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Abstract 
 

Introduction. This research focused on the development of a novel reactive 
electrochemical membrane (REM) treatment system for the remediation of perfluoroalkyl 
substances (PFASs) in liquid samples that were generated from subsurface investigations of 
PFAS contamination at groundwater sites, known as investigation-derived waste (IDW). The 
REM is a patented technology developed in PI Chaplin’s laboratory that utilizes a conductive, 
porous ceramic electrode material to electrochemically oxidize PFAS contaminants in a flow-
through operation. 

Objectives. The overall objective of this work was to develop proof-of-concept data to 
show that the REM technology is a viable option for the removal of PFASs from liquid IDW 
samples. Specific technical objectives associated with the work include: 1) development of 
REMs for destructive PFAS removal in synthetic and IDW water samples; 2) determination of 
the optimal operational mode; and 3) calculation of energy requirements for the REM-based 
system for comparison to other technologies. 

Technical Approach. The work performed during this project consisted of REM synthesis, 
a series of bench-scale experimental studies, and a preliminary energy cost assessment. The 
six PFAS compounds on the USEPA UCMR-3 list were investigated, which included 
perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS), perfluorononanoic acid 
(PFNA), perfluorohexanesulfonic acid (PFHxS), perfluoroheptanoic acid (PFHpA), and 
perfluorobutanesulfonic acid (PFBS). A specific focus on treatment of PFOS and PFOA was 
made, which allowed comparison of results to the existing literature. Experimental parameters 
that were explored included: 1) adsorption capacity; 2) necessary residence time in the reactor; 
3) reactor operational mode; and 4) energy usage (kWh m-3 per log removal of PFAS). 

Results. The oxidation of PFOA and PFOS in synthetic solutions indicated that 
approximately 5-log removal of PFOA and PFOS was achieved in a single pass through the 
REM (hydraulic residence time ~ 11 s) at applied potentials of 3.3 V/SHE for PFOA and 3.6 
V/SHE for PFOS. Permeate concentrations were < 86 ng L- for PFOA and 35 ng L-1 for PFOS, 
from initial concentrations of 4.14 and 5 mg L-1, respectively. Removal rates were as high as 
3415 ± 203 µmol m-2 h-1 for PFOA and 2436 ± 106 µmol m-2 h-1 for PFOS at a permeate flux 
value of 720 L m-2 h-1 (residence time of ~ 3.8 s). The energy consumption (per log removal) 
to remove PFOA and PFOS to below the detection limits were 5.1 kWh m-3 and 6.7 kWh m-3, 
respectively. In addition, non-normalized observed reaction rate constants for this data were 
calculated as 607 h-1 for PFOA and 210 h-1 for PFOS. These values are more than two orders 
of magnitude higher than those reported by other destructive technologies (i.e, ultrasonication, 
photocatalysis, vacuum UV photolysis, microwave-hydrothermal decomposition). Additional 
work involving real groundwater samples were also conducted. Results showed that single-
pass flow-through mode could achieve only ~50% PFAS destruction, which was attributed to 
background organic constituents and low solution conductivity. However, operating in recycle-
mode with high permeate fluxes achieved > 99% destruction of the total measured PFASs, 
with individual concentrations < 61 ng L-1. Recycle-mode required a total energy consumption 
of only 2.9 kWh m-3 per log removal, which was significantly lower than other destructive 
technologies. 

Benefits. The high rate constants reported above are the highest reported for 
electrochemical oxidation of PFASs, and the low energy consumptions are much more 
favorable then other destructive treatment technologies (i.e, ultrasonication, photocatalysis, 
vacuum UV photolysis, microwave-hydrothermal decomposition), demonstrating the promise 
of the REM technology for PFAS treatment. In order to determine the full feasibility of this 
technology, further research and development is needed, which includes 1) reactor scale-
up/optimization; 2) impact of co-contaminants; 3) longevity studies; and 4) life cycle and cost 
assessments. Completion of this follow-on research is needed before the REM technology 
can be confidently deployed to remediation sites.
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Executive Summary 
 
Introduction 

PFASs, including perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), 
originating from aqueous film forming foams (AFFFs) pose a serious human health risk. 
Therefore, the USEPA has established a 70 ng L-1 lifetime health advisory level for PFOA and 
PFOS,2 and several states have set even lower standards (e.g., California and New Jersey: 
14 ng L-1 for PFOA and 13 ng L-1 for PFOS).3 The removal of these compounds from 
groundwater is complicated by low volatility and general lack of reactivity to biodegradation 
and traditional oxidative treatment processes (e.g., advanced oxidation processes, UV 
photolysis).4 As a result, treatment strategies have mainly used GAC and other sorbents for 
PFAS removal.5‐11 However, studies have found that desorption of PFASs from GAC (and 
other sorbents) was nearly irreversible using conventional regeneration methods,5 which 
greatly increases the costs associated with adsorbent-based treatment strategies. PFAS-
contaminated groundwater also often contains other co-contaminants, including hydrocarbon 
surfactants originating from the AFFFs, chlorinated solvents, solvent stabilizers, and fuel 
components. Therefore, effective remediation technologies should be capable of the 
simultaneous removal of this diverse group of contaminants, which will be beneficial for on-
site treatment of IDWs. 

Here, we describe an innovative, destructive treatment strategy for the remediation of 
PFAS-contaminated IDWs. We have designed a novel REM system that is capable of 
electrochemical destruction of PFASs and associated co-contaminants. A successful proof of 
concept of the REM technology will be transformative for groundwater remediation, as it will 
show that a single, compact technology is capable of providing cost-effective remediation of 
PFASs in groundwater samples. However, there are several technological challenges that 
must be met in order to establish proof of concept. These challenges include: 1) demonstration 
of destructive PFAS removal in IDW water samples to < 70 ng L-1; 2) optimization of the 
operational mode; and 3) low energy consumption compared to other destructive treatment 
methods. Overcoming these challenges will indicate that the REM is a viable PFAS 
remediation technology, where additional research and development focused on scale-up and 
pilot testing could lead to large-scale treatment systems for site-wide remediation. 
 
Objectives 

The proposed research was focused on the development of a novel reactive 
electrochemical membrane (REM) treatment system for the remediation of perfluoroalkyl 
substances (PFASs) in liquid samples that were generated from subsurface investigations of 
PFAS contamination at groundwater sites, known as investigation-derived waste (IDW). Thus, 
this research is directly in line with the objectives of the SERDP Statement of Need (ERSON-
18-L1). The REM technology was developed with consideration towards technical 
effectiveness, cost effectiveness, and compactness and mobility of the treatment system. The 
completed Limited Scope project has produced proof-of-concept data that indicates that a 
REM-based remediation strategy is a viable option for the treatment of IDW liquid samples. 
The overall objective of this work was to utilize a cost-effective REM for the removal of PFASs 
from liquid IDW samples collected at contaminated groundwater sites. Specific technical 
objectives associated with this projected included: 1) development of REMs for destructive 
PFAS removal in IDW water samples to < 70 ng L-1; 2) determination of the optimal operational 
mode; and 3) calculation of energy requirements for the REM-based system for comparison 
to other technologies. These objectives were accomplished in this work and thus we have 
established proof of concept that the REM system is a viable technology for PFAS remediation. 
Therefore, we are seeking a follow-on project to develop a pilot-scale treatment system to test 
the long-term effectiveness of PFAS remediation in IDW samples. Deliverables of this follow-
on research include: 1) a scaled-up optimized reactor, 2) durable REMs with a projected 
lifetime of > 10 years; and 3) cost and life cycle assessments for comparison to other 
technologies. A specific focus of the follow-on research will be to characterize short-chain 
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PFAS that are produced during REM treatment and to either optimize REM operational 
parameters to eliminate these products or couple the REM to other post treatment strategies.  
These deliverables will allow practitioners to evaluate this new technology for implementation 
at PFAS-contaminated DoD sites, with the goal of creating on-site disposal options to lower 
the cost of site management. 
 
