–33]. Selective modification at
the specified hydroxyl groups is difficult, and a range of
isomers is usually obtained using the above methods. It is
theoretically possible to achieve a degree of substitution
of 21 in the case of beta cyclodextrin, with numerous
possibilities for the synthesis of positional or regioisomers.
Commercially available modified cyclodextrins are therefore
obtained as a mixture of isomers with varied degrees of
substitution, and this has an effect on both pseudostationary
phase electrophoretic mobilities, and on the observed mass
spectrum.

The cyclodextrin applied in this study was Advasep 4 (Cy-
dex, Overland Park, KS, USA)[29], a mixture of sulfobutyl
ether derivatives of beta cyclodextrin (SB-�-CD) that vary in
the degree of substitution from one to nine with a claimed
overall effective average degree of substitution (d.s.) of 4.
The low pKa of the acid groups at the end of the carbon butyl
c alues
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458.3, 393.4 and 350.6, respectively). Similar mass spectra
for preparations of SB-�-CD were presented by Grard et al.
[34].

Various forms of ion spray mass spectrometry have been
applied to the analysis of explosives by many workers. Us-
ing electrospray ionization triple-quadrupole MS on ace-
tonitrile solutions of a wide range of explosives, Casetta
and Garofolo[6] noted that TNT and other resonance stabi-
lized nitroaromatic compounds formed deprotonated anionic
[M − H]−1 molecular mass ions, while explosives lacking
in acidic protons tended to form acetate [M + 59]−1 or for-
mate [M + 46]−1 mass ion adducts. The presence of acetate
or formate was attributed to impurity of the acetonitrile in-
fusion solvent.Fig. 1B provides the mass spectrum for an
infusion of separation buffer containing TNT (FW 227.13),
TNB (FW 213.12), RDX (FW 222.26), HMX (FW 296.16),
and CL-20 (FW 438.19) at 10 mg/l concentration. The dom-
inant mass ion signals observed in the spectrum are those
of the substituted cyclodextrin derivatives (i.e.m/z 362.1,
etc.). The aromatic explosives TNT and TNB produced sig-
nals at 226 and 212m/z corresponding to their deprotonated
parent ions [TNT− H]−1 and [TNB− H]−1, and signals at
m/z 244 and 230 representing their deprotonated ion wa-
ter adducts [TNT− H + H2O]−1 and [TNB− H + H2O]−1,
respectively. Acetate adducts for RDX and HMX were in-
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hains causes the side chains to be charged at all pH v
2 (pKa < 1). The presence of such diverse highly cha
pecies in the CE separation buffer results in complex
ell defined CE–MS background spectra. The spectrum
erved for an infusion of 10 mM ammonium acetate, 10
B-�-CD (pH 6.9) separation buffer and acetonitrile she
uid is presented inFig. 1A. The tentative identities of th
bserved molecular mass ions are listed inTable 1. Mass-to
harge values (m/z) were found for cyclodextrin derivative
ith degrees of substitution of 4, 5, 6, and 7 (m/z values
18.7, 362.1, 324.4 and 297.4, respectively). Spectral
re also observed for the monosodium adducts of cyclo

rin derivatives with degrees of substitution 5–7 (m/z values

able 1
dentities of potential and observed ion fragments using negative mode
mmonium acetate pH 6.9 as capillary electrophoretic buffer and 100

entative mass ion Degree of substitution (d.s.) Ch

CH3CO2]−1 – 1
2CH3CO2 + Na]−1 – 1

SB1 − H]−1 1 1
SB2 − 2H]−2 2 2
SB3 − 3H]−3 3 3
SB4 − 4H]−4 4 4
SB5 − 5H]−5 5 5
SB6 − 6H]−6 6 6
SB7 − 7H]−7 7 7
SB8 − 8H]−8 8 8
SB9 − 9H]−9 9 9

SB5 − 5H + Na]−4 5 4
SB6 − 6H + Na]−5 6 5
SB7 − 7H + Na]−6 7 6
icated by the observation of signals atm/z values of 281
[RDX + CH3CO2]−1) and 355 ([HMX + CH3CO2]−1), re-
pectively. A weak signal observed for CL-20 atm/z500 was
entatively assigned to the composition [CL-20 + NO3]−1,
s the signal for NO3− (m/z 62) is observed in the ma
pectra for Cl-20 and other analytes (Figs. 1B and 2).
L-20 was reported to undergo denitration in aqueou
ater–acetonitrile solutions at neutral[35] or alkaline[18]
H, to yield nitrite anion (NO2−, m/z 46), but not nitrat

18,35–37], and this reaction is accelerated in the pres
f dimethyl-�-cyclodextrin[18,35]. The SB-�-CD CE sep
ration buffer at pH 6.9 is therefore not well suited to
etection of CL-20. It is interesting to note that nitrate

spray ionization with 10 mM sulfobutylether-�-cyclodextrin (SB-�-CD) in 10 mM
onitrile as sheath fluid

) Molecular mass (m) m/zcalculated m/zobserved

59 59 59
141 141 141

1269 1269
1404 702
1539 513 513
1674 418.5 419.3
1809 361.8 362.1
1944 324 324.4
2079 297 297.4
2214 276.75 277
2349 261

1832 458 458.5
1961 392.5 393.1
2102 350.3 350.6
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Fig. 1. (A) Mass spectrum for a 10 mM infusion of Advasep 4 sulfobutylether-�-cyclodextrin SB-�-CD (structure shown as inset, d.s. 4) in 10 mM ammonium
acetate pH 6.9, with acetonitrile sheath fluid. (B) Mass spectrum for the above infusion containing 10 mg/l TNT, TNB, RDX, HMX and CL-20 (structures
shown as inset) with mass ion intensities indicated respectively form/zvalues of 226, 230, 281, 355, and 500.

mation from nitrite was reported for the photodegradation
of RDX [17] and that a dominant mass signal ofm/z 500 is
observed in the LC–MS spectra reported for the photodegra-
dation of CL-20[38].

The presence of highly charged cyclodextrins in the elec-
trospray aerosol may affect the identification of target explo-
sive analytes in at least two respects: (1) The presence of high
molecular weight, non-volatile ions in high concentration will
inhibit the passage of target analytes to the vapour phase, and
(2) If the analyte in question forms a highly stable inclusion
complex with the cyclodextrin, then the observed mass signal
will be that of the non-covalent inclusion complex and not
the parent molecular ion. Bakhtiar and Bulusu[39] examined

the complexation of HMX, RDX, and 1,3,3-trinitroazetidine
(TNAZ) with neutral cyclodextrins using positive ionization
electrospray triple quadrupole MS and observed complexes
for the cationic (Na+, NH4

+, K+) adducts of RDX and neutral
�- and �-cyclodextrins in infusions containing 250 ppm
RDX and cyclodextrin. The tentative�-CD complexes and
mass to charge ratios were [2�-CD + RDX + 2NH4 + K]2+

(m/z 1283), [�-CD + RDX + NH4]+ (m/z 1375), [�-
CD + RDX + Na]+ (m/z 1380), and [�-CD + RDX + K]+

(m/z 1396). Similar phenomena were reported by Srini-
vasan and Bartlett[40] for the CE–MS analysis of
neutral �-cyclodextrins complexed with barbiturate
ion.
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Table 2
Average peak height intensities of extracted ions (cps) observed for 10 mg/l injections (10 s 50 mbar) of selected energetic compounds using different sheath
fluids (standard deviation provided in brackets,n= 5)

Sheath fluid Isopropanol Ethanol Methanol Ethyl acetate Acetone Acetonitrile Water

Compound
CL-20 (m/z500) N.D. N.D. N.D. N.D. 87 (79) 370 (85) N.D.
TNT (m/z226) 1880 (228) 342 (112) 623 (287) 3912 (351) 17165 (1030) 36903 (559) N.D.
TNB (m/z230) 1670 (170) 187 (320) 498 (172) 23439 (1523) 22473 (1143) 42178 (1898) N.D.
HMX (m/z355) 8387 (528) 237 (281) 10169 (543) 137 (162) 24724 (506) 23690 (1092) N.D.
RDX (m/z281) 9664 (473) 871 (138) 12853 (753) 518 (751) 18872 (430) 21635 (1073) N.D.
MNX (m/z265) 9444 (483) 181 (243) 5069 (101) 4178 (376) 28592 (202) 35178 (372) N.D.
TNX (m/z233) 1543 (338) 9664 (453) 18887 (491) 851 (383) 61764 (982) 54970 (1923) N.D.

