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(i.e., increase OWS availability, reduce cost) or to mitigate the formation and undesired consequences of shipboard emulsions are urgently needed. This
research aims to investigate the fundamental physicochemical processes in the formation, stabilization, and breaking of shipboard relevant emulsions.
Understanding shipboard emulsions at evolving interfaces is a key scientific challenge. The underpinning hypothesis is that surface chemical changes at the
l-l interface are critical for mass and charge transfer leading to emulsion formation, stabilization, and worsening. Using unique in situ chemical imaging
capabilities developed at PNNL, the project team answers the following questions to validate the following questions: 1) How do ionic, nonionic, and solid
emulsifiers affect emulsion stabilization in ship bilgewater conditions? and 2) How does microbial activity affect emulsion formation, stabilization, and
breaking? A unique vacuum compatible microreactor, System for Analysis at the Liquid Vacuum Interface (SALVI), has been used to achieve multiscale
imaging and obtain a more fundamental understanding of these physiochemical multiphase processes.

Bilgewater, an oil and grease mixture with water, may affect many aquatic species. Thus development of methods and techniques to treat
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2.0 SERDP Relevance 
This research will provide fundamental understanding of the underlying principles of bilgewater 
emulsion formation, stabilization, and breaking using multiplexed in situ chemical imaging 
techniques to study, at the molecular level, the l-l interactions and liquid surface modifications 
under ship-relevant conditions. Findings, based on direct observations, will provide physical and 
chemical knowledge underpinning these complex interfacial phenomena and lead to solutions 
for oil in water (O/W) emulsion reduction, improved wastewater treatment, waste-oil-holding 
capacities, and fuel-holding capacities onboard ships. Microfluidic-based strategies for 
stabilization, effective separation, and treatment of O/W emulsions, which will be developed 
based on the findings of this research, can reduce maintenance burden, increase OWS 
treatment efficiency, and lower the cost of wastewater treatment for DOD. 

This research will provide fundamental understanding of the underlying principles of bilgewater 
emulsion formation, stabilization, and breaking using multiplexed in situ chemical imaging 
techniques to study, at the molecular level, the l-l interactions and liquid surface modifications 
under ship-relevant conditions. Findings, based on direct observations, will provide physical and 
chemical knowledge underpinning these complex interfacial phenomena and lead to solutions 
for oil in water (O/W) emulsion reduction, improved wastewater treatment, waste-oil-holding 
capacities, and fuel-holding capacities onboard ships. Microfluidic-based strategies for 
stabilization, effective separation, and treatment of O/W emulsions, which will be developed 
based on the findings of this research, can reduce maintenance burden, increase OWS 
treatment efficiency, and lower the cost of wastewater treatment for DOD. 
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3.0 Technical Objective 
Bilgewater, an oil and grease mixture with water, may affect many aquatic species. Thus 
development of methods and techniques to treat (i.e., increase OWS availability, reduce cost) or 
to mitigate the formation and undesired consequences of shipboard emulsions are urgently 
needed. This research aims to investigate the fundamental physicochemical processes in the 
formation, stabilization, and breaking of shipboard relevant emulsions. Understanding shipboard 
emulsions at evolving interfaces is a key scientific challenge. The underpinning hypothesis is 
that surface chemical changes at the l-l interface are critical for mass and charge transfer 
leading to emulsion formation, stabilization, and worsening. Using unique in situ chemical 
imaging capabilities developed at PNNL, we answer the following questions to validate the 
following questions: 1) How do ionic, nonionic, and solid emulsifiers affect emulsion stabilization 
in ship bilgewater conditions? and 2) How does microbial activity affect emulsion formation, 
stabilization, and breaking? A unique vacuum compatible microreactor, System for Analysis at 
the Liquid Vacuum Interface (SALVI),[1-8] has been used to achieve multiscale imaging and 
obtain a more fundamental understanding of these physiochemical multiphase processes.   

This project aims to achieve the following goals: 1) study the emulsion formation mechanism in 
synthetic and actual bilgewater using novel multimodal imaging approaches; 2) obtain molecular 
distribution of key species at the droplet surface and interface; and 3) set the technical 
foundation for the development of cost-effective solutions to reduce, prevent, and treat ship-
relevant emulsions. 
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4.0 Technical Approach 
The key technical approach is to use SALVI, a unique vacuum and ambient compatible 
microfluidic interface [1-8] and multimodal imaging to study emulsion. We have employed in situ 
liquid chemical imaging to study various liquid surfaces, solid-liquid (s-l), and l-l interfaces [3, 5, 
6, 8-15].  SALVI, as a portable microfluidic reactor, is suitable for a multitude of analytical 
instruments, including ToF-SIMS, SEM, and NMR, allowing chemical insight into the complex l-l 
interface. This project studies the l-l interactions at the molecular level and provide 
unprecedented insight into the physicochemical processes of bilgewater emulsions.  