Technical Approach  

The work performed during this project consisted of REM synthesis, a series of bench-
scale experimental studies, and a preliminary energy cost assessment. The six PFAS 
compounds on the USEPA UCMR-3 list were investigated, which included perfluorooctanoic 
acid (PFOA), perfluorooctanesulfonic acid (PFOS), perfluorononanoic acid (PFNA), 
perfluorohexanesulfonic acid (PFHxS), perfluoroheptanoic acid (PFHpA), and 
perfluorobutanesulfonic acid (PFBS). A specific focus on treatment of PFOS and PFOA was 
made, which allowed comparison of results to the existing literature. Experimental parameters 
that were explored included: 1) adsorption capacity; 2) necessary residence time in the reactor; 
3) reactor operational mode; and 4) energy usage (kWh m-3 per log removal of PFAS). 
 
Results and Discussion  

Overview of Results. The Limited Scope project had four specific milestones which were 
used to determine if proof of concept was met. These four milestones and a brief discussion 
of the primary results are discussed below: 
 Milestone 1: Synthesis of sorbent-loaded REMs with high sorption capacities for PFASs 

(> 10 mg/g of sorbent) 
Results: Sorbed-loaded REMs were synthesized containing MWCNTs and PAC. 
Although the addition of these sorbent materials resulted in a significant increase in the 
adsorption of PFAS, they were found to be unstable during anodic polarization. Therefore, 
the anticipated strategy of using the sorbent-loaded REMs for a ‘trap and zap’ treatment 
approach was not explored in further detail. However, preliminary experiments were 
conducted that indicates that electrosorption of PFOA on to the MWCNT-REM was 
significantly higher than the REM. These results suggest that an electrosorption step may 
be included before electrochemical oxidation to concentrate PFASs, but the concept was 
not explored in detail as it was not a primary focus of the project. 

 Milestone 2: Demonstrate the ability of REMs to remove PFASs from an initial 
concentration of > 400 g L-1 to below the treatment goal of 70 ng L-1 in synthetic/real 
groundwater samples 
Results: This milestone was achieved in both synthetic samples for PFOA and PFOS and 
for real groundwater samples for a mixture of PFASs. 

 Milestone 3: Determination of the most energy efficient operational strategy for PFAS 
removal in groundwater 
Results: The most efficient operational strategy for PFAS removal from groundwater was 
found to be a recycle-mode with a high permeate flux. This mode of operation could 
achieve the treatment goal stated in Milestone 1 for a mixture of PFASs present in 
groundwater. 

 Milestone 4: Determination of the energy costs for achieving the 70 ng L-1 treatment goal 
in PFAS-contaminated groundwater with a target energy usage of < 2.0 kWh m-3 of water 
treated 
Results: An energy usage of 2.9 kWh m-3 per log removal of PFAS was measured for the 
mixture of PFASs in groundwater with the REM operated in recycle-mode. Although this 
value is slightly higher than the goal, further optimization of the reactor design (e.g., 
electrode spacing, fluid dynamics) should allow much lower energy consumptions to be 
realized. 

Overall, proof of concept was established, and we are confident that further research into 
reactor design and process optimization will lead to achieving the energy usage goal 
(milestone 4). It should be noted that the reported energy usage values in our work are the 



 

  4 

lowest reported for electrochemical oxidation and approximately an order of magnitude lower 
than those reported for other destructive technologies (i.e, ultrasonication, photocatalysis, 
vacuum UV photolysis, microwave-hydrothermal decomposition). The complete results of this 
project are discussed below in further detail. 

PFOA and PFOS Oxidation in Synthetic Solutions. Work in this section focused on 
Milestone 2: Demonstrate the ability of REMs to remove PFASs from an initial concentration 
of > 400 g L-1 to below the treatment goal of 70 ng L-1 in synthetic/real groundwater samples. 

The results shown in this section were recently published in Environmental Science and 
Technology Letters.1 PFOA and PFOS were chosen as model PFASs to test the effectiveness 
of the REM for electrochemical oxidation. The effect of the applied anodic potential on 
PFOA/PFOS degradation using the REM at a flux of 240 LMH is shown in Figure E1. 
Oxidation experiments for PFOA were performed at the OCP to 3.3 V/SHE (Figure E1a) and 
for PFOS at the OCP to 3.6 V/SHE (Figure E1b). Nearly complete removal was achieved for 
both compounds in a single pass through the REM with residence times of 11.3 s (3.3 V/SHE 

for PFOA and 3.6 V/SHE for PFOS). The maximum removal for PFOA was achieved at 3.3 
V/SHE with a 4.7 ± 0.05-log removal and permeate concentrations were below the analytical 
detection limit (86 ng L-1). The maximum removal for PFOS was achieved at 3.6 V/SHE with 
a 5.2 ± 0.02-log removal, and permeate concentrations were below the analytical detection 
limit (35 ng L-1). The detection limits for PFOA/PFOS were on order with the 70 ng L-1 lifetime 
health advisory level established by the USEPA,2 which achieved the goal set forth by 
Milestone 2. However, the permeate concentrations were still higher than standards set forth 
by several states (e.g., California and New Jersey: 14 ng L-1 for PFOA and 13 ng L-1 for 
PFOS).3 

Figure E1. (a) Concentration profile of permeate during the oxidation of PFOA and PFOS on Ti4O7 
REM. (b) Concentration of PFHpA formed from PFOA oxidation. Fluoride mass balance as a function 
of  potential  for  (c)  PFOA,  and  (d)  PFOS  at  J  =  240  LMH.  (Electrolyte  =  100  mM  K2HPO4). 
Concentrations were  normalized  by  initial  PFAS  concentration.  Error  bars  represent  standard 
deviations about mean values and are contained within data points for some data.1 
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The formation of F- ions was used to calculate the defluorination ratio of PFOA/PFOS 
(i.e., [F- formed]/[F in initial PFAS]*100) and values were up to 75.3 ± 4.7 % for PFOA (Figure 
E1c) and 68.9 ± 2.7 % for PFOS (Figure E1d). The total fluorine mass balance was calculated 
(i.e., {[F-]in solution +[F]in PFAS, J /[F]in PFAS, initial}) and ranged between 68.1 ± 4.1 to 99.7 ± 0.3 % for 
PFOA (Figure E1c) and between 67.2 ± 4.1 to 99.8 ± 0.2 % for PFOS (Figure E1d). The only 
fluorocarbon product detected during experiments was perfluoroheptanoic acid (PFHpA) 
during PFOA oxidation (Figure E1b). The maximum concentration of PFHpA formed at a 
potential of 2.6 V/SHE and decreased at higher potentials, which was attributed to a lowering 