A previous CE–UV study[28] indicated that nitroaro-
matic and cyclic nitramine explosives associated weakly
with SB-�-CD, and it is unlikely that analyte–cyclodextrin
complexes would be stable in the presence of acetonitrile
sheath fluid. Nevertheless, the scan ranges were extended
with limits of 40–1000m/z to detect possible noncovalent
complexes with the distribution of substituted cyclodextrins
observed in the separation buffer mass spectrum. In this
case the expectedm/z values for inclusion complexes [i.e.
m/z values of 492.5 and 474 for HMX and RDX complexes
respectively, with SB-�-CD (d.s. = 4)] were not observed.
Attempts to observe the negative ions for TNT ([M]−1;
m/z 227), RDX ([M + NO2 − H]−1; m/z 267) and HMX
([M + NO2 − H]−1; m/z 341) as reported by Yinon et al.[7]
were also unsuccessful.

A separation of CL-20, TNB, TNT, HMX, and RDX an-
alytical standards (10 mg/l, hydrodynamic injection volume
96 nl, actual analyte mass amount 96 pg) in 10 mM ammo-
nium acetate is shown asFig. 2. The overall capillary length
(L) was 90 cm and the effective length to the UV window
(l) was 21.5 cm. The UV trace (230 nm) revealed the elec-
troosmotic front (EOF) to arrive at the UV detection window
after 2.5 min, and at 10.3 min a corresponding dip in capil-
lary current from a steady state value of 23�A signified the
passage of the EOF to the electrospray ionization (ESI) inter-
f rface
e ra-
t e to
t edle
b bar
a

the corresponding average flow rate from the capillary was
0.17�l/min. The sheath fluid flow rate was set at 6�l/min,
which resulted in a 1/35 dilution of the CE flow in acetoni-
trile at the ESI interface. Under these conditions the total
ion current decreased from 5× 105 counts per second (cps)
to a steady state value of 2.6× 105 cps after 2 min. Extracted
adduct or molecular ion traces with corresponding peak mass
spectra (baseline mass spectra subtracted) for CL-20, TNB,
TNT, HMX, and RDX are respectively indicated form/zval-
ues of 500, 230, 226, 355 and 281.

3.2. Sheath flow liquid selection

The effect of sheath fluid choice on the negative elec-
trospray ionization of cyclic nitramines resolved in 30 kV
electrophoretic separations (10 mM SB-�-CD/10 mM am-
monium acetate pH 6.9) was examined using the polar or-
ganic solvents acetone, acetonitrile, 2-propanol, ethyl acetate,
ethanol, methanol, and water. The analytes in question (CL-
20, TNT, TNB, HMX, RDX, MNX, TNX) were observed to
ionize best in acetonitrile and acetone (Table 2) which pos-
sessed the highest volatilities and lowest viscosities of the
selected solvents (Table 3). Ethyl acetate, which also has a
high volatility and relatively low viscosity, apparently was
not sufficiently polar to maintain analyte solubility. Gen-
e ion-
i ases
w e di-
e o be
s w-
i tion

T
P

S nsion

I
E
M
E
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A
W

ace. Peaks for the EOF and analytes arrived at the inte
arlier than predicted using total length/effective length

ios. This slight increase in the bulk fluid velocity was du
he entrainment of all fluids exiting the electrospray ne
y the nitrogen drying gas which flowed at 7 l/min (816 m
nd 150◦C). The capillary internal diameter was 50�m and

able 3
hysical properties of selected sheath fluids (20◦C) [44]

heath fluid Vapour pressure
(Torr)

Viscosity
(cP)

Surface te
(dyn/cm)

sopropanol 33 2.3 18.3
thanol 43.9 1.2 23.75
ethanol 97.7 0.59 22.55
thyl acetate 73 0.45 23.75
cetone 184.5 0.32 23.32
cetonitrile 88.8 0.37 19.1
ater 23.78 1 72.8
a 25◦C.
rally, when applying negative ionization electrospray,
zation increases with sheath liquid volatility, and decre
ith respect to solvent surface tension and viscosity. Th
lectric constant (polarity) of the sheath liquid must als
ufficient to maintain the solubilization of analytes follo
ng droplet separation from the Taylor cone and desolva

Density
(g/mL)

Polarity
index

Dipole moment
(Debye)

Dielectric
constant

0.785 3.9 1.66 19.9
0.9 5.2 1.69 24.55
0.791 5.1 2.87 32.7

0.9 4.4 1.88 6.02
0.79 5.1 2.69 20.7a

0.782 5.8 3.44 37.5
0.997 9 1.84 80.1
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Fig. 2. CE–MS separation (30 kV, 10 mM acetate, 10 mM Advasep 4) with mass spectra for a 10 mg/l injection (10 s, 50 mbar, injection volume 56 nl) of TNT,
TNB, RDX, HMX and CL-20 (actual mass amount: 96 pg) in 10 mM acetate pH 6.9. CE–UV trace (230 nm) as indicated by broken line. Extract ion traces
(m/zvalues 226, 230, 281, 355, and 500, respectively) indicated by solid lines.
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[41]. The aprotic nature of acetone and acetonitrile may act
to enhance acetate adduct formation and ionization of the
cyclic nitramines. The solubility of SB-�-CD in the sheath
fluid appears to have little effect on analyte ionization, as ev-
idenced by the poor performance of sheath fluids (methanol,
ethanol, and water) in which SB-�-CD is known to be soluble
[42]. The various sulfobutylether-�-cyclodextrin derivatives
present in Advasep-4 are sufficiently soluble in acetonitrile to
permit the passage of intact deprotonated parent ions [SBn-
nH]−n to the mass detector (Fig. 1, Table 1).

3.3. Effect of buffer components on signal intensity

Figs. 3 and 4respectively represent the effects of ammo-
nium acetate and cyclodextrin concentration in the separation
buffer on analyte ionization.Fig. 3indicated that increases in
separation buffer acetate concentration decreased the ioniza-
tion of nitroaromatic explosives, primarily due to competition
with acetate ions at the electrospray droplet interface as indi-
cated by the increased acetate extracted ion intensities (m/z
59) observed. Ion pairing of ammonium with [M− H]−1 ni-
troaromatic parent anions may also decrease their abundance
in the electrospray. The signal intensities for the nitramine ex-
plosives increased with acetate concentrations up to 20 mM,
and indicated that increased acetate concentration served to
e non-
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n or the
a duct
i o the
g the
e

in-
t TNT

F mmo-
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Fig. 4. Peak height intensities of selected analytes with variation in cyclodex-
trin concentration. All other conditions as inFig. 2. Symbols: (©) EOF, (�)
TNT, (♦) TNB, (×) HMX, (+) RDX. (Error bar = 1 standard deviation,n= 5).

and TNB when the cyclodextrin concentration was increased
from 2 to 5 mM. Signal intensities for HMX and RDX were
relatively insensitive to increased cyclodextrin concentration
in the range of 0.5–10 mM. The increase in signal observed
for the aromatic compounds may be attributed to their 1000-
fold greater volatility in comparison with HMX and RDX,
as any improvement in the resolution of nitroaromatic com-
pounds will be amplified by greater ionization efficiency
which is a function of analyte volatility.

3.4. Application to environmental samples

The practicality of the CE method for the analysis of real
samples was examined using samples analyzed by other avail-
able methods (HPLC–UV, HPLC-MS, GC-ECD). Generally,
the extracted molecular ion response curves for quadrupole
ion trap spectrometers increase hyperbolically with ion
concentration and saturate to a constant value at the upper
analyte concentration limit. Consequently, the quantitative
linear dynamic range for selected quantification standards
using the CE–MS method was narrow; varying between
10 mg/l and the instrumental quantification limit (0.05 mg/l).
The observed instrumental limits of detection and quantifica-
tion for the CE–MS method and for the validated HPLC–UV
reference method (EPA 8330) are compared inTable 4.
Triple quadrupole and time of flight mass detectors are rec-
o with
i t the
m il-
i
d ility.

trile
s nt is
s d
p tively
a

nhance the formation of acetate adducts with these
romatic compounds at the electrospray interface. At ac
oncentrations higher than 20 mM the ionization of cy
itramines gradually decreased in the same manner as f
romatic analytes. This trend is an indication that once ad

on formation is maximized, the passage of adduct ions t
as phase will vary as a function of their mole fraction at
lectrospray droplet surface.