SERDP-recommended emulsion systems were used as the base models for synthetic 
bilgewater studies. Specifically, synthetic bilgewater is similar to MEPC 107(49) test fluid C 
emulsion [16].  More importantly, real bilgewater samples as well as a NSWC Carderock 
surrogate sample from SERDP funded labs were shared and studied in this project 
complementing other ongoing bilgewater emulsion research.  Emulsions prepared by 
mechanical means were used to serve as the surrogate and be analyzed using multiple imaging 
techniques to understand their surface properties, size, morphology, aggregation, and l-l 
interactions.   

Besides bulk approaches to study emulsions, the unique multiplexed chemical imaging 
capability has been employed to decipher the complex interfacial process in emulsion formation, 
breaking, and separation. Specifically, our approach can capture the l-l interface and study how 
stressors [6, 11, 12, 18-20] (e.g., biofouling, particulate, and salinity) affect emulsion formation 
and transformation.  Two tasks were performed.  Task 1 aims to establish feasibility of 
multimodal imaging applications to study bilgewater emulsions and demonstrate how different 
measurement results can be integrated to understand the l-l interface transformation.  Task 2 
builds upon our expertise in biofilm imaging and optimal bilgewater analysis conditions to be 
obtained in Task 1 to investigate the effect of microbes on bilgewater stabilization or breaking.  
These initial results will set the technical and scientific foundations for further systematic studies 
of bilgewater stabilization, breaking, and mitigation.  In addition, project management, reporting, 
and manuscript preparation were performed corresponding to each task.   

4.1 Task 1 Bilgewater multimodal imaging 
The presence of a native or added surfactant is necessary for the long-term stability of 
emulsions: the surfactant molecules migrate to the l-l interface and inhibit droplet coalescence.  
The synthetic bilgewater and real bilgewater samples were studied to understand how factors 
such as ionic, nonionic surfactant micelles, or solid affect emulsion stabilization in situ.  In situ 
multiplexed imaging tools including SIMS, SEM, or NMR were used.  The same sample can be 
transferred among these instrument platforms via our unique microfluidic reactor.  Synthetic 
bilgewater emulsion samples were used to establish suitable imaging conditions followed with 
analysis of real bilgewater samples. 

Correlative imaging offers a great deal of information and provide a more holistic view of the 
complex system.  First the bilgewater droplet size distribution (DSD) was determined using 
NMR and SEM.  NMR, particularly, pulsed-field gradient (PFG), has long been used in emulsion 
studies.[1, 2]  Emulsion formation, droplet cluster structure, diffusion in the liquid, and velocity 
distributions in a confined field have been reported using NMR measurements.[1-9]  These 
approaches were used to obtain an overview of the bilgewater DSD), diffusion, and velocity 
distribution.  Such information is useful to characterize the emulsion inside the microchannel, 
providing the physical measurements for future computational fluid dynamic (CFD) simulation.  
By complementing with other imaging studies, more complete pictures of the emulsion 
stabilization can be achieved.  However, in the NMR measurements, the operator used the 
wrong pulse sequence and did not obtain the desirable results in the initial trial.  Due to limited 
funding and time, we did not pursue additional measurements.  It is possible that the PFG 
measurements are doable to obtain usable parameters for bilge emulsions.  We plan to pursue 
this subtask if permitted with additional funding. 
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We prepared and published a paper to report the first ToF-SIMS imaging and analysis of bilge 
emulsion in Chemosphere [10].  More details are provided in Appendix A.  This paper 
establishes the technical soundness for using ToF-SIMS to study bilge emulsions.   

In addition, in situ liquid SIMS, a new technique developed in my group at PNNL, was used to 
provide submicron-resolution molecular mapping of the liquid surface and interface in bilgewater 
emulsion.   

4.1.1 In situ SEM imaging of bilge emulsion 

More importantly, in situ SEM imaging in the high vacuum mode, a new technique developed in 
our lab, was used to determine DSD.  Figs. 1a & 1b shows the SEM images a fresh and aged 
bilge emulsions, respectively. 