of the activation energy for PFHpA oxidation at higher potentials. The fact that the mass 
balance was < 100% indicates that shorter chain volatile PFAS products likely formed, which 
were not analyzed by LC-MS.12,13 
 Results for the electrochemical oxidation of PFOA/PFOS at a constant anodic potential of 
2.9 V/SHE and with different membrane fluxes (J = 36 to 960 LMH) are shown in Figure E2. 
These membrane fluxes gave residence times between 75 to 2.8 s. The highest conversions 
for both compounds were found at J = 36 LMH, which again achieved approximately 5-log 
removal for both compounds (liquid residence time = 75 s). Figure E2b contains the 
calculated PFAS removal rates as a function of J. The maximum removal rates for 
PFOA/PFOS were obtained at J = 720 LMH, with Rr = 3415 ± 203 µmol m-2 h-1 for PFOA and 
Rr = 2436 ± 106 µmol m-2 h-1 for PFOS. Reaction rate constants were also calculated based 
on the conversion of PFOA/PFOS as a function of liquid residence time in the REM. Results 
indicated that the reactions were pseudo first-order, with surface area normalized observed 
rate constants (kobs) of 1.3 x 10-4 m s-1 for PFOA and 4.4 x 10-5 m s-1 for PFOS. These kobs 
values were over an order of magnitude higher than previously reported results with Ti4O7 and 
BDD anodes.14,15 These significantly improved results were attributed to the flow-through 
mode operation, which enhanced mass transfer and utilized the high specific surface area of 
the REM (i.e., 1.3 x 106 m-1). In addition, non-normalized observed reaction rate constants for 

Figure E2.  (a) Concentration profile of permeate,  (b) Removal  rate of PFOA/PFOS during  the 
oxidation on Ti4O7 REM at different membrane fluxes. Fluoride mass balance as a function of 
membrane flux of (c) PFOA, and (d) PFOS (V anode = 2.9 V/SHE, Electrolyte = 100 mM K2HPO4). 
Error  bars  represent  standard  deviations  about mean  values  and  are  contained within  data 
points for some data.1 
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this data were calculated as 607 h-1 for PFOA and 210 h-1 for PFOS. These values are more 
than two orders of magnitude higher than those reported by other destructive technologies 
(i.e, ultrasonication, photocatalysis, vacuum UV photolysis, microwave-hydrothermal 
decomposition).16-19 

The defluorination ratios as a function of J were between 20.3% ± 3.8 at 960 LMH to 
81.4% ± 3.2 at 36 LMH for PFOA (Figure E2c) and between15.5 ± 2.2 % at 960 LMH to 72.9 
± 3.1 % at 36 LMH for PFOS (Figure E2d). The total fluorine mass balance ranged between 
74.1 ± 0.07 to 98.6 ± 0.16 % for PFOA (Figure E2c) and between 71.7 ± 5.8 % to 93.8 ± 4.1 
% for PFOS (Figure E2d). 
 PFAS Oxidation in Groundwater Samples. Work in this section focused on addressing 
Milestones 2 and 3. 
Milestone 2: Demonstrate the ability of REMs to remove PFASs from an initial concentration 
of > 400 g L-1 to below the treatment goal of 70 ng L-1 in synthetic/real groundwater samples. 

Milestone 3: Determination of the most energy efficient operational strategy for PFAS 
removal in groundwater. 

Two groundwater samples (GW1 and GW2) 
were treated with the REMs. The general water 
quality analyses for these samples are shown in 
Table E1. The GW1 sample was collected by 
Geosyntec Consultants from a client’s site in 
Jacksonville, Florida and did not contain 
detectable concentrations of PFASs. This sample 
was spiked with the six different PFASs at 
concentrations between 1.0 to 2.5 M. These 
initial concentrations are shown in Figure E3 
(OCP/Feed data). This experiment was conducted 
at low flux (J = 60 LMH), which gave a hydraulic 
residence time of tr = 45 s. Control experiments 
(OCP data) were not significantly different than the 
original feed samples, indicating that adsorption 
was minimal. In general, results show the 
accumulation of shorter chain PFASs (e.g., PFBS, 
PFHpA, PFHxS), presumably from the oxidation of 
longer chain PFASs (e.g., PFNA, PFOS). At the 
highest cell potentials tested (e.g., 8.1 and 10.5 V) 
total PFAS removal was ~50% (Figure E3). The 
lack of total removal of PFASs was attributed to 

the presence of 
background organic 
compounds (COD = 43.3 
mg/L) and low solution 
conductivity (Table E1). 
The background organic 
compounds can compete 
with PFASs for reactive 
sites on the REM, and the 
low conductivity caused a 
significant potential drop 
in solution and therefore 
reduced the reactive 
thickness of the REM. 

The GW2 sample was 
obtained from Willow 
Grove Naval Base in 
collaboration with Jason 

GW1 GW2
Constituent mg/L mg/L

F‐ 1.06 15.7
Cl‐ 51.5 27.1

NO3
‐ 8.18 175

SO4
2‐ 10.8 < 0.1

HPO4
2‐ 7.78 < 0.1

HCO3
‐ 228 87.7

Na+ 72.6 25.3
K+ 13.7 30.1

Ca2+ 25.7 34.5

Mg2+ 21.4 8.75
pH 6.8 6.5

Conductivity (μS/cm) 788 337
COD (mg/L) 43.3 4.35
Alkalinity (mg/L CaCO3 )  373 144

Table E1. General water quality analyses 
for groundwater samples. 

Figure E3. PFAS and total F removal in GW1 sample as a function 
of cell potential. J = 60 LMH 
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Speicher. The general water quality parameters are shown in Table 1 and PFAS 
concentrations are shown in Figure E4a (Feed/OCP data). Control experiments (OCP data) 
were not significantly different than the original feed samples, indicating that adsorption was 
minimal. Operation of the REM in single-pass mode with a low flux (J = 60 LMH) resulted in 
approximately 55% total PFAS removal (Figure E3a). Once again, longer chain PFASs were 
oxidized to shorter chain PFASs, and the background COD and low conductivity inhibited 
complete oxidation. In order to increase the oxidation rate, the operational mode of the REM 
was switched to recycle mode. In this mode of operation the solution was continuously 
recycled through the REM until the target removal was achieved. A flux (J = 720 LMH) was 
chosen that corresponded to the maximum rate observed for PFOA/PFOS oxidation 
experiments (see Figure E2b). Individual final PFAS concentrations were < 61 ng/L and total 
PFAS concentrations were 274 ng L-1 (Figure E4b). The percent removals for individual and 
total PFAS are shown in Figure E5 and indicate that total PFAS destruction was > 99%. These 
results indicate that a recycle mode operation with high flux is needed to improve mass 
transfer and increase contact time with the REM, which resulted in effective oxidation of 