As indicated inFig. 4, three-fold increases in signal
ensity were observed for the nitroaromatic compounds

ig. 3. Peak height intensities of selected analytes as a function of a
ium acetate concentration. All other conditions as inFig. 2. Symbols: (©)
NB, (�) TNT, (♦) HMX, (×) RDX. (Error bar = 1 standard deviatio
= 5.)
gnized to have greater dynamic ranges in comparison
on traps, and to be more suitable for quantification, bu

ultiple MS (MSn) capability of the latter instruments fac
tates degradative product indentification[43]. However, the
ominant factor in MS detector selection is often availab

A CE–MS electropherogram for the extract (acetoni
onication) of explosive contaminated marine sedime
hown asFig. 5. An extracted ion trace atm/z 181 reveale
eaks observed at 15.2 and 16.3 min, and were respec
ttributed to the deprotonated parent ions ([M− H]−1) of 2,6-
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Table 4
Instrumental detection limits (IDL)a and instrumental quantification limits
(IQL)b for selected reference standards with cyclodextrin assisted CE–MS
and with C18 HPLC–UV (Method 8330)

Method CL-20 TNT TNB HMX RDX TNX MNX

IDL (mg/l)
CE–MS 0.50 0.025 0.025 0.025 0.025 0.025 0.025
HPLC–UV 0.005 0.003 0.002 0.011 0.008 0.005 0.005

IQL (mg/l)
CE–MS 5 0.05 0.05 0.05 0.05 0.05 0.05
HPLC–UV 0.010 0.013 0.007 0.006 0.028 0.050 0.050

a The minimum concentration applied at which peak height was distin-
guished as greater than three times the baseline variation (n> 5).

b The minimum concentration applied at which the standard error of the
mean was less than 5% (n> 5).

dinitrotoluene (2,6-DNT) and 2,4-dinitrotoluene (2,4-DNT).
The C18 HPLC–UV analysis of this extract also indicated
the presence of 2,6-DNT and 2,4-DNT, but with incomplete
resolution of the two compounds, possibly due to matrix
components. Analysis of the extract using GC-ECD iden-
tified 2,4-DNT and 2,6-DNT at concentrations of 0.716 and
0.095 mg/kg. The CE-MS method therefore conformed to the
other available methods for the identification of explosives
and their degradation products.

Fig. 6 shows the electropherogram for an extract of
contaminated soil obtained from an ammunition man-
ufacturing site. HPLC–UV analysis revealed that this
extract contained 34 mg/l of TNX (hexahydro-1,3,5-
trinitroso-1,3,5-triazine) as confirmed using a reference
standard, and quantities of tetranitroso-HMX (4NO-
HMX; octahydro-1,3,5,7-tetranitroso-1,3,5,7-tetrazacene),
and trinitroso-HMX (3NO-HMX; octahydro-1-nitro-3,5,7-
trinitroso-1,3,5,7-tetrazacene), compounds for which no

F
5

ig. 5. Extracted ion electropherograms and mass spectra for 2,6-dinitroto
0 mbar) of contaminated marine sediment.
luene and 2,4-dinitrotoluene obtained from acetonitrile extract injections (10 s,
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Fig. 6. Extracted ion electropherograms for hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), octahydro-1,3,5-trinitroso-7-nitro-1,3,5,7-tetrazocine (3NO-
HMX), octahydro-1,3,5,7-tetranitroso-1,3,5,7-tetrazocine (4NO-HMX) obtained from acetonitrile extracts of soil from an explosive manufacturing site.

commercial analytical standards were available. The elec-
tropherogram for this sample has peaks for extracted ions
with mass to charge ratios of 233 (TNX, acetate adduct),
291 (4NO-HMX, acetate adduct), 307 (3NO-HMX, ac-
etate adduct). A peak observed at 6.7 min (m/z 171) was
initially hypothesized to be a diacetyl sodium adduct ion
of formaldehyde [HCHO + 2(CH3CO2) + Na]−1. Diacetyl
sodium adduct ions [2(CH3CO2) + Na]−1 (m/z141.1) are uni-
formly observed in the electrospray background spectrum
(Fig. 1, Table 1) and formaldhyde is a recognized degrada-
tion product of cyclic nitramines, including RDX and HMX
[18]. However, no mass signals atm/z 171 were observed
for injections of formaldehyde analytical standards. Further
study using15N-labeled HMX, purified 4NO-HMX, and the
quadrupole’s MS-MS capability will better serve to define
the identity of this degradation product.

4. Conclusion

A sulfobutylether-�-cyclodextrin assisted capillary
electrophoresis system was applied in conjunction with

a quadrupole ion-trap mass spectrometrometer for the
identification of contaminant nitroaromatic and cyclic
nitramine explosives and their degradation products. The
work demonstrates the use of cyclodextrin dependent
CE–MS for the analysis of explosives in environmental
samples, and offers potential for the identification of highly
polar or charged degradation products.
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Introduction

Environmental contamination of soil, sediments and

groundwater, with RDX (hexahydro-1,3,5-trinitro-1,3,5-

triazine) and HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine), is a worldwide problem. The Departments of

Defense (DoD) and Energy (DoE), USA, alone have over

21 000 contaminated sites and most of them are contam-

inated with explosives (Talley and Sleeper 1997). The

Department of Defense Canada has an estimated 103

training sites and three open burning/open detonation

(OB/OD) sites which are potentially contaminated with

RDX, HMX and 2,4,6-trinitrotoluene (TNT) (Thiboutot

et al. 1998). There are countless number of explosives-

contaminated sites around the world which remain classi-

fied and statistically not available. Several reports have

confirmed that RDX and HMX are toxic, and cause

adverse effects on biological systems, environment and

human health (Levine et al. 1990; Yinon 1990; Talmage

et al. 1999; Gong et al. 2002; Kucukardali et al. 2003;

Hoek 2004). United States Environmental Protection

Agency (USEPA) has recommended a lifetime health

advisory for RDX (Etnier and Hartley 1990) and HMX

(McLellan et al. 1988). Consequently, the cleanup of

explosive(s)-contaminated sites is a matter of growing

concern among environmental protection groups.

Bioremediation of cyclic nitramines such as RDX and

HMX, with very little water solubility of 40Æ0 and

6Æ6 mg l)1, respectively (Groom et al. 2003), has always

been a challenging task. Microbial degradation and aug-

mentation of natural attenuation are the most reliable

cost-effective methods for in situ remediation. Previous
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Abstract

Aims: To determine the biodegradation of cyclic nitramines by an anaerobic

marine bacterium, Clostridium sp. EDB2, in the presence of Fe(III), humic

acids (HA) and anthraquinone-2,6-disulfonate (AQDS).

Methods and Results: An obligate anaerobic bacterium, Clostridium sp. EDB2,

degraded RDX and HMX, and produced similar product distribution including

nitrite, methylenedinitramine, nitrous oxide, ammonium, formaldehyde, formic

acid and carbon dioxide. Carbon (C) and nitrogen (N) mass balance for RDX

products were 87% and 82%, respectively, and for HMX were 88% and 74%,

respectively. Bacterial growth and biodegradation of RDX and HMX were

stimulated in the presence of Fe(III), HA and AQDS suggesting that strain

EDB2 utilized Fe(III), HA and AQDS as redox mediators to transfer electrons

to cyclic nitramines.

Conclusions: Strain EDB2 demonstrated a multidimensional approach to

degrade RDX and HMX: first, direct degradation of the chemicals; second,

indirect degradation by reducing Fe(III) to produce reactive-Fe(II); third, indi-

rect degradation by reducing HA and AQDS which act as electron shuttles to

transfer electrons to the cyclic nitramines.

Significance and Impact of the Study: The present study could be helpful in

determining the fate of cyclic nitramine energetic chemicals in the environ-

ments rich in Fe(III) and HA.
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reports have mainly highlighted the role of zero-valent

iron, Fe(0), in augmenting the biodegradation of RDX

(Scherer et al. 2000; Oh et al. 2001; Wildman and Alvarez

2001); however, no literature is available on the use of

Fe(III), HA and/or AQDS, frequently encountered in the

environment, in accelerating biodegradation of cyclic

nitramines.

In marine and freshwater environments, Fe(II)-miner-

als and humic substances have been shown to accelerate

abiotic transformation of organic pollutants (Schwarzen-

bach et al. 1990; Curtis and Reinhard 1994). In our

previous studies, we found that Halifax sediments, col-

lected from a shipwreck site near Halifax harbour in

Canada, contained a high amount of insoluble iron

mainly Fe(III) and Fe(II) (40 g kg)1 sediment) as deter-

mined with X-ray photo-spectroscopy, and a significant

amount of organic carbon content (16 g kg)1 sediment)

(Bhushan et al. 2004; Zhao et al. 2004a). In the present

study, we explored the possibility of whether micro-

bially reduced iron minerals, humic acids (HA) and its

analogue anthraquinone-2,6-disulphonate (AQDS) can

help enhance biodegradation of RDX and HMX.

Enhanced degradation under laboratory conditions may

help understand and thus strategies can be devised to

accelerate the natural attenuation of these chemicals in

marine and estuarine environments.