 

 
Figs. 2a and 2b depict size determination of fresh and aged bilge emulsions.  Compared to the 
only other wet commercial SEM device, we can provide both SE and BSE images and give 
information on particle size, shape, and morphology. This novel technique was successfully 
used to characterize bilge emulsion DSD in the limited scope project.  Elemental mapping by 
EDX gives more insight into the chemical distribution on the particle surface. This kind of 
measurement will be useful to understand how solid emulsifiers stabilize the emulsion droplets.  

  
FIG. 1a.  In situ SEM imaging of fresh bilge emulsion. FIG. 1b.  In situ SEM imaging of aged bilge emulsion. 

 
 

FIG. 2a.  DSD of fresh bilge emulsion by in situ SEM. FIG. 2b.  DSD of aged bilge emulsion by in situ SEM. 
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We certainly are interested in pursuing additional measurements and observations of bilge 
compositions in relation to DSD in the next stage of this project. 

4.1.2 In situ liquid SIMS imaging of bilge emulsion 

In preparation to fully understand the liquid SIMS data, we studied the dry bilge emulsions and 
components using statics SIMS and complemented the chemical measurements using optical 
microscopy to determine DSD.  This step is important in defining reference spectra in liquid 
SIMS data interpretation.  A manuscript was submitted to Chemosphere, and it is published in 
July 2019.  The published version of the manuscript is attached in Appendix A to show progress 
of this task.   

In the first paper reporting ToF-SIMS imaging and analysis of bilge emulsion, we used a Navy 
model and determine DSD using optical microscopy.  Our findings suggest that the aged 
emulsion not only grows in size but also has significant surface compositional changes.  Both oil 
and detergent components appear in the emulsion surface as soon as fresh droplets form as 
expected.  Higher mass organics from the surfactant components appear at the droplet surface 
as droplets age.  Surface oxidation is another factor that modifies the emulsion chemical 
makeup over time, however, this effect is not significant.  This is probably because the samples 
were prepared in a well-controlled nitrogen drying environment.  Drying has an effect on the 
emulsion analysis results.  One of the most significant effect is loss of the water phase.  
Although we can map oil and detergent components using the ToF-SIMS mass spectrometry 
imaging of dry emulsion samples, it is not possible to study the water phase in the O/W 
emulsion using static SIMS.  Therefore, in situ liquid SIMS was deployed to probe the dynamic 
oil-water liquid-liquid phase evolution in this task as well. 

4.1.2.1 Experimental setup 

The same procedure used in previous synthetic bilgewater generation studies have been 
adapted to study the emulsion surface changes in this work [11].  The synthetic emulsion 
sample consisted of a liquid mixture of 10 mL Navy Standard Bilge Mix (NSBM) #4 abbreviated 
as oil mix herein and 1 mL of detergent mix. The oil mix consists of 50% diesel fuel marine (MIL-
PRF-16884N), 25% 2190 TEP steam lube oil (MIL-PRF-17331K), and 25% 9250 diesel lube oil 
(MIL-PRF-9000L).  The detergent mix consisted of 50% type 1 general purpose detergent (MIL-
D-16791G (1)), 25% commercial detergent Tide Ultra (liquid), and 25% degreasing solvent 
(MIL-PRF-680C, Type III).  The oil mix and detergent mix were provided by the collaborators at 
the Naval Surface Warfare Center, Carderock Division.   

The details of SALVI microfluidic reactor fabrication were reported in previous papers. [3, 5, 6, 
8-15] 

The mass spectral and image measurements were conducted on a ToF-SIMS 5 instrument 
(IONTOF GmbH, Münster, Germany).  The liquid was sealed in a SALVI device underneath a 
100 nm thick SiN membrane.  The primary ion beam was a 25 keV Bi3+ primary ion beam.  
Dynamic profiling drilled an aperture with 2 µm in diameter through the SiN membrane.  The 
liquid in the microchannel membrane was withheld by its surface tension across the 
aperture.[12, 13]  Secondary ions could be then emitted at an energy range of 0 to 10 eV from 
the aperture.  More experimental details are described in our previous publications.[14, 15] 