PFASs in the groundwater solution. These experiments achieved both Milestones 2 and 
3, as stated above. 
 Energy Requirements. Work in this section focused on addressing Milestone 4: 
Determination of the energy costs for achieving the 70 ng L-1 treatment goal in PFAS- 
contaminated groundwater with a target energy usage of < 2.0 kWh m-3 (per log removal) of 

water treated. 
A key issue associated 

with destructive PFAS 
remediation technologies is 
the operational cost. While a 
complete analysis of operating 
costs for PFAS remediation 
technologies could not be 
found in the existing literature, 
we have recently summarized 
the energy consumption per 
log-removal for various novel 
technologies for PFOA/PFOS 
degradation,20 which is also 
summarized in the Appendix 
(Table A1). Remediation 

 

Figure E4. Comparison of electrochemical oxidation of PFASs in GW2 in single‐pass versus 
recycle modes. 
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technologies that were reviewed include sonolysis,16,21,22,23 microwave-hydrothermal,17 
photolysis,24-26 photocatalysis,27,28,29 and electrochemical oxidation.12,14,20,30-38 Direct 
electrochemical oxidation of PFAS is by far the most energy efficient destructive method 
reported to date (5 – 132 kWh m-3).20,30,38,39 Porous Magnéli phase Ti4O7 ceramic anodes have 
shown the lowest energy consumption of 5 kWh/m3 for PFOA and between 6.7 to 32 kWh/m3 
for PFOS,20,38 further demonstrating the promise of this technology. In this study, the electrode 
energy requirements for the Ti4O7 REM anode to remove 10 µM initial concentrations of PFOA 
and PFOS to below the detection limits (86 ng L-1 for PFOA and 35 ng L-1 for PFOS) were 5.1 
± 0.1 and 6.7 ± 0.2 kWh m-3, respectively. Additionally, it was found that the groundwater 
samples required 13 –24 kWh m-3 to treat GW1 and 11 –15 kWh m-3 to treat GW2 in single-
pass mode. The energy usage decreased to 2.9 kWh m-3 to treat GW2 in recycle mode, which 
was able to decrease individual PFASs to < 61 ng/L. Although the lowest energy consumption 
observed during this project (i.e., 2.9 kWh m-3) was 45% higher than the 2.0 kWh m-3 goal, this 
energy consumption value is the lowest reported in the literature and shows the extreme 
promise of the REM technology. Further optimization of reactor design and operation will 
undoubtedly lower the energy consumption of the REM.  
 
Implications for Future Research and Benefits 

The high rate constants reported above are the highest reported for electrochemical 
oxidation of PFASs, and the low energy consumptions are much more favorable then other 
destructive treatment technologies (i.e, ultrasonication, photocatalysis, vacuum UV photolysis, 
microwave-hydrothermal decomposition), demonstrating the promise of the REM technology 
for PFAS treatment. In order to determine the full feasibility of this technology, further research 
and development is needed, which includes 1) reactor scale-up/optimization; 2) impact of co-
contaminants; 3) longevity studies; and 4) life cycle and cost assessments. Completion of this 
follow-on research is needed before the REM technology can be confidently deployed to 
remediation sites. 
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1.0 Objectives 
The proposed research was focused on the development of a novel reactive 

electrochemical membrane (REM) treatment system for the remediation of perfluoroalkyl 
substances (PFASs) in liquid samples that were generated from subsurface investigations of 
PFAS contamination at groundwater sites, known as investigation-derived waste (IDW). Thus, 
this research is directly in line with the objectives of the SERDP Statement of Need (ERSON-
18-L1). The REM technology was developed with consideration towards technical 
effectiveness, cost effectiveness, and compactness and mobility of the treatment system. The 
completed Limited Scope project has produced proof-of-concept data that indicates that a 
REM-based remediation strategy is a viable option for the treatment of IDW liquid samples. 

The overall objective of this work was to utilize a cost-effective REM for the removal of 
PFASs from liquid IDW samples collected at contaminated groundwater sites. Specific 
technical objectives associated with this projected included: 1) development of REMs for 
destructive PFAS removal in IDW water samples to < 70 ng L-1; 2) determination of the optimal 
operational mode; and 3) calculation of energy requirements for the REM-based system for 
comparison to other technologies. These objectives were accomplished in this work and thus 
we have established proof of concept that the REM system is a viable technology for PFAS 
remediation. Therefore, we are seeking a follow-on project to develop a pilot-scale treatment 
system to test the long-term effectiveness of PFAS remediation in IDW samples. Deliverables 
of this follow-on research include: 1) a scaled-up optimized reactor, 2) durable REMs with a 
projected lifetime of > 10 years; and 3) cost and life cycle assessments for comparison to 
other technologies. These deliverables will allow practitioners to evaluate this new technology 
for implementation at PFAS-contaminated DoD sites, with the goal of creating on-site disposal 
options to lower the cost of site management. 
 
2.0 Background 

2.1 Introduction. PFASs, including perfluorooctanoic acid (PFOA) and 
perfluorooctanesulfonic acid (PFOS), originating from aqueous film forming foams (AFFFs) 
pose a serious human health risk. Therefore, the USEPA has established a 70 ng L-1 lifetime 
health advisory level for PFOA and PFOS,2 and several states have set even lower standards 
(e.g., California and New Jersey: 14 ng L-1 for PFOA and 13 ng L-1 for PFOS).3 The removal 
of these compounds from groundwater is complicated by low volatility and general lack of 
reactivity to biodegradation and traditional oxidative treatment processes (e.g., advanced 
oxidation processes, UV photolysis).4 As a result, treatment strategies have mainly used GAC 
and other sorbents for PFAS removal.5‐11 However, studies have found that desorption of 
PFASs from GAC (and other sorbents) was nearly irreversible using conventional 
regeneration methods,5 which greatly increases the costs associated with adsorbent-based 
treatment strategies. PFAS-contaminated groundwater also often contains other co-
contaminants, including hydrocarbon surfactants originating from the AFFFs, chlorinated 
solvents, solvent stabilizers, and fuel components. Therefore, effective remediation 
technologies should be capable of the simultaneous removal of this diverse group of 
contaminants, which will be beneficial for on-site treatment of IDWs. 

Here, we describe an innovative, destructive treatment strategy for the remediation of 
PFAS-contaminated IDWs. We have designed a novel REM system that is capable of 
electrochemical destruction of PFASs and associated co-contaminants. A successful proof of 
concept of the REM technology will be transformative for groundwater remediation, as it will 
show that a single, compact technology is capable of providing cost-effective remediation of 
PFASs in groundwater samples. However, there are several technological challenges that 
must be met in order to establish proof of concept. These challenges include: 1) demonstration 
of destructive PFAS removal in IDW water samples to < 70 ng L-1; 2) optimization of the 
operational mode; and 3) low energy consumption compared to other destructive treatment 
methods. Overcoming these challenges will indicate that the REM is a viable PFAS 
remediation technology, where additional research and development focused on scale-up and 
pilot testing could lead to large-scale treatment systems for site-wide remediation. 
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2.2 Reactive Electrochemical Membrane Overview. In this project we have investigated 
the technical and economic feasibility of using REMs for treatment of liquid IDWs containing 
PFASs. A schematic of one possible configuration of a REM unit is shown in Figure 1. The 
concentric porous cathode/anode tubes shown in Figure 1 are made of solid Ti4O7 (25 mm 
cathode OD; 200 mm long; pore size ~ 1.0 m; porosity ~ 30%). The anode and cathode are 
separated by inert 1 mm thick Viton® o-rings (not shown in figure). This configuration results 
in minimal electrode spacing (1 mm) and limits power consumption associated with solution 
resistance. Depending on the treatment objective or the need to remove carbonate scale from 
the cathode, the anode and cathode can be switched by changing the polarity of the direct 
current (DC) voltage, without any physical manipulation of the device. 