Materials and methods

Chemicals

Commercial grade RDX, HMX (chemical purity >99%

for both explosives), [UL-14C]RDX (chemical purity

>98%, radiochemical purity 97% and specific radio-

activity 28Æ7 lCi mmol)1) and [UL-14C]HMX (chemical

purity >94%, radiochemical purity 91% and specific

radioactivity 101Æ0 lCi mmol)1) were provided by the

Defense Research and Development Canada (DRDC),

Valcartier, Quebec. Hexahydro-1-nitroso-3,5-dinitro-1,3,

5-triazine (MNX) and 4-nitro-2,4-diazabutanal (NDAB)

were obtained from SRI International (Menlo Park, CA).

Hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX) was syn-

thesized according to the method described by Brockman

et al. (1949). Methylenedinitramine (MEDINA) was

obtained from the Rare Chemical Department of Aldrich,

Oakville, Ontario, Canada.

Ferrozine, Fe2O3 (hematite), a-FeOOH (goethite),

anthraquinone-2,6-disulfonate (AQDS), HCHO, HCOOH

and NADH were purchased from Sigma Chemicals,

Canada. Humic acid (HA), purchased from Aldrich,

Oakville, Ontario, Canada, was washed with deionized

water three times to remove soluble impurities. Nitrous

oxide (N2O) was purchased from Scott Specialty Gases,

Sarnia, Ontario, Canada. All other chemicals were of

highest purity grade.

Media composition

Medium M1 was composed of (per litre): peptone 8 g,

yeast extract 4 g, NaCl 10 g and glucose 6 g. Medium M2

was composed of (per litre): NaCl 10Æ0 g, NaHCO3 2Æ5 g,

NaH2PO4 0Æ6 g, KCl 0Æ2 g and NH4Cl 0Æ5 g. Ingredients

were mixed in hot water and pH was adjusted to 7Æ0 with

1 N NaOH. One litre of M2 medium was bubbled with

N2 : CO2 (80 : 20) for 45 min. After autoclaving at 121�C
for 20 min, we added filter-sterilized solutions of glucose

4Æ5 g, peptone 1Æ0 g, trace elements 10 ml and vitamin

mixture 10 ml. The composition of trace elements and

vitamin mixture were the same as reported (Lovley et al.

1984). For making solid agar slants or plates of medium

M1 or M2, 1Æ8% (w/v) agar powder (Difco) was added to

the respective medium.

Reduction of Fe(III) and AQDS by growing culture and

resting cells of strain EDB2

Strain EDB2, isolated from a marine sediment in our

previous study (Bhushan et al. 2004), was grown in med-

ium M2 containing either 50 mmol l)1 Fe(III)-citrate or

1Æ0 mmol l)1 AQDS under anaerobic conditions. Bacterial

growth was determined in terms of total cell count fol-

lowing staining with 0Æ01% acridine orange as described

previously (Hobbie et al. 1977) by using an epifluorescent

microscope (Leitz Wetzlar, Germany). For Fe(III) and

AQDS reduction assay, cells (10 mg wet biomass/ml)

were incubated with either 10 mmol l)1 Fe(III)-citrate or

1 mmol l)1 AQDS in the presence of NADH. The reduc-

tion of AQDS to AH2QDS was measured at A450nm

(Lovley et al. 1996), whereas reduction of Fe(III) to Fe(II)

was determined by Ferrozine method (Stookey 1970).

Biotransformation assays

Biotransformation assays were performed in 6-ml air-

tight glass vials under strict anaerobic conditions by

purging the aqueous phase and the head space with

argon for 20 min. Each assay vial contained, in 1 ml of

assay mixture, either RDX (50 lmol l)1) or HMX

(30 lmol l)1), NADH (150 lmol l)1), resting cells pre-

paration (5 mg wet biomass/ml) and potassium phos-

phate buffer (50 mmol l)1, pH 7Æ0). Reactions were

performed at 30�C. Three different controls were pre-

pared by omitting either resting cells, NADH or both

from the assay mixture. Residual NADH was measured

as described before (Bhushan et al. 2003). Samples from

the liquid and the gas phase in the vials were analysed
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(described below) for the residual compound and its

products.

Effect of Fe(III), HA and AQDS on bacterial growth and

biodegradation of cyclic nitramines

Variable concentrations of Fe(III) (10–40 mmol l)1), HA

(0Æ1–2Æ0 mg ml)1) and AQDS (0Æ1–2Æ0 mmol l)1) were

added separately to the medium M1 containing either

RDX (150 lmol l)1) or HMX (55 lmol l)1) in serum

bottles. After inoculation of the medium with strain

EDB2, the disappearance of RDX and HMX was followed

over time with HPLC. Microbial reduction of AQDS to

AH2QDS was marked by the gradual appearance of

orange colour that was measured at A450nm (Lovley et al.

1996), whereas bacterial growth was measured by direct

cell counts as described above. Reduction of Fe(III) was

estimated by Ferrozine method (Stookey 1970). Data were

compared with a parallel control experiment with strain

EDB2 but without any of the Fe(III), HA or AQDS.

Parallel abiotic (without strain EDB2) control experi-

ments with Fe(III), HA or AQDS were also performed to

account for the abiotic degradation of RDX and HMX.

Effect of Fe(III), HA and AQDS on mineralization of

radio-labelled cyclic nitramines

Mineralization experiments were performed under anaer-

obic conditions in 20-ml glass vials sealed with Teflon-

coated butyl rubber stopper under an atmosphere of

nitrogen. Microcosms were prepared in 5Æ0 ml of medium

M1 containing Fe(III), HA or AQDS at a concentration

of 25 mmol l)1, 1 mg ml)1 or 1Æ0 mmol l)1, respectively,

and inoculated with 1 ml of bacterial culture (approxi-

mately 2 · 108 cells ml)1). Radio-labelled [UL-14C]RDX

(33 lg ml)1 medium equivalent to 50118 dpm) or

[UL-14C]HMX (16 lg ml)1 medium equivalent to

54310 dpm) was added to the microcosms through the

rubber septum. A glass tube, placed inside the micro-

cosm, containing 0Æ5 ml of 0Æ5 mol l)1 KOH was used as
14CO2 trap. Corresponding abiotic controls (without bac-

terial culture) were also prepared. Evolution of 14CO2 was

determined in terms of dpm counts in KOH solution

using a liquid scintillation counter (Packard, Tri-Carb

4530, model 2100 TR, Packard Instruments Company,

Meriden, CT).

Abiotic degradation of cyclic nitramines by microbially

reduced HA, AH2QDS and iron minerals

Reduced HA was prepared by growing EDB2 cells in

medium M1, containing HA (1 mg ml)1), for 4 days at

30�C under anaerobic conditions (N2 : CO2; 80 : 20).

After stationary growth phase, HgCl2 (2Æ5 mmol l)1) was

added to the medium to kill the bacterial cells. The black

precipitate thus obtained was allowed to settle at the bot-

tom, liquid phase was removed aseptically from the top

using a syringe. The precipitate was dried under argon

atmosphere and used for determining its reactivity against

RDX and HMX (see below).

AH2QDS was produced by microbial reduction of

AQDS. Strain EDB2 was grown in medium M1 supple-

mented with 1 mmol l)1 AQDS. Production of AH2QDS

was followed at A450nm until the stationary phase (�OD
0Æ97) was obtained. Bacterial cells were removed by filtra-

tion through sterile 0Æ22-lm pore filter (Millipore,

Bedford, MA), and the sterile AH2QDS thus obtained,

was stored under anaerobic conditions (argon atmo-

sphere). RDX (20 lmol l)1) or HMX (20 lmol l)1) was

incubated with 1 ml of AH2QDS under anaerobic condi-

tions at 30�C for different time intervals. Residual cyclic

nitramine was measured with HPLC (described below).

Reduced biogenic iron minerals were prepared by add-

ing either soluble- (i.e., ferric-citrate) or insoluble- (i.e.,

hematite or goethite) Fe(III) to the medium M2 at a con-

centration of 50 mmol l)1. Generation of Fe(II) was fol-

lowed over time as a function of growth of strain EDB2.

The Fe(II) was estimated by the Ferrozine method

(Stookey 1970) following extraction with 0Æ5 N HCl. For

X-ray diffraction (XRD) analysis of reduced iron, cells were

grown in medium M2 supplemented with 100 mmol l)1

ferric citrate for 4 days at 30�C under anaerobic (N2 :

CO2; 80 : 20) and stationary conditions. Iron(III) was

completely reduced to dark brown precipitates settled at

the bottom. The liquid phase was removed with sterile

syringe by piercing through the septum. The reduced iron

precipitate thus obtained was dried under argon atmo-

sphere and stored under argon until analysed. XRD-phase

analyses were performed and analysed by CAMET Research

Inc., Goleta, CA. The dried iron precipitate samples were

grounded in agate mortar prior to probing in a wide angle

powder diffractometer using Cu Ka radiation (8Æ1 keV)

with a diffracted beam monochromator.