The liquid SIMS mass spectral data was processed using the IONTOF Surface Lab 6.3 
software.  The mass spectra were calibrated by OH- (m/z- 17), SiC2H5O- (73), Si2C3H9O3- (m/z- 
149), Si3C5H15O4- (m/z- 223) in the negative mode; and CH3+ (m/z+ 15), (CH)3Si+ (m/z+ 73), 
Si2OC5H15+ (m/z+ 147), Si3C5H15O3+ (m/z+ 207), Si4O4C7H21+ (m/z+ 281) in the positive mode, 
respectively.  Spectral principal component analysis (PCA) was conducted using the MATLAB 
R2014a software (MathWorks, Natick, Massachusetts).  For the first round of PCA, known 
interference peaks were removed, including m/z- 1 H-, m/z- 12 CH-, m/z- 16 O-, m/z- 24 C2-, m/z- 
25 C2H-, m/z- 28 Si-, m/z- 29 SiH-, m/z- 41 SiCH-, m/z- SiCH2-, m/z- 44 SiO-, m/z- 45 SiOH-, m/z- 
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58 SiCH2O-, m/z- 59 SiCH3O-, m/z- 60 SiO2-, m/z- 73 SiC2H5O-, m/z- 75 SiCH3O2-, m/z- 149 
Si2C3H9O3-, m/z- 163 Si2C5H15O2-, m/z- 223 Si13C5H15O4-, and m/z- 237 Si3C7H21O3- in the 
negative mode and m/z+ 28 Si+, m/z+ 59 CH3SiO+, m/z+ 73 (CH3)3Si+, m/z+ 147 Si2O5H15+, m/z+ 
207 Si3C5H15O3+, m/z+ 281 Si4O4C7H21+, m/z+ 369 Si5O4C11H33+, m/z+ 209 Bi+, m/z+ 418 Bi2+, and 
m/z+ 657 Bi3+ in the positive ion mode.  For the second round of PCA, peaks were selected 
according to the following criteria: a) the intensity of the peak in the SIMS mass spectrum was 
significantly higher than its neighboring peaks, b) peaks identified in dry sample analysis or 
other relevant publications (e.g., [10]), c) water clusters, and d) peaks in the SIMS mass 
spectrum bigger than m/z+ 40 or m/z- 40.  Before performing PCA, raw data were treated by 
normalization to the total selected peak intensity, square-root transformation, and mean 
centering. 

4.1.2.2 Spectral comparison of in situ liquid SIMS imaging of bilge 

Table 1 gives the sample matrix of the bilge emulsion using in situ liquid SIMS.  These analyses 
were completed in the limited scope project. 

 
Sample ID  Description Status 
Fresh bilge Emulsion generated with NSBM #4 and DM sample no 

dilution at 3500 rpm 
Done 

Aged bilge Emulsion generated with NSBM #4 and DM sample no 
dilution at 3500 rpm 

Done 

Oil mix 50% NSBM 4-1 + 25% NSBM 4-2 + 25% NSBM 4-3 Done 
Detergent mix 50% DM1 + 25% DM2 +25% DM3 Done 
Fresh bilge & X-100 Fresh emulsion and X-100 (1:1) vortexed for 1 min Done 
Di water DI water as the solvent for O/W emulsion  Done 

Table 1. Sample matrix of in situ liquid SIMS analysis of bilge emulsions 

Fig. 3 shows SIMS spectral comparison showing the two important liquid phase oil and water 
with complex composition.  This result demonstrates that the l-l interface can be spatially 
mapped using liquid SIMS.  We are continuing the liquid SIMS analysis and will be preparing for 
a second manuscript to report scientific findings that are mapped at the l-l interface showing 
different chemical distribution in bilgewater emulsions, differentiating the oil and water phases in 
space at the submicrometer scale.  Such knowledge is needed to map the oil-water interface 
encountered in bilgewater emulsions. 
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Additional spectral results will be presented in our second manuscript reporting findings of the 
oil-water liquid-liquid interfacial changes between the fresh and aged bilge emulsion.  

4.1.2.3 SIMS Spectral PCA of in situ liquid SIMS analysis of bilge 

We conducted spectral PCA of the in situ liquid SIMS data set. Fig. 4 depict representative PCA 
scores plots and loadings plots in the negative ion mode.  
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FIG. 3.  In situ liquid SIMS spectral comparison of aged bilge, fresh bilge, X100 and bilge, oil mix, detergent mix, 
and DI water in the mass range 1-250 (a) and 500-800. 



8 

 
FIG. 4.  In situ liquid SIMS spectral PCA results: a) PC1 vs. PC2 scores plot; b) PC1 vs. PC3 scores plot; c) 
PC1; d) PC2; and e) PC3 loadings plots in the negative ion mode.  
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In the negative mode, principal components (PC1, PC2 and PC3) explain 92.15% of all data. 
PC1 explain 42.91% of data and mainly separates the DI water control, oil mix and fresh bilge 
from aged bilge and detergent mix.  It’s not surprising that the sample consisting of X-100 and 
fresh bilge exists between PC1 positive and negative, nicely positioned between the detergent 
and bilge emulsions.  PC2 explains 32.25% of data and it mainly separates the detergent mix 
and DI water from aged bilge, fresh bilge, and oil mix and detergent mix. PC3 explains 16.99% 
of all data and it mainly separates the fresh bilge and detergent mix from aged emulsion and DI 
water. 