 Figure 1 illustrates the use of the REM system for remediation of PFAS-contaminated 
water in the presence of trichloroethene (TCE) as a co-contaminant. In this configuration TCE 
is dechlorinated on the cathode to dichloroethene (DCE), then vinyl chloride (VC), and finally 
to ethene, according to reaction scheme 1. 

TCE  DCE  VC  ethene       (1) 

Residual TCE, DCE, VC, and ethene that may pass through the cathode are oxidized on the 
anode by a combination of direct electron transfer reactions and reactions with 
electrochemically generated hydroxyl radicals (OH) (reaction 2). 

 H2O  OH + H+ + e-         (2) 

The anodic reaction pathway for PFASs is given in reactions 3 and 4, where X is the functional 
group (e.g., X = COO for PFOA and X = SO3 for PFOS). 

 CnF2n+1X-  [CnF2n+1] + X + e-       (3) 

[CnF2n+1] + (2n-1)OH + H2O  nCO2 + (2n+1)F- + (2n+1)H+   (4) 

PFAS oxidation is initiated by a direct electron transfer reaction according to reaction (3), 
which has been reported to occur at potentials exceeding 2.2 and 2.7 V/SHE for PFOA and 
PFOS, respectively.40,41 The direct electron transfer reaction step is critical, since it has been 
shown that PFASs are unreactive with OH.22,42 Once the direct electron transfer reaction 
occurs, complete mineralization with OH can proceed according to reaction (4).43 
 Past electrochemical oxidation studies have focused on PFAS removal using parallel plate 
reactors in recycle mode, where the removal rates were limited primarily by mass transfer to 
the electrode surface, corresponding to low specific surface area normalized rate constants 
(kobs ~1 x 10-5 m s-1).39 Due to the interconnected microporous structure of the REM electrodes, 
we have achieved very high mass transfer rate constants, using the REM in flow-through 
mode, which translated to high removal rates for PFASs. This work was focused on utilizing a 

Figure 1. Schematic of a  concentric cylindrical REM used  for  the  treatment of PFASs  (PFOS, 
PFOA)  in  the  presence  of  TCE  as  a  co‐contaminant. Dechlorination  reactions  occur  on  the 
cathode, and oxidation of PFASs and cathodic products occur on the anode. Flow configuration 
is outside‐in, dead end, filtration mode. 

Ti4O7 Cathode 
(Grey) 

Ti4O7 Anode 
(Blue) 

Rubber Stopper 

Clean 
Water 

Contaminated 
Water 

Rubber 
Stopper 

Outlet 
Tube 

TCE 

DCE, VC, 
Ethene 

PFOA  

CO2, F‐  

Water Flow 

Ti
4
O

7
 C
at
h
o
d
e
 (‐
) 

Ti
4
O

7
 A
n
o
d
e
 (+

) 

PFOS  

SO4
2‐

 , CO2, F‐ 

VC 

CO2
 



 

 11

novel REM for destructive electrochemical oxidation of PFASs to mineral products (i.e., F-, 
CO2, H2O), which will efficiently remediate IDWs and eliminate the need for off-site 
treatment/disposal. Electrochemical oxidation has recently been shown to be one of few 
oxidative treatment technologies that is effective for PFAS oxidation.34,41 

2.3 Electrochemical Oxidation of PFASs. The requirements for a successful electrode for 
PFAS oxidation are: 1) stability during anodic and cathodic polarization; 2) ability to generate 
OH via water oxidation; 3) electrodes should be comprised of nontoxic compounds; 4) 
inexpensive; and 5) ability to fabricate in porous and monolithic geometries for the 
development of high surface area electrodes that are needed for scale-up to contaminated 
sites. Very few electrode materials can meet all of these requirements. Over the past decade, 
the most promising electrodes for electrochemical oxidation are BDD film electrodes.43 They 
meet the first three criteria stated above, but are prohibitively expensive (~ $7125 per m2) 
(requirement 4) and it is difficult to produce BDD electrodes with complex geometries 
(requirement 5).44 Recent work comparing various electrode materials (i.e., BDD, Ti4O7, Pt, 
SnO2) for organic compound oxidation showed that Ti4O7 electrodes were comparable to BDD 
electrodes for efficiency of organic compound oxidation,45 but Ti4O7 electrodes can be 
synthesized at extremely low costs. For example, small laboratory batches of Ti4O7 electrodes 
synthesized in PI Chaplin’s laboratory cost ~ $0.36 per m2 (materials cost), which is a fraction 
of the cost of BDD electrodes.44 In recent years Ti4O7 electrodes have shown the ability to 
oxidize several different organic compounds, including recent studies focused on PFAS 
oxidation (including work from this project).1,15,45-51 Ti4O7 electrodes are the focal point of the 
proposed research, and thus are discussed in more detail in the following section. 

2.4 Ti4O7 Electrodes. The key to developing a REM is the use of porous electrode 
materials. Stoichiometric titanium dioxide (TiO2) is an insulator with an electrical conductivity 
of ~10-9 S cm-1.52 The electronic properties of TiO2 can be drastically changed by creating 
oxygen deficiencies in the lattice structure, which is accomplished at temperatures > 900 oC 
and under a H2 atmosphere.52 This method results in conversion of some Ti(IV) to Ti(III) and n-
type semiconductor behavior. Ti4O7 has a measured electrical conductivity as high as 166 S 
cm-1, many orders of magnitude greater than TiO2.52 In these sub-oxides, crystal 
rearrangement occurs, which minimizes point oxygen vacancies and makes the electrode very 
resistant to oxidation and highly suitable as stable anode materials. 

The remediation potential of Ti4O7 electrodes are very promising, although few relevant 
studies have been conducted. Ti4O7 electrodes can produce OH via water oxidation.46,48,51,53,54 
In contrast, other OH producing anodes, such as BDD are expensive and cannot be 
effectively coated onto highly porous substrates (as stated above). Additional materials that 
have been researched as electro-active materials for membranes include carbon nanotubes 
(CNTs)55,56 and carbon membranes (graphite) coated with electroactive catalysts.57,58 These 
materials have good electrical conductivity, but do not produce an adequate yield of OH.59,60 
Thus, they have limited usefulness for compound oxidation as they can only partially oxidize 
organics, leading to the formation of polymeric films that passivate the electrode surface.59 

 
3.0 Materials and Methods. 

The materials and methods used during this project were described in detail in a recent 
publication, which includes the majority of the results from this project.1 A brief description of 
the reactor used in this study and a discussion of additional methods for unpublished results 
are provided below. 