Siderite (FeCO3), obtained by strain EDB2-mediated

reduction of Fe(III)-citrate, and the black precipitate of

reduced iron mineral, obtained by bacterial reduction

of goethite (a-FeOOH), were prepared as described

above except that HgCl2 (2Æ5 mmol l)1) was added to

the medium to kill the bacterial cells before isolating

the reduced precipitate. Reactions of reduced sub-

strates (i.e., HA or iron, each 1 mg ml)1) with RDX

(20 lmol l)1) or HMX (20 lmol l)1) were conducted

in PBS (50 mmol l)1, pH 7Æ0) at 30�C under anaerobic

conditions with argon in headspace. The procedure and

conditions were same as described above for biotrans-

formation assays.
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Analytical procedures

RDX, HMX and their degradation products such as

nitroso intermediates, methylenedinitramine, NO�2 , NH
þ
4 ,

HCHO, HCOOH and N2O were analysed with LC–UV,

LC–MS or GC as previously reported (Hawari et al. 2001;

Halasz et al. 2002).

Results

Biodegradation of cyclic nitramines by strain EDB2

An obligate anaerobic bacterium Clostridium strain

EDB2 was isolated from a marine sediment which dem-

onstrated chemotaxis response towards RDX and HMX

and degraded both energetic chemicals (Bhushan et al.

2004). In the present study, a time course with intact

resting cells showed that the disappearance of both

RDX and HMX was accompanied by the concomitant

release of nitrite, nitrous oxide and HCHO (Fig. 1a,b).

After 4 h of reaction, each reacted RDX molecule con-

sumed 0Æ9 ± 0Æ1 (mean ± SD; n ¼ 3) NADH molecule,

and produced 0Æ7 molecules of nitrite, 0Æ2 molecules of

MEDINA, 1Æ4 molecules of nitrous oxide, 0Æ6 molecules

of ammonium, 1Æ8 molecules of formaldehyde and 0Æ6

molecule of formic acid (Table 1). Of the total three

carbons in each RDX molecule, 2Æ4 were recovered as

formaldehyde and formic acid; whereas of the total six

nitrogen atoms in each RDX molecule, 4Æ1 were recov-

ered as nitrite, nitrous oxide and ammonium. The total

carbon and nitrogen mass balance were determined as

87% and 82%, respectively (Table 1).

On the other hand, each reacted HMX molecule con-

sumed 1Æ1 ± 0Æ1 (mean ± SD; n ¼ 3) NADH molecule,

and produced 0Æ8 molecules of nitrite, 0Æ1 molecules of

MEDINA, 1Æ7 molecules of nitrous oxide, 1Æ3 molecules of

ammonium, 2Æ6 molecules of formaldehyde and 0Æ8 mole-

cules of formic acid (Table 1). Of the total four carbons in

each HMX molecule, 3Æ4 were recovered as formaldehyde

and formic acid, whereas of the total eight nitrogen atoms,

5Æ5 were recovered as nitrite, nitrous oxide and ammo-

nium. The carbon and nitrogen mass balance were deter-

mined as 88% and 74%, respectively (Table 1).

In addition to the above products, we also detected

traces of nitroso intermediates from RDX such as MNX,

hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX) and

hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), whereas

HMX produced a trace amount of mononitroso-inter-

mediate, octahydro-1-nitroso-3,5,7-trinitro-1,3,5,7-tetra-

zocine. None of the nitroso-intermediates from either

RDX or HMX persisted and disappeared after the com-

plete removal of RDX or HMX from the medium.

Effect of Fe(III), HA and AQDS on bacterial growth and

biodegradation of cyclic nitramines

When strain EDB2 was grown in medium M2 under

anaerobic conditions in the presence of either Fe(III),

AQDS or HA, all three chemicals stimulated bacterial

growth compared to the control (Fig. 2). Furthermore,

we found that intact resting cells of strain EDB2 reduced

Fe(III) citrate and AQDS using NADH as an electron

donor (data not shown).

In growing culture, HA (1 mg ml)1), AQDS

(1 mmol l)1) and Fe(III) (25 mmol l)1) enhanced the bio-

transformation of RDX in medium M1 compared to the

control (Fig. 3a). We found that RDX (150 lmol l)1) was

completely removed in 5 days in the presence of HA, and

in 8 days in the presence of either Fe(III) or AQDS, as

compared to 10 days in the absence of these chemicals

(Fig. 3a). On the other hand, mineralization of RDX was

higher in the presence of either HA, AQDS or Fe(III) as

compared to that in the absence of these chemicals

(Fig. 3b). Of the initial 150 lmol l)1 of [UL-14C]RDX,

about 54–60 lmol l)1 was mineralized to 14CO2 in the

presence of either HA, AQDS or Fe(III) compared to

the control without these chemicals which showed

42 lmol l)1 mineralization (Fig. 3b).
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Figure 1 Time course of biotransformation of RDX (a) and HMX (b)

by intact resting cells of strain EDB2 using NADH as electron donor at

pH 7Æ0 and 30�C. Symbols for both figures, RDX or HMX (d), nitrite

(s), nitrous oxide (.) and formaldehyde (,). Data are mean ± SD

(n ¼ 3). Some error bars are not visible because of their small size.
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On the other hand, addition of either Fe(III), HA or

AQDS to medium M1 enhanced biotransformation of

HMX at various levels (Fig. 4a). In the presence of

Fe(III), HMX (55 lmol l)1) was completely removed

from the growth medium within 5 days of incubation

compared to the control which took 11 days to degrade

the chemical (Fig. 4a). Mineralization of HMX was also

enhanced in the presence of either Fe(III), HA or AQDS

(Fig. 4b). Of the initial 55 lmol l)1 of [UL-14C]HMX,

about 12 lmol l)1 was mineralized to 14CO2 in the pres-

ence of Fe(III) compared to the control without Fe(III)

which showed only 2Æ8 lmol l)1 of mineralization after

45 days of incubation (Fig. 4b). Abiotic controls contain-

ing either Fe(III), HA or AQDS did not react with either

RDX or HMX in the absence of strain EDB2.

Table 1 Product stoichiometry and mass balance determined after 4 and 5 h reaction of strain EDB2 with RDX and HMX, respectively

Reactant/

product

RDX HMX

Amount

(nmol)

Molar ratio of products

per reacted RDX molecule

% Nitrogen

recovery

% Carbon

recovery

Amount

(nmol)

Molar ratio of products

per reacted HMX molecule

% Nitrogen

recovery

% Carbon

recovery

1. RDX/HMX 50 1Æ0 100 100 30 1Æ0 100 100

2. Nitrite 35 0Æ7 11Æ7 NA 25 0Æ8 10Æ0 NA

3. MEDINA* 10 0Æ2 13Æ3 6Æ7 3 0Æ1 5Æ0 2Æ5

4. Nitrous oxide 70 1Æ4 46Æ7 NA 52 1Æ7 42Æ5 NA

5. Ammonium 30 0Æ6 10Æ0 NA 39 1Æ3 16Æ3 NA

6. Formaldehyde 91 1Æ8 NA 60Æ0 78 2Æ6 NA 65Æ0

7. Formic acid 30 0Æ6 NA 20Æ0 23 0Æ8 NA 20Æ0

Total mass balance 81Æ7 86Æ7 73Æ8 87Æ5

NA, not applicable.

*Methylenedinitramine.
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Figure 3 Biotransformation (a) and mineralization (b) of RDX by

growing culture of strain EDB2 in medium M1 in the presence of

Fe(III) citrate (,), humic acids (.), AQDS (s) and medium without

additive (d). Abiotic controls, iron ( ), humic acids (h), AQDS ( )

and medium without additive ()). Data are mean ± SD (n ¼ 2).

Some error bars are not visible because of their small size.
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Degradation of cyclic nitramines by microbially reduced

HA, AH2QDS and iron minerals

Strain EDB2 reduced AQDS to AH2QDS as a function of

its growth. At stationary growth phase (after 4 days) all

of the AQDS (1 mmol l)1) was converted to AH2QDS

with OD450nm 0Æ97 (Fig. 5). We found that cell-free

AH2QDS transformed RDX and HMX at rates of

0Æ5 ± 0Æ05 and 0Æ3 ± 0Æ02 nmol h)1 lmol AH2QDS
)1

(Table 2). On the other hand, cell-free reduced HA also

transformed RDX and HMX at rates of 0Æ7 ± 0Æ1 and

0Æ2 ± 0Æ02 nmol h)1 mg dry HA)1 (Table 2).