In PC1 negative mode loading, oil mix, fresh bilge and water cluster are the main contributors.  
Oil mix peaks, such as m/z - 49 C4H-, 63 C5H3-, 79 C6H7- and water clusters, such as m/z- 
(H2O)nOH-, n=2, 3, 5, 6, 7, 9, 10, 11, make great contributions to the formation of fresh bilge.  
PC1 positive separates aged bilge emulsion and detergent mix from fresh bilge emulsion and oil 
mix.  This finding suggests that the bilge surface change over time, and that detergent 
components have higher contribution to the aged emulsion.  Some detergent peaks, especially 
in the high mass range, identified as m/z- 325, 337, only exist in aged bilge but not in fresh bilge.  
This means that these detergent components do not appear immediately in the fresh bilge 
surface; instead they show up in the aged bilge surface as time goes. This finding confirms the 
chemical surface change of O/W bilgewater droplets over time using static SIMS.  PC2 positive 
scores plot shows oil mix, fresh bilge, aged bilge and X-100+fresh bilge share similar features.  
This finding suggests some oil components, such as m/z- 49 C4H-, 63 C5H3-, 79 C6H7- and 
detergent components, such as m/z- 101, 105, 205, 221, show up immediately in the fresh bilge 
and persist in aged bilge over time.  

In PC3 positive, oil and detergent components share same peaks, and both contribute to fresh 
bilge and X100 and fresh bilge.  Some characteristic peaks include m/z- 49 C4H-, 205, 425, and 
513. PC3 negative separates aged bilge and DI water from fresh emulsion and detergent mix, 
which further confirms that the bilge surface change over time.  In addition, water clusters, such 
as m/z- (H2O)nOH-, n= 3,4,5,6,7,9,10,11, make contributions the aged bilge.  The sample 
consisting of X-100 and fresh bilge share common peaks with fresh and aged bilge.  Overall, the 
observation of water clusters in both fresh and aged bilge indicates that water clusters play an 
important role in the formation of bilge.  In addition, we observe bilge surface change over time.  
Detergent components, especially those high mass peaks only show up in the aged bilge but 
not in the fresh bilge, providing another evidence of bilge surface compositional change.   

A manuscript is being prepared to report the key findings of the evolved oil-water interface using 
in situ liquid SEM and in situ liquid SIMS.  In situ NMR analysis was also conducted to 
determine the diffusion constant and cluster size in the bilge emulsion.  More details are 
provided in Appendix B.  

4.1.3 Bilge evolution in both droplet size and surface chemical composition 

Both static ToF-SIMS and dynamic ToF-SIMS surface analysis indicate that the bilge surface 
chemical composition changes comparing between fresh and aged emulsions.  In addition, 
droplet size evolves over time.  Both optical and in situ SEM DSD results show that the droplet 
size increases over time.  Fig. 5 illustrates the conceptual understanding of the interfacial 
change of bilgewater using the unique imaging approaches in this project 
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4.2 Task 2 Bilgewater and biofilm interactions 

Microorganisms may influence the formation and stabilization of emulsions by producing 
surfactants, altering the chemistry and pH of bilgewater, and scavenging available oxygen and 
thus limiting the oxidative decomposition of oil and surfactants. Cells and cell fragments could 
also help form oil particle aggregates (OPAs), which are very stable and do not readily 
coalesce.[16-19]  The presence of higher concentrations of cells and cellular exudates are 
suspected to change the viscosity and salinity of bilgewater, further enhancing the emulsion 
stability.  Some microorganisms may also contribute to the breakdown of emulsions by 
metabolizing the oil or scavenging the biological surfactants as a carbon and energy source.  All 
microorganisms produce a variety of amphiphilic molecules that act as biological surfactants to 
help emulsify oil.[20-22]  These surfactants may be summarized in four categories: glycolipids, 
fatty acids, lipoproteins, and polymers.[23-27]  Mannosylerythritol lipids (MELs), a glycolipid, are 
powerful surfactants capable of reducing aqueous surface tension to ~25.1 mN/m.[27]  Microbial 
metabolism, particularly in iron oxide rich and reduced oxygen water, results in the production of 
biological acids, which may lower the pH of bilgewater.  Cells sequester water from the 
surrounding environment and are adept at maintaining concentration differentials.  For instance, 
hydrophobic bacteria was found to stabilize O/W emulsions,[28] however, little is known about 
how microbes including biofilms affect bilgewater emulsion formation and degradation. 