3.1 Electrochemical Oxidation Experiments. Oxidation experiments were performed in a 
three-electrode flow-through reactor, including a 0.5 cm2 REM as working electrode (projected 
surface area), a 0.33 cm2 stainless steel (SS) as counter electrode, and a leak-free 1 mm 
diameter Ag/AgCl as reference electrode (Warner Instruments, LF-100). The reactor and REM 
preparation method used for this project was described in our prior work.61 The PFAS-
containing feed solution was pumped from SS cathode to REM anode. Potential was applied 
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using a Gamry Reference 600 potentiostat/galvanostat (Warminster, PA). A schematic of the 
reactor is shown in Figure 2. Before experiments, the reactor was flushed with DI water 
followed by the feed solution for 30 min each at the open circuit potential (OCP). All anodic 
potentials were corrected for uncompensated solution resistance and reported versus the 
standard hydrogen electrode (/SHE). 

The electric energy (kWh m−3) normalized per log-removal of contaminant was calculated 
as follows:52 

   	10
	

	
       (5) 

where I is the current (A), Vcell is the cell potential (V), Q is the volumetric flow rate of the 
permeate (m3 h-1), and Cf and Cp are feed and permeate concentrations, respectively. 

 
Figure 2. Schematic of the flow‐through reactor. Modified from Nayak and Chaplin.61 

3.3 Stability Experiments. Both pure Ti4O7 REMs and sorbent loaded-REMs (powder 
activated carbon (PAC) and multi-walled carbon nanotubes (MWCNTs)) were synthesized. 
Methods for the synthesis of the PAC-REMs and MWCNT-REMs are described in our previous 
publication.62 Stability of the sorbent-loaded REMs was tested as a function of potential using 
the reactor shown in Figure 2. A 100 mM K2HPO4 electrolyte was pumped through the REMs 
at a flux (J) of 240 L m-2 h-1 (LMH) and the permeate was monitored for chemical oxygen 
demand (COD), which was an indication of carbon leaching. 

3.2 Adsorption Experiments. Adsorption experiments were performed in the reactor shown 
in Figure 2. A 10 M PFOA concentration in a 100 mM K2HPO4 electrolyte was pumped 
through the MWCNT-REM and Ti4O7 REM (polarized at 0.5 V/SHE) and permeate samples 
were monitored with time. 
 
4.0 Results and Discussion. 

4.1 Overview of Results. The Limited Scope project had four specific milestones which 
were used to determine if proof of concept was met. These four milestones and a brief 
discussion of the primary results are discussed below: 
 Milestone 1: Synthesis of sorbent-loaded REMs with high sorption capacities for PFASs 

(> 10 mg/g of sorbent) 
Results: Sorbed-loaded REMs were synthesized containing MWCNTs and PAC. 
Although the addition of these sorbent materials resulted in a significant increase in the 
adsorption of PFAS, they were found to be unstable during anodic polarization. Therefore, 
the anticipated strategy of using the sorbent-loaded REMs for a ‘trap and zap’ treatment 
approach was not explored in further detail. However, preliminary experiments were 
conducted that indicates that electrosorption of PFOA on to the MWCNT-REM was 
significantly higher than the REM. These results suggest that an electrosorption step may 
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be included before electrochemical oxidation to concentrate PFASs, but the concept was 
not explored in detail as it was not a primary focus of the project. Detailed results 
associated with this milestone are included in Sections 4.2, 4.3, and 4.4. 

 
 Milestone 2: Demonstrate the ability of REMs to remove PFASs from an initial 

concentration of > 400 g L-1 to below the treatment goal of 70 ng L-1 in synthetic/real 
groundwater samples 
Results: This milestone was achieved in both synthetic samples for PFOA and PFOS and 
for real groundwater samples for a mixture of PFASs. Detailed results associated with this 
milestone are included in Sections 4.5 (synthetic solutions) and 4.6 (groundwater 
solutions). 
 

 Milestone 3: Determination of the most energy efficient operational strategy for PFAS 
removal in groundwater 
Results: The most efficient operational strategy for PFAS removal from groundwater was 
found to be a recycle-mode with a high permeate flux. This mode of operation could 
achieve the treatment goal stated in Milestone 1 for a mixture of PFASs present in 
groundwater. Detailed results associated with this milestone are included in Section 4.6. 
 

 Milestone 4: Determination of the energy costs for achieving the 70 ng L-1 treatment goal 
in PFAS-contaminated groundwater with a target energy usage of < 2.0 kWh m-3 of water 
treated 
Results: An energy usage of 2.9 kWh m-3 per log removal of PFAS was measured for the 
mixture of PFASs in groundwater with the REM operated in recycle-mode. Although this 
value is slightly higher than the goal, further optimization of the reactor design (e.g., 
electrode spacing, fluid dynamics) should allow much lower energy consumptions to be 
realized. Detailed results associated with this milestone are included in Section 4.7. 

 
Overall, proof of concept was established, and we are confident that further research into 
reactor design and process optimization will lead to achieving the energy usage goal 
(milestone 4). It should be noted that the reported energy usage values in our work are the 
lowest reported for electrochemical oxidation and approximately an order of magnitude lower 
than those reported for other destructive technologies (i.e, ultrasonication, photocatalysis, 
vacuum UV photolysis, microwave-hydrothermal decomposition). The complete results of this 
project are discussed below in further detail. 
 
Work in the following three sections focused on addressing Milestone 1: Synthesis of sorbent-
loaded REMs with high sorption capacities for PFASs (> 10 mg/g of sorbent). 
 

4.2 REM Characterization. The electrodes used in this study were defined as follows: 
100% Ti4O7 pellet (REM), 10 wt% PAC 90 wt% Ti4O7 pellet (PAC-REM), and 10 wt% MWCNT 
90 wt% Ti4O7 pellet (MWCNT-REM) and were characterized in prior work.62 Results indicated 
that the REMs contained high purity Ti4O7, and Raman spectroscopy analysis indicated that 
the carbonaceous content was not sufficiently altered during the synthesis process.62 The 
average DI water permeabilities were 806 ± 14 L m-2 hr-1 bar-1 (LMH bar-1) for REM, 589 ± 16 
LMH bar-1 for PAC-REM, and 290 ± 13 LMH bar-1 for MWCNT-REM.62 Conductivity 
measurements were 935 ± 14 S m-1 for REM, 1832 ± 19 S m-1 for PAC-REM, and 2991 ± 37 
S m-1 for MWCNT-REM.62 The effective average pore size for REM, PAC-REM, and MWCNT-
REM were 0.35 ± 0.05 µm, 0.30 ± 0.04 µm, and 0.20 ± 0.04 µm, respectively.62 

4.3 REM Electrochemical Stability. Prior work has shown that Ti4O7 is stable during anodic 
polarization.63 However, the electrochemical stability of the PAC-REM and MWCNT-REM 
materials have not been investigated. The electrochemical stability of the PAC-REM and 
MWCNT-REM materials were tested as a function of the applied anodic potential. These 
experiments were conducted in the flow-through reactor shown in Figure 2 and effluent 
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solution from the reactor was collected as a function of potential. Results are summarized in 
Figure 3. Results for the PAC-REM indicated that it began to oxidize at applied potential 

values higher than 0.5 V/SHE. The COD 
value increased continuously from 0.76 
mg/L at 0.5 V/SHE to 9.81 mg/L at 4.0 
V/SHE. Results for the MWCNT-REM 
were more promising, but carbon 
leaching was still observed. For 
example, COD values in the effluent 
reached as high as 4.2 mg/L at an 
applied voltage of 4.0 V/SHE. These 
results indicated that the composite 
REMs were not stable under anodic 
conditions. To determine if the MWCNT-
REM stability would improve with longer 
operation times (i.e., does leaching slow 
with time), an additional experiment was 
conducted at 3.0 V/SHE over a four-
hour period. Results are shown in 
Figure 4 and indicate that stability of the 
MWCNT-REM deteriorated over time. 
Effluent COD levels were as high as 455 
mg/L after 4 hours, which amounted to 
approximately 1.5% of the total carbon 
content. Thus, it is apparent that these 
composite REMs are not appropriate for 
PFAS oxidation. Upstream adsorption 
followed by downstream oxidation is 
being explored. 