To understand why the presence of Fe(III) enhanced

biodegradation, we prepared cell-free precipitate of

microbially reduced iron and determined its reactivity

towards RDX and HMX (see experimental section). X-ray

diffraction analysis showed that the reduced iron precipi-

tate was of biogenic siderite (FeCO3). The latter, abioti-

cally transformed RDX and HMX at rates of 0Æ5 ± 0Æ1
and 0Æ4 ± 0Æ04 nmol h)1 mg dry mineral)1, respectively

(Table 2). On the other hand, insoluble forms of Fe(III)

such as goethite (a-FeOOH) and hematite (Fe2O3) were

also reduced to Fe(II) by strain EDB2 as determined

by the Ferrozine method (Stookey 1970). We found

that goethite, reduced by strain EDB2, transformed

RDX and HMX at rates of 0Æ3 ± 0Æ05 and 0Æ2 ±

0Æ02 nmol h)1 mg dry mineral)1, respectively, whereas

reduced hematite also transformed RDX and HMX at

rates of 0Æ4 ± 0Æ1 and 0Æ1 ± 0Æ01 nmol h)1 mg dry min-

eral)1, respectively (Table 2), compared to the non-

reduced iron minerals which did not react with any of

the two cyclic nitramines. In control experiments, the free

Fe(II) solution (20 mmol l)1 FeSO4) did not react with

either RDX or HMX under abiotic conditions for up to

22 days.

Discussion

We demonstrated that Clostridium sp. EDB2 degraded

cyclic nitramines, RDX and HMX. The products (i.e.,

nitrite and nitroso intermediates) obtained from RDX
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Figure 4 Biotransformation (a) and mineralization (b) of HMX by

growing culture of strain EDB2 in medium M1 in the presence of

Fe(III) citrate (,), humic acids (.), AQDS (s) and medium without

additive (d). Abiotic controls, iron ( ), humic acids (h), AQDS ( )

and medium without additive ()). Data are mean ± SD (n ¼ 2).

Some error bars are not visible because of their small size.

Table 2 Abiotic degradation of RDX and HMX by microbially reduced

iron, humic acids and AH2QDS

Microbially reduced

chemical

Rate of degradation [nmol h)1

(mg reduced chemical))1]

RDX HMX

1. Siderite 0Æ5 ± 0Æ1 0Æ4 ± 0Æ04

2. Goethite 0Æ3 ± 0Æ05 0Æ2 ± 0Æ02

3. Hematite 0Æ4 ± 0Æ1 0Æ1 ± 0Æ01

4. Humic acids 0Æ7 ± 0Æ1 0Æ2 ± 0Æ02

5. AH2QDS* 0Æ5 ± 0Æ05 0Æ3 ± 0Æ02

*Rate of transformation in terms of nmol h)1 (lmol AH2QDS))1.

Data are mean ± SD (n ¼ 3).
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and HMX revealed that both chemicals were degraded via

two different pathways that occurred simultaneously, i.e.,

first, initial N-denitration, and second, initial reduction of

nitro groups to nitroso groups. The concomitant release

of N2O and HCHO from RDX and HMX is indicative of

ring opening and decomposition of the respective mole-

cule. The products and pathways of degradation were

closely similar to those reported earlier with other

Clostridium spp. For instance, Cl. bifermentans HAW 1

degraded RDX and HMX either via initial N-denitration

or via initial reduction to corresponding nitroso interme-

diates (Zhao et al. 2003, 2004b), whereas Zhang and

Hughes (2003) reported biodegradation of RDX with Cl.

acetobutylicum via sequential reduction of all the three

nitro groups.

Interestingly, we found that Fe(III), AQDS and HA sti-

mulated the growth of strain EDB2 suggesting that strain

EDB2 utilized these chemicals as terminal electron accep-

tors. This finding is in accordance with the previous stud-

ies which also reported that Fe(III) stimulated the growth

of fermentative bacteria, Cl. beijerinckii (Dobbin et al.

1999) and Cl. butyricum EG3 (Park et al. 2001), by acting

as an electron sink. On the other hand, resting cells of

strain EDB2 also reduced Fe(III) and AQDS indicating the

involvement of a membrane-linked reductase enzyme(s).

Furthermore, the presence of Fe(III), AQDS and HA in

the growth medium enhanced the biodegradation of RDX

and HMX by strain EDB2. In accordance with our find-

ings, the Fe(II)-bearing minerals such as siderite, goethite

and hematite have been shown to be reactive towards ni-

troaromatic compounds and polyhalogenated alkanes

(Elsner et al. 2004). Analogously, the present study also

suggested that iron-reducing bacteria present in the sedi-

ment environments might produce reactive biogenic iron

minerals. The latter could react with cyclic-nitramines

abiotically (as shown above) to accelerate their in situ

degradation.

Recently, Gregory et al. (2004) reported that RDX did

not react with freely suspended Fe(II) alone; however,

Fe(II) bound to magnetite abiotically transformed RDX

to produce NHþ4 , N2O and HCHO. Furthermore, only

10% of RDX was mineralized to CO2, which indicated

that efficient mineralization cannot be achieved under

abiotic conditions. The finding of Gregory et al. (2004) is

in accordance with our present observation that free

Fe(II) (as FeSO4) did not react with either RDX or HMX

for up to 22 days of incubation, however, Fe(II) bound

to the siderite, hematite and goethite did react with both

energetic chemicals.

It is evident that strain EDB2 first biotransformed RDX

and HMX to produce HCHO, which then underwent bio-

conversion to CO2. For instance, when we incubated

growing cells of strain EDB2 with radio-labelled H14CHO

under similar conditions as those used for RDX or HMX,

we found 40% mineralization of H14CHO to 14CO2 in

4 days (data not shown). As shown above, the nonre-

duced Fe(III), HA and AQDS did not react with either

RDX or HMX suggesting an indirect involvement of the

three chemicals in accelerating the biodegradation pro-

cess. In a subsequent experiment (Table 2), we found that

microbially reduced iron, HA and AH2QDS abiotically

reacted with RDX and HMX to eventually produce

HCHO, a source of CO2, and thereby indirectly acceler-

ated the mineralization process.

Taken together, strain EDB2 demonstrated a multidi-

mensional approach to degrade RDX and HMX (Fig. 6):

first, directly by coming in contact with the two cyclic

nitramines; second, by reducing Fe(III), the most abun-

dant electron acceptor in marine and freshwater sedi-

ments, to produce biogenic Fe(II), which is reactive

towards cyclic nitramines; and third, by reducing electron

shuttles such as HA and AQDS, which act as electron

shuttles to transfer electrons to the cyclic nitramines. In

all the three cases, product distribution was similar

RDX,
HMX

Degradation

RDX,
HMX

Degradation

Bacterial
cell

Reactive iron minerals

Degraded RDX and HMX

Electron-shuttling 
compound(s)

Fe (III)
soluble or insoluble

(a) (b)

(c)

e–

(HA/AQDS)

e–e–

e–
e–

Figure 6 Schematic representation of strat-

egies used by strain EDB2 to degrade RDX

and HMX via different routes. (a) Cyclic

nitramines degraded by direct interaction with

strain EDB2. (b) Electron-shuttle compounds

(HA/AQDS), reduced by strain EDB2, abio-

tically degraded cyclic nitramines. (c) Iron

minerals, reduced by strain EDB2, abiotically

degraded cyclic nitramines. Solid arrows

indicate direction of flow of electrons.
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because the cyclic nitramines were degraded either via ini-

tial N-denitration or via initial reduction of nitro groups

to nitroso groups prior to ring cleavage and decomposi-

tion. The above properties render strain EDB2 suitable

for accelerating the (bio)remediation of cyclic nitramine

explosives in iron(III)- and HA-rich environments such

as marine sediments.

As microbial reduction of iron and humic substances

occurs on a large-scale in subsurface environments such

as sediments, estuaries and groundwater (Lonergan et al.

1996; Benz et al. 1998; Coates et al. 1998; Vargas et al.