Microbes essentially have two general means of interacting with an emulsion: through direct 
whole-cell contact with the dispersed phase or through indirect influence via biochemistry that 
the cells release into the continuous phase through normal metabolism or as a consequence of 
processes (e.g., chemical disruption of membranes or sheering) that lyse the cells.[29, 30]  
Additionally, cells and cellular bodies may be found in one of four phases in bilgewater: biofilms, 
the surface microlayer, planktonic cells, or larger flocculating clusters, each possessing unique 
communities and behaviors.  This task was used to examine the effects of viable cells and cell-
derived biochemistry on emulsification and stability in bilgewater. 

 
FIG. 5.  The evolving oil-water bilgewater emulsion interface [10]. 
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4.2.1 Culture selected microbes in the microfluidic reactor 

4.2.1.1 Sample matrix 

Table 2 gives the sample matrix of the bilge emulsion using the SALVI microreactor for biofilm 
culture and ToF-SIMS for analysis.  These analyses were completed in the limited scope 
project. 

 
No. Bacteria Description Status Priority Goal 
1 Pseudomonas (P) Planktonic cells Done √ Phase I 
2  Biofilms Done √ Phase I 
3  Growth media Done √ Phase I 
4  Growth media with emulsion Done √ Phase I 
5 Arthrobacter (A) Planktonic cells Done √ Phase I 
6  Biofilms Done √ Phase I 
7  Growth media Done √ Phase I 
8  Growth media with emulsion Done √ Phase I 
9 Cobetia marina (C) Planktonic cells TBD  Phase II 
10  Biofilms TBD  Phase II 
11  Growth media TBD  Phase II 
12  Growth media with emulsion TBD  Phase II 

Table 2. Sample matrix of biofilm and bilge emulsion interactions 

4.2.1.2 Growth curve 

The growth curves of each biofilm were established prior to any bilge and biofilm interaction 
experiments.  Details of these growth curves are necessary in the biofilm culture and they will 
be reported in our manuscript reporting the biofilm and bilgewater interactions.  Preliminary 
findings were reported in SEMS in a previous quarterly report. 

4.2.2 Study microbial biofilm effects on real bilgewater emulsions using 
advanced imaging 

4.2.2.1 Experimental setup 

The objective of this experiment was to compare chemical changes between biofilm and 
bilgewater exposed to biofilm. Pseudomonas fluorescens and Arthrobacter bacteria species 
were selected and cultured to form biofilms in the microchannel within a SALVI microfluidic 
reactor.  Before culturing biofilm in a SALVI, each bacteria organism was cultured on agar 
plates for 24 hrs. from frozen stocks.  Then cultured bacteria was inoculated in 20 mL of fresh 
LB medium contained in a 50 mL plastic tubes for 24 hr. incubation.  The incubation condition 
was 35 °C in a shaker with a rate of 150 rpm.  

The incubated bacteria planktonic cell (10 mL) was injected into the SALVI setup illustrated in 
Fig. 6 at a flow rate of 2 µL/min.  After bacteria incubated media was injected to generate biofilm 
within the SALVI channel, fresh medium was injected at 2 µL/min continuously.  The fresh 
medium injection and continued culture have been done in room temperature for three days.  

After each organism’s biofilms within the SALVI microchannel had fully grown, the control 
biofilm samples were collected in a tube at the end of the SALVI setup.  

To expose bilgewater into fully grown biofilms, a 1:1 (fresh medium to bilgewater) medium 
mixture was injected into the SALVI setup at 2 µL/min (Fig. 6).  Bilgewater exposed biofilms 
were collected from the collection tube after 24 hours, and this is the day 1 biofilm and bilge 
interaction sample.  After 48 hours another set of bilgewater exposed biofilm samples were 
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collected in the same manner (or day 2 biofilm and bilge interaction sample).  This set of 
samples were used to study the effect of biofilms on bilge emulsions over time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The collected biofilms were placed on clean Si chips and dried in a biosafety cabinet (BSC) for a 
couple of hours.  Dried samples including LB media, control biofilms, bilge and biofilm mixture at 
day 1, and day 2) were loaded into ToF-SIMS for surface analysis.  Similar to Task 1, it is 
important to establish mass spectra with high mass accuracy using static SIMS before 
employing dynamic SIMS to study the liquid biofilm and bilge mixtures.  We fully intend and plan 
to continue task 2 and study the biofilm effect using in situ imaging tools permitted by additional 
funding.   