4.4 Electrostatic PFAS Adsorption. 
Electrostatic adsorption of PFOA was 
investigated to determine if an 
adsorption step prior to electrochemical 
oxidation could be used to concentrate 
PFASs prior to electrochemical 
oxidation. Two flow-through electrode 
materials were investigated, including a 
Ti4O7 REM and a MWCNT-Ti4O7 REM.  
These REMs were polarized at an 
anodic potential of 0.5 V/SHE, which 
was a potential where the MWCNT-
REM was stable. 

Results are shown in Figure 5 and 
indicate that the Ti4O7 REM did not 
provide any adsorption capacity for 
PFOA. However, significant adsorption 
was observed for the MWCNT-REM. 
PFOA breakthrough occurred at over 
2000 pore volumes and effluent 
concentrations did not reach influent 
concentration until approximately 10000 
pore volumes. These results indicate 

that after further optimization an electrosorption step prior to electrochemical oxidation could 
prove to be an effective treatment strategy for PFAS remediation, but since it was not a major 
task of this project, further optimization was not pursued at this time. 

Figure  3.  COD  permeate  concentrations  for 
PAC‐REM and MWCNT‐REM as a function of the 
anodic potential (V/SHE). Flow rate = 240 LMH 

Figure 4. Percent carbon leaching for the MWCNT‐ 
REM at a potential of 3.0 V/SHE as a  function of 
time. Flow rate = 240 LMH 

Figure  5.  PFOA  effluent  concentrations  as  a 
function of pore volumes processed  in  the REMs 
with  an  applied  potential  of  0.5  V/SHE.  Influent 

PFOA concentration of 10 M and a  flow  rate of 
240 L m‐2 h‐1. 
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4.5 PFOA and PFOS Oxidation in Synthetic Solutions. Work in this section focused on 
Milestone 2: Demonstrate the ability of REMs to remove PFASs from an initial concentration 
of > 400 g L-1 to below the treatment goal of 70 ng L-1 in synthetic/real groundwater samples. 

The results shown in this section were recently published in Environmental Science and 
Technology Letters.1 PFOA and PFOS were chosen as model PFASs to test the effectiveness 
of the REM for electrochemical oxidation. The effect of the applied anodic potential on 
PFOA/PFOS degradation using the REM at a flux of 240 LMH is shown in Figure 6. Oxidation 
experiments for PFOA were performed at the OCP to 3.3 V/SHE (Figure 6a) and for PFOS at 
the OCP to 3.6 V/SHE (Figure 6b). Nearly complete removal was achieved for both 

compounds in a single pass through the REM with residence times of 11.3 s (3.3 V/SHE for 
PFOA and 3.6 V/SHE for PFOS). The removal of PFOA was 39.8 ± 6.5, 53.7 ± 0.2, and 81.8 
± 2.0 % at anodic potentials of 2.2, 2.6 and 2.9 V/SHE, respectively. The maximum removal 
for PFOA was achieved at 3.3 V/SHE with a 4.7 ± 0.05-log removal and permeate 
concentrations were below the analytical detection limit (86 ng L-1). For PFOS, the removal 
was 20.7 ± 4.5, 38.9 ± 0.6, 55.7 ± 5.3, and 73.9 ± 0.4 % at anodic potentials of 2.2, 2.6, 2.9, 
and 3.3 V/SHE, respectively. The maximum removal for PFOS was achieved at 3.6 V/SHE 
with a 5.2 ± 0.02-log removal, and permeate concentrations were below the analytical 
detection limit (35 ng L-1). The detection limits for PFOA/PFOS were on order with the 70 ng 
L-1 lifetime health advisory level established by the USEPA,2 which achieved the goal set forth 
by Milestone 2. However, the permeate concentrations were still higher than standards set 
forth by several states (e.g., California and New Jersey: 14 ng L-1 for PFOA and 13 ng L-1 for 
PFOS).3 For all anodic potentials tested, PFOA showed higher conversion compared to 
PFOS, which is consistent with previous experimental and theoretical studies.39 In addition, 
the observed removal of PFOA/PFOS at potentials of ~ 2.0 V/SHE in the REM system was 
attributed to the very high specific surface area of the electrode (~ 1x106 m-1), which allowed 
the slow reaction kinetics that were occurring at these potentials to yield a non-negligible 

Figure 6. (a) Concentration profile of permeate during the oxidation of PFOA and PFOS on Ti4O7 
REM. (b) Concentration of PFHpA formed from PFOA oxidation. Fluoride mass balance as a function 
of  potential  for  (c)  PFOA,  and  (d)  PFOS  at  J  =  240  LMH.  (Electrolyte  =  100  mM  K2HPO4). 
Concentrations were  normalized  by  initial  PFAS  concentration.  Error  bars  represent  standard 
deviations about mean values and are contained within data points for some data.1 
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change in concentration. By contrast, previous work in batch reactor systems with low 
specific surface area electrodes did not achieve measurable PFAS removal until potentials 
exceeded 2.5 V/SHE.64 

The formation of F- ions was used to calculate the defluorination ratio of PFOA/PFOS 
(i.e., [F- formed]/[F in initial PFAS]*100) and values were up to 75.3 ± 4.7 % for PFOA (Figure 
6c) and 68.9 ± 2.7 % for PFOS (Figure 6d). The total fluorine mass balance was calculated 
(i.e., {[F-]in solution +[F]in PFAS, J /[F]in PFAS, initial}) and ranged between 68.1 ± 4.1 to 99.7 ± 0.3 % for 
PFOA (Figure 6c) and between 67.2 ± 4.1 to 99.8 ± 0.2 % for PFOS (Figure 6d). For 
conditions where PFASs were oxidized to below the analytical detection limits, mass balances 
were 76.3% for PFOA and 68.9% for PFOS. The only fluorocarbon product detected during 
experiments was perfluoroheptanoic acid (PFHpA) during PFOA oxidation (Figure 6b). The 
maximum concentration of PFHpA formed at a potential of 2.6 V/SHE and decreased at higher 
potentials, which was attributed to a lowering of the activation energy for PFHpA oxidation at 
higher potentials. The fact that the mass balance was < 100% indicates that shorter chain 
volatile PFAS products likely formed, which were not analyzed by LC-MS.12,13 
 Results for the electrochemical oxidation of PFOA/PFOS at a constant anodic potential of 
2.9 V/SHE and with different membrane fluxes (J = 36 to 960 LMH) are shown in Figure 7. 
These membrane fluxes gave residence times between 75 to 2.8 s. The highest conversions 
for both compounds were found at J = 36 LMH, which again achieved approximately 5-log 
removal for both compounds (liquid residence time = 75 s). Figure 7b contains the calculated 