1998), such environments would be ideal for accelerating

the cleanup of cyclic nitramine energetic chemicals. To

our knowledge, this is the first report that states the use

of Fe(III)- and HA-reducing bacterium to accelerate

bioremediation of cyclic nitramines in Fe(III)- and HA-

rich environments.
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Abstract

In previous studies, we found that the emerging energetic chemical, CL-20 (C6H6N12O12, 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane), can be degraded following its initial denitration using both aerobic and anaerobic
bacteria. The C and N mass balances were not determined due to the absence of labeled starting compounds. The pres-
ent study describes the degradation of the emerging contaminant by Phanerochaete chrysosporium using ring-labeled
[15N]-CL-20 and [14C]-CL-20. Ligninolytic cultures degraded CL-20 with the release of nitrous oxide (N2O) in amounts
corresponding to 45% of the nitrogen content of CL-20. When ring-labeled [15N]-CL-20 was used, both 14N14NO and
15N14NO were observed, likely produced from –NO2 and N–NO2, respectively. The incubation of uniformly labeled
[14C]-CL-20 with fungi led to the production of 14CO2 (>80%). Another ligninolytic fungus, Irpex lacteus, was also able
to degrade CL-20, but as for P. chrysosporium, no early intermediates were observed. When CL-20 was incubated with
manganese peroxidase (MnP), we detected an intermediate with a [M�H]� mass ion at 345 Da (or 351 and 349 Da
when using ring-labeled and nitro-labeled [15N]-CL-20, respectively) matching a molecular formula of C6H6N10O8.
The intermediate was thus tentatively identified as a doubly denitrated CL-20 product. The concomitant release of
nitrite ions (NO�2 ) with CL-20 degradation by MnP also supported the occurrence of an initial denitration prior to
cleavage and decomposition.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: CL-20; Degradation; Nitramine; Phanerochaete chrysosporium; Fungi
1. Introduction

The environmental fate and impact of the emerging
energetic chemical CL-20, C6H6N12O12 (compound 1,
Fig. 1) are not well defined. Preliminary toxicological
studies indicated that CL-20 is not acutely toxic to the
0045-6535/$ - see front matter � 2005 Elsevier Ltd. All rights reserv
doi:10.1016/j.chemosphere.2005.06.052
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marine bacteria Vibrio fisheri, freshwater green algae
Selenastrum capricornutum, terrestrial higher plants
(perennial ryegrass and alfalfa), and indigenous soil
microorganisms (Gong et al., 2004). However, the poly-
cyclic nitramine has significant lethal and sublethal
effects on the earthworm Eisenia andrei (Robidoux
et al., 2004). At lower doses, the toxicity of the nitramine
was more important in a sandy soil than in an organic
rich soil (Robidoux et al., 2004), a phenomenon ex-
plained by the favored sorption of CL-20 to soil organic
fraction (Balakrishnan et al., 2004a).
ed.
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While two aerobic RDX-degrading strains (Rhodo-

coccus sp. DN22 and Rhodococcus rhodochrous 11Y)
failed to degrade CL-20 (unpublished data), several aero-
bic and anaerobic microorganisms degraded the ener-
getic compound (Trott et al., 2003; Bhushan et al.,
2003, 2004a; Karakaya et al., 2004). CL-20 was found
to transform via an N-denitration mechanism, as con-
firmed by the detection of nitrite ions (NO�2 Þ and puta-
tive doubly denitrated CL-20 intermediates (compound
2a and its isomer 2b, Fig. 1) during treatment with nitro-
reductase (Bhushan et al., 2004b). The proposed deni-
trated intermediates have also been observed when
reacting CL-20 with zero valent iron (Balakrishnan
et al., 2004b). In the biotic like in the abiotic processes,
compound 2a and its isomer 2b degraded into the end-
products nitrous oxide (N2O), formate (HCOO�),
ammonia (NH3), and glyoxal (CHOCHO) (Fig. 1).

Despite the important progresses that have been
achieved in the understanding of CL-20 degradation
pathways, the fate of carbons from the emerging chem-
ical is not thoroughly known. In the present study, we
assessed the ability of the ligninolytic white-rot fungi,
Phanerochaete chrysosporium and Irpex lacteus, to de-
grade CL-20. For the first time, the carbon mass balance
was determined using the radiotracer [14C]-CL-20.
P. chrysosporium and I. lacteus are lignin degraders that
synthesize nonspecific enzymes such as lignin peroxidase
(LiP), manganese peroxidase (MnP), and other critical
metabolic components such as oxidases, reductases,
hydrogen peroxide, veratryl alcohol, oxalate, and qui-
nones (Kersten et al., 1985; Stahl and Aust, 1995).
Due to the complex nature of fungal metabolic chemis-
try, we used MnP to get insight into the degradation
mechanism.
2. Material and methods

2.1. Chemicals

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexa-
azaisowurtzitane (e-CL-20), ring-labeled [15N]-CL-20,
nitro-labeled 15N-[CL-20], and uniformly labeled [14C]-
CL-20 (chemical purity > 97%, specific activity of
0.75 mCi/g) were provided by A.T.K. Thiokol Propul-
sion (Brigham City, UT). [1,2-14C]-glyoxal (chemical
purity > 99%, specific activity of 56 mCi/mmol) was
from American Radio-labeled Chemicals, Inc. (St.
Louis, MO). All other chemicals used in this study were
of reagent grade.
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2.2. Bio-transformation of CL-20 in liquid culture

by P. chrysosporium and I. lacteus

P. chrysosporium strain ATCC 24725 and I. lacteus

(obtained from Dr. V. Sasek, Institute of Microbiology,
Prague, Czech Republic) were maintained on YPD
plates, and were cultivated in a modified Kirk�s nitro-
gen-limited medium (pH 4.5) as previously described
(Fournier et al., 2004). Kirk�s modified medium contains
a carbon source (10 g/l glucose) and a limited source of
nitrogen (1.2 mM ammonium tartrate), which are en-
ough to promote the initial development of fungal myce-
lia and induce the production of ligninolytic enzymes (the
medium is referred below as the N-limited mineral med-
ium). Bio-transformation experiments were performed in
the N-limited mineral medium (10 ml in 125 ml serum
bottle) inoculated with 2 · 106 fungal spores. CL-20
(stock solution of approximately 15000 mg l�1, prepared
in acetone) was added to the spore suspension. Heat-
killed fungal spores were incubated with CL-20 as con-
trols for possible abiotic degradation. The bottles were
sealed with Teflon coated serum septa and aluminum
caps. The cultures were incubated statically in the dark
at 37 ± 2 �C (for P. chrysosporium) and 20 ± 2 �C for
I. lacteus, and were aerated every 3–4 days.

2.3. Mineralization of CL-20 and glyoxal with fungi

Mineralization experiments were performed by add-
ing the radiotracer [14C]-CL-20 (0.048 lCi, 162.6 nmol)
or [14C]-glyoxal (0.288 lCi, 3100 nmol) to P. chrysospo-

rium spore suspensions. Formation of 14CO2 was moni-
tored as described previously (Fournier et al., 2004).
Once again, the microcosms were aerated every 3–4
days.

2.4. Bio-transformation of CL-20 with MnP

MnP from a high potential fermentation strain of
Nemalotoma frowardii was purchased from Jena Biosci-
ence GmbH (Jena, Germany). The MnP reactions were
performed in 6 ml vials in a total of 2 ml: sodium malon-
ate (50 mM, pH 4.5), MnCl2 (1 mM), H2O2 (0.33 mM),
MnP (3 U) and CL-20 (38 mg l�1 using the above-de-
scribed stock solution). CL-20 was present at a concentra-
tion superior to its aqueous solubility (Monteil-Rivera
et al., 2004) in an attempt to generate sufficient amounts
of reaction intermediates to allow detection. The vials
were sealed with Teflon coated serum septa and alumi-
num caps. Reactions were carried out at 37 ± 2 �C under
agitation at 150 rpm.