4.2.3 ToF-SIMS spectral analysis and comparison 

Fig. 7 depicts SIMS spectral comparison of fresh bilge, LB broth, P. and bilge collected at day 2, 
P. and bilge collected at day 1, and P. biofilm in the mass range 1-250 (a) and 250-500 (b) in 
the positive ion mode. P. is the abbreviation of Pseudomonas.  SIMS spectra show different 
features for biofilms and bilgewater emulsions that have interacted with P. biofilm over different 
periods of time.  SIMS spectral features suggest time has an effect on the bilge and biofilm 
interactions.  This set of results is under further investigation to identify interesting peaks of 
relevance to biofilms and bilge components.  These results will be presented in a third 
manuscript.  

 

 

 
FIG. 6.  Schematic showing biofilm and bilge interaction experimental setup and sample collection. 
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FIG. 7.  ToF-SIMS spectral comparison of fresh bilge, LB broth, P. and bilge collected at day 2, P. and bilge 
collected at day 1, and P. biofilm in the mass range 1-250 (a) and 250-500 (b) in the positive ion mode. P. is the 
abbreviation of Pseudomonas. 
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4.2.4 Initial ToF-SIMS spectral PCA results of biofilms effects on bilge 

 
FIG. 8.  ToF-SIMS spectral PCA results: a) PC1 vs. PC4 scores plot; b) PC2 vs. PC4 scores plot; c) PC1; d) 
PC2; and e) PC4 loadings plots in the positive ion mode.  
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Because of the nature of SIMS spectra and Poisson noise, PCA is considered a good approach 
to decode its complexity.  Fig. 8 depicts representative spectral PCA results including PC1 vs. 
PC4 scores and loadings plots in the positive ion mode.   

Specifically, PC1 separates P. biofilm and planktonic cell from the fresh/aged bilge and bilge 
emulsions exposed to biofilms.  PC4 separates the fresh and aged bilge and the bilge exposed 
to biofilms over different times.  Fresh bilge emulsion and bilge treated with biofilm for one day 
are more similar (PC4 positive) compared to aged bilge and bilge treated with biofilm for two 
days (PC4 negative).  The similarity between planktonic cells and bilge interacted with biofilm 
over one day suggests that the initial effect may come more from the planktonic cells than the 
biofilms in day 1, which is supported by PC4 positive and associated loadings.  In day 2, the 
biofilm itself would exert more effect on the bilge as evidenced by loadings and similar scores in 
PC4 negative.  We are working on additional analysis and we plan to summarize findings in a 
third manuscript.  
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5.0 Summary and Recommendations 
We successfully accomplished the proposed technical tasks in the limited SERDP project WP 
18-1660.  We demonstrated that the in situ correlative imaging of bilge emulsion is possible 
using the advance chemical imaging techniques such as SEM and ToF-SIMS.  We present two 
key results in task 1.  First of all, droplet size distribution of bilge emulsion seems to grow from 
fresh to aged particles in water based on optical and in situ SEM imaging.  Moreover, unique oil 
and water interfacial information and evolution can be captured using in situ liquid SIMS.  In task 
2, we illustrated that biofilm effects on bilge could be probed using ToF-SIMS.  We also find that 
both planktonic cells and biofilms have an effect on the oil-in-water bilge changes.   

To continue this research using advanced imaging techniques to understand bilge formation, 
stabilization and breaking to establish more efficient wastewater treatment strategies, we 
recommend the following,  

1. Continue collaboration with NAVY and use the same bilge model developed by NAVY 

2. Develop a droplet SALVI microreactor to permit in operando chemical imaging of oil-in-
water bilge formation, stabilization, and breaking using in situ SEM and in situ SIMS 

3. Expand and optimize in situ PFG NMR to complement bilge droplet size distribution 

4. Study the effect of surfactants on bilge using the in operando E-cell and build the 
technical base for novel bilge separation 

5. Investigate biofilm effects on bilge evolution further using in situ optical imaging and in 
situ SIMS chemical imaging 

We anticipate to obtain more fundamental understanding of the bilge stabilization and breaking.  
More systematic conditions can be studied using the above approaches.  Such information is 
critical to develop new mitigation techniques or strategies for wastewater treatment of 
importance to SERDP.  The limited scope project generates sufficient results for three 
manuscripts.  One paper is already published, and two papers are in preparation. We also 
trained a post bachelor research assistant, a graduate student, and a recent postdoctoral 
research assistant in the process of this work.  
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Appendix 
A. Published Chemosphere article 

The following provides the accepted Chemosphere manuscript of the first ToF-SIMS 
imaging and analysis of bilge emulsion. 
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B. Published PCCP front cover and hot article 

The following provides the published PCCP manuscript of the first in situ SEM and in situ 
ToF-SIMS imaging and analysis of the NAVY bilge emulsion. This article was also 
selected to be in the 2020 Hot Article issue by the editors of PCCP for its high quality. 
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C. A Brief Report on Liquid NMR Diffusion Analysis of Bilge 

By Kee Sung Han, Pacific Northwest National Laboratory 

Experimental Details 

All NMR measurements were performed on a 500 MHz NMR spectrometer equipped 
with a 5-mm liquid NMR probe, which has z-gradient capability with a maximum gradient 
strength of ~50 G/cm. The 1H pulsed field gradient (PFG) NMR measurements were 
performed with a 13-interval bipolar gradients stimulated echo sequence (Dbppste, a 
vender supplied pulse sequence, Agilent, USA) at 25 °C. Diffusion coefficients were 
calculated from the PFG echo profile obtained as a function of gradient strength (g) 
using a Stejskal-Tanner equation: S(g) = S(0)exp[-D(γδg)2(Δ-δ/3)], where S(g) and S(0) 
are the echo peak height at the gradient strength of 0 and g, respectively, γ is the 
gyromagnetic ratio of proton (1H), δ is the duration of gradient pulse, g is the gradient 
amplitude and Δ is the duration between the two pair of bipolar gradient pulses.    

Initial Results 
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Figure A1 (a) 1H NMR spectrum of fresh diesel with 10 μL tetramethylsilane (TMS, 
molecular weight ≈ 88.23 g/mol), (b) diffusion coefficients distribution of fresh diesel 
obtained from pulsed field gradient (PFG) NMR, (c) the cluster size (weight) calculated 
from the diffusion coefficients using the external calibration curve with TMS as a 
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reference molecule and (d) the hydrodynamic radius calculated from the diffusion 
coefficients using the Stokes-Einstein equation (D= kBT/6πηrs)   
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Figure A2 (a) 1H NMR spectrum of fresh diesel diluted with D2O (10:1) and 10 μL 
tetramethylsilane (TMS, molecular weight ≈ 88.23 g/mol) was added as an internal 
reference for cluster size calibration, (b) diffusion coefficients distribution of diluted diesel 
obtained from pulsed field gradient (PFG) NMR, (c) the cluster size (weight) calculated 
from the diffusion coefficients using the external calibration curve with TMS as a 
reference molecule and (d) the hydrodynamic radius calculated from the diffusion 
coefficients using the Stokes-Einstein equation (D= kBT/6πηrs). 
 

1H NMR spectrum shown in Figure 1(a) is the first echo signal on PFG-echo profile for 
fresh diesel sample and the open squares are the peak intensities used for the 
calculation of diffusion coefficients (shown in Figure 1(b)). The cluster weight (g/mol) 
were estimated using external calibration curve [1] with tetramethylsilane (TMS) 
reference. It showed the cluster sizes distributed in the region of 140 – 900 g/mol. In 
Figure 1(d) the distribution of hydrodynamic radius were estimated using the Stokes-
Einstein equation: D= kBT/6πηrs , where, kB is the Boltzmann constant, T absolute 
temperature, η is the viscosity and rs is the hydrodynamic radius of diffusing molecules. 

DTMS/Dx = rsx/rsTMS  then rsx = rsTMS (DTMS/ Dx), where rs,TMS is 11.4 Å [2]  
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For fresh diesel sample, the hydrodynamic radius are distributed from 14 -36 Å. 

For the diluted diesel (10: 1 vol. D2O: diesel) solution, Figure 2 shows the first spectrum 
of 1H PFG-echo profile and peak intensities used for diffusion calculation (Figure 2(a)), 
distributions of diffusion coefficient (Figure 2(b)), cluster weight (Figure 2(c)) and 
hydrodynamic radius (Figure 2(d)).  While the peak intensities around 4 ppm were very 
tiny in diesel sample, the peak intensities on the chemical shift around 4 ppm is 
predominant in the diluted diesel solution. The cluster sizes were slightly reduced from 
those of pristine diesel and distributed around 100 – 400 g/mol. The hydrodynamic 
radius also reduced slightly and distributed around 15 – 25 Å 
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