2.5. Analytical techniques

After sampling the headspace for N2O analysis
(Fournier et al., 2004), the liquid phase of fungal cul-
tures or enzymatic reaction were sacrificed by adding
one equivalent volume of acidified acetonitrile (0.25 ml
of concentrated H2SO4 per liter of acetonitrile) to one
volume of reaction mixture. Whole fungal cultures were
submitted to sonication at 20 �C for 18 h. In all cases,
the resulting solution was then filtered through a
0.45 lm membrane (Millipore PTFE), the first 3 ml
being discarded. CL-20 was analyzed by HPLC con-
nected to a photodiode array (PDA), as described previ-
ously (Monteil-Rivera et al., 2004). Analyses of nitrate
(NO�3 ), formate (HCOO�), glycolate (HOCH2COO�),
ammonia (NH3), and glyoxal (HCOHCO) were also per-
formed as previously described (Balakrishnan et al.,
2004b). Intermediate products of CL-20 were analyzed
using a Bruker Esquire 3000 plus ion trap spectrometer
(Bruker-Daltonics, Boston, MA, USA) equipped with
an Agilent 1100 HPLC system (Agilent, Waldbronn,
Germany). The atmospheric electrospray source was
operated in negative mode using nitrogen as a drying
gas (15.0 psi), at a flow rate of 5 l/min and a temperature
of 150 �C. The capillary voltage was set at 4000 V with
an end plate offset of �500 V. The scanning mass to
charge range was 40–550 m/z. Details on the LC-MS
set up can be found in Hawari et al. (2004). Nitrite
(NO�2 ) was analyzed using the photometric US EPA
Method 354.1 (US EPA, 1979).
3. Results and discussion

3.1. Bio-transformation of CL-20 by fungi

Degradation of CL-20 added to spores suspension of
P. chrysosporium was monitored for up to 8 days. Fig. 2A
shows the disappearance of CL-20 in the presence of
growing or heat-killed fungal cultures. In heat-killed con-
trols the initial amount of CL-20 (85 nmol) remained sta-
ble during all the incubation period. The degradation
with active P. chrysosporium started after a lag phase
of 2 days (Fig. 2A). After 5 days of incubation, CL-20
was totally depleted from the culture medium. The for-
mation of N2O started after 3 days of incubation
(Fig. 2A). On the seventh day, the ratio of N2O over
CL-20 degraded indicated that 45% of the nitrogen con-
tent of CL-20 was transformed into nitrous oxide. When
ring-labeled [15N]-CL-20 was used in degradation experi-
ments, the GC/MS analysis of N2O showed the presence
of both 14N14NO and 15N14NO, likely produced from
peripheral nitro (–NO2) and the nitramine (N–NO2)
groups, respectively. No nitrite ions (NO�2 Þ were de-
tected, but when P. chrysosporium was cultivated with
NaNO2 as the sole nitrogen source, the growth of the
mycelia was observed with the concomitant production
of N2O. It should be noted that no growth and no N2O
production were observed in the absence of either CL-
20 or NaNO2. No CL-20 intermediary metabolites were
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detected, probably because they were readily trans-
formed in the culture supernatant, via the action of lig-
ninolytic enzymes such as LiP or MnP.

With the hope to generate detectable amounts of
intermediary metabolites, P. chrysosporium and another
white-rot fungus I. lacteus were pre-grown for 7 days
prior to the addition of higher amounts of CL-20 than
used above (260 nmol). Cultures were sampled twice a
day for LC/MS analysis. As depicted in Fig. 2B, degra-
dation of CL-20 by P. chrysosporium started without
any lag phase. After 25 days of incubation at 37 �C,
CL-20 was totally depleted from the culture medium,
but the analysis of the liquid phase on LC/MS did not
show any intermediates. When incubated at 20 �C, I. lac-

teus also degraded CL-20 but after a lag phase of 3–4
days. This lag phase can be due to the slower growth
and or slower ligninolytic enzymes production by I. lac-
teus compared to P. chrysosporium. As observed with P.

chrysosporium, I. lacteus was able to remove almost all
the nitramine after 25 days of incubation (Fig. 2B),
but once again, no CL-20 intermediates were detected.

3.2. CL-20 carbon mass balance

Mineralization experiments were conducted by add-
ing uniformly labeled [14C]-CL-20 to P. chrysosporium

cultures. As depicted in Fig. 3, the production of CO2

began after 5 days of incubation, reaching 80% of CO2

after 78 days, showing that almost 5C of the total 6C
atoms of CL-20 mineralized into CO2.
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The observation of N2O (14N14NO from nitro group)
and CO2 indicate that P. chrysosporium catalyzes ring
cleavage of CL-20 via denitration, nitrite ions which
were not detected, being likely assimilated by fungi cul-
tivated under nitrogen-limited conditions. Because no
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3.3. Transformation of CL-20 with MnP—insights into

the degradation mechanism

In previous studies, MnP was found to degrade the
nitramine RDX (Stahl et al., 2001), its ring cleavage
product 4-nitro-2,4-diazabutanal (NDAB) (Fournier
et al., 2004), and the TNT metabolite aminodinitrotolu-
ene (Stahl and Aust, 1995; Fritsche et al., 2000). MnP
oxidizes Mn2+ ions into highly reactive Mn3+ ions,
which are stabilized by a fungal-produced chelating
agent such as oxalate. Chelated Mn3+ ions oxidize a
broad variety of chemicals via one-electron transfer
reactions. The ligninolytic enzyme MnP is produced by
almost all white-rot fungi, and all MnPs described so
far appear to follow the same classical catalytic cycle
as detailed by Hofrichter (2002). Therefore it was as-
sumed that MnP from different basidiomycetes would
attack CL-20 in a similar way. In the present study,
we used to bio-transform CL-20, a commercial MnP
purified from N. frowardii, another ligninolytic white-
rot fungus.

MnP catalyzed the degradation of CL-20 (Fig. 4) and
rendered possible the detection of two LC/MS peaks,
each showing a [M�H]�mass ion at 345 Da (Fig. 5A,
peaks 2 and 3), after 1 h of incubation. These peaks
showed similar chromatographic and mass data to the
ones detected during the degradation of CL-20 using
Fe0 (Balakrishnan et al., 2004b) or nitroreductase (Bhu-
shan et al., 2004b). Each of the two LC/MS peaks
matched a molecular formula of C6H6N10O8 and was
tentatively identified as one of the two isomers of the
doubly denitrated CL-20 molecule (Fig. 5B, 2a and
2b). The use of ring-labeled [15N]-CL-20 and nitro-
labeled [15N]-CL-20 respectively revealed the presence
of LC/MS peaks showing a [M�H]�mass ion at
351 Da (an increase of 6 Da representing the 6 15N
atoms, Fig. 5C) and a [M�H]�mass ion at 349 Da (an
increase of 4 Da representing 4 15NO2 groups,
Fig. 5D) in agreement with the formation of the doubly
denitrated CL-20 intermediate and its isomer. Signifi-
cant amounts of nitrite (NO�2 Þ were formed concomi-
tantly with CL-20 removal (Fig. 4), supporting the
occurrence of an initial denitration process as observed
with Fe0 (Balakrishnan et al., 2004b). The amount of
NO�2 (280 nmol) was maximal after 5 h of incubation.
Considering the oxidative conditions produced by the
MnP system, NO�2 ions were probably oxidized into
NO�3 ions, as demonstrated by the appearance of the lat-
ter after 1 h of incubation. When whole fungi were incu-
bated with CL-20, the nitrite ions released were likely
assimilated, allowing the growth of the fungal mycelia.
Nitrous oxide (N2O) was also produced during the deg-
radation of CL-20 with MnP (Fig. 4). The amounts of
N2O increased linearly to a maximum of 200 nmol, giv-
ing a ratio N2O over CL-20 of 8%. The ratio obtained
with growing fungi was much higher (45%) and better
reflects the complex nature of P. chrysosporium metabo-
lism. Several assays aiming at the detection of ammonia
(NH3) were not successful because of the presence of
important analytical interferences, even after an exten-
sive washing of the commercial MnP to remove excess
salts.

No formate (HCOO�) was produced but a significant
amount of glyoxal was detected (Fig. 4). One mole of re-
moved CL-20 (C6H6N12O12) gave 0.5 mol of glyoxal
(C2H2O2). The formation of glyoxal as a CL-20 product
is environmentally significant since the di-aldehyde is
known to be toxic (Shangari et al., 2003). The degrada-
bility of glyoxal was then investigated, using either pure
MnP or P. chrysosporium. When incubated with MnP,
the di-aldehyde remained intact after more than 18 h
of incubation (result not shown). However, P. chrysos-

porium was able to mineralize 88% of the radio-labeled
glyoxal added (liberated as 14CO2) (Fig. 6), thus indicat-
ing that the compound would not persist in the presence
of white-rot fungi. The mineralization of glyoxal may be
based on the participation of the metalloenzyme glyoxal
oxidase that functions as an extracellular factory for
production of hydrogen peroxide (Whittaker et al.,
1996).
4. Conclusion

This study demonstrates that the white-rot fungi P.

chrysosporium and I. lacteus can efficiently decompose
CL-20 under aerobic conditions. For the first time, the
use of uniformly labeled [14C]-CL-20 indicates that P.

chrysosporium could effectively (>80%) mineralize the
nitramine, as determined by the release of 14CO2. The
use of pure MnP provided several evidences supporting
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the occurrence of an initial denitration step on CL-20
prior to ring cleavage and decomposition. The detection
of glyoxal as a CL-20 metabolite and its mineralization
by P. chrysosporium indicate that the di-aldehyde is a
CL-20 product but that it would not persist in the pres-
ence of white-rot fungi. This study demonstrates that
CL-20 would not be persistent in environments that fa-
vor the growth of ligninolytic fungi.
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