PFAS removal rates as a function of J. The maximum removal rates for PFOA/PFOS were 
obtained at J = 720 LMH, with Rr = 3415 ± 203 µmol m-2 h-1 for PFOA and Rr = 2436 ± 106 
µmol m-2 h-1 for PFOS. Rates decreased at higher J values for both compounds, which is 
consistent with prior work for compound oxidation in the REM and was attributed to an 
increased current efficiency for oxygen evolution at higher J values, which was facilitated by 
sweeping of O2 bubbles from the REM surface.51 Reaction rate constants were also calculated 

Figure  7.  (a) Concentration profile of permeate,  (b) Removal  rate of  PFOA/PFOS during  the 
oxidation on Ti4O7 REM at different membrane fluxes. Fluoride mass balance as a function of 
membrane flux of (c) PFOA, and (d) PFOS (V anode = 2.9 V/SHE, Electrolyte = 100 mM K2HPO4). 
Error  bars  represent  standard  deviations  about mean  values  and  are  contained within  data 
points for some data.1 
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based on the conversion of PFOA/PFOS as a function of liquid residence time in the REM 
(Figure 8). Results indicated that the reactions were pseudo first-order, with surface area 
normalized observed rate constants (kobs) of 1.3 x 10-4 m s-1 for PFOA and 4.4 x 10-5 m s-1 for 
PFOS. These kobs values were over an order of magnitude higher than previously reported 
results with Ti4O7 and BDD anodes, with liquid residence times of < 45 s in our study compared 
to several hours in previous work.14,15 These significantly improved results were attributed to 
the flow-through mode operation, which enhanced mass transfer and utilized the high specific 
surface area of the REM (i.e., 1.3 x 106 m-1). In addition, non-normalized observed reaction 
rate constants for this data were calculated as 607 h-1 for PFOA and 210 h-1 for PFOS. These 
values are more than two orders of magnitude higher than those reported by other destructive 
technologies (i.e, ultrasonication, photocatalysis, vacuum UV photolysis, microwave-
hydrothermal decomposition).16-19 

The defluorination ratios as a function of J were between 20.3% ± 3.8 at 960 LMH to 
81.4% ± 3.2 at 36 LMH for PFOA (Figure 7c) and between15.5 ± 2.2 % at 960 LMH to 72.9 

± 3.1 % at 36 LMH for PFOS (Figure 
7d). The total fluorine mass balance 
ranged between 74.1 ± 0.07 to 98.6 ± 
0.16 % for PFOA (Figure 7c) and 
between 71.7 ± 5.8 % to 93.8 ± 4.1 % 
for PFOS (Figure 7d). For conditions 
where PFASs were oxidized to below 
the analytical detection limits, mass 
balances were 79.6—81.4% for 
PFOA (J = 36 and 60 LMH) and 
73.0—73.1% for PFOS (J = 36 and 60 
LMH). In general, the mass balance 
increased with J due to a lower overall 
PFAS conversion. The only 
fluorocarbon product detected was 
PFHpA during PFOA oxidation 
(Figure 9). The maximum PFHpA 
concentration was observed at J = 
480 LMH, which coincided 

approximately with the highest PFOA removal rate. 
The detection of PFHpA during PFOA oxidation suggests that the sequential unzipping 

reaction mechanisms proposed prior may be occurring.12 This mechanism results in the 
progressive loss of CF2 molecules.14,34,65 For PFOA these reaction steps are shown in 
reactions 6 to 9. The rate-limiting step is the formation of a perfluorinated alkyl radical via 
direct electron transfer (reaction 6).13 The C7F15COO• radical then undergoes Kolbe 
decarboxylation to produce C7F15

• (reaction 7). The C7F15
• species then reacts with OH• to form 

C7F15OH followed by HF elimination (reaction 8). The last step involves hydrolysis to generate 
PFHpA (reaction 9). This CF2 unzipping cycle is repeated until PFASs are completely 
mineralized to CO2 and HF. A similar mechanism is thought to occur for PFOS, where the 
initial direct electron transfer step results in cleavage of the -SO3 group to form a perfluoroalkyl 
radical, which then follows the reaction sequence shown in reactions 8 and 9.12 

C7F15COO− → C7F15COO• + e-        (6) 
C7F15COO• → C7F15

• + CO2        (7) 
C7F15

• + OH• → C7F15OH → C7F13OF + HF      (8) 
C7F13OF + H2O → C6F13COO− + HF + H+     (9) 

Figure  8.  The  linear  regression  of  the  Napierian 
logarithm  of  permeate  concentration  profile  as 
function of residence time in the REM.1 
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The formation of PFHpA and other short-chain PFASs (inferred by < 100% mass balance) 
is consistent with reports that short-chain PFASs are more difficult to oxidize, which has been 

attributed to a decrease in 
hydrophobicity with a decrease in 
chain length.66 However, further 
investigation into the reaction 
mechanisms of PFASs on multiple 
electrode types through both 
experimental and theoretical 
studies are needed to support this 
hypothesis.  
 4.6 PFAS Oxidation in 
Groundwater Samples. Work in this 
section focused on addressing 
Milestones 2 and 3. 
Milestone 2: Demonstrate the 
ability of REMs to remove PFASs 
from an initial concentration of > 400 
g L-1 to below the treatment goal of 
70 ng L-1 in synthetic/real 
groundwater samples. 

Milestone 3: Determination of the most 
energy efficient operational strategy for PFAS 
removal in groundwater. 

Two groundwater samples (GW1 and GW2) 
were treated with the REMs. The general water 
quality analyses for these samples are shown 
in Table 1. The GW1 sample was collected by 
Geosyntec Consultants from a client’s site in 
Jacksonville, Florida and did not contain 
detectable concentrations of PFASs. This 
sample was spiked with the six different PFASs 
at concentrations between 1.0 to 2.5 M. These 
initial concentrations are shown in Figure 10 
(OCP data). This experiment was conducted at 
low flux (J = 60 LMH), which gave a hydraulic 
residence time of tr = 45 s. Control experiments 
(OCP data) were not significantly different than 
the original samples, indicating that adsorption 
was minimal. In general, results show the 
accumulation of shorter chain PFASs (e.g., 
PFBS, PFHpA, PFHxS), presumably from the 

oxidation of longer chain PFASs (e.g., PFNA, PFOS). At the highest cell potentials tested (e.g., 
8.1 and 10.5 V) total PFAS removal was ~50% (Figure 10). The lack of total removal of PFASs 
was attributed to the presence of background organic compounds (COD = 43.3 mg/L) and low 
solution conductivity (Table 1). The background organic compounds can compete with PFASs 
for reactive sites on the REM, and the low conductivity caused a significant potential drop in 
solution and therefore reduced the reactive thickness of the REM. 

The GW2 sample was obtained from Willow Grove Naval Base in collaboration with Jason 
Speicher. The general water quality parameters are shown in Table 1 and PFAS 
concentrations are shown in Figure 11a (Feed/OCP data). Control experiments (OCP data) 
were not significantly different than the original feed samples, indicating that adsorption was 
minimal. Operation of the REM in single-pass mode with a low flux (J = 60 LMH) resulted in 
approximately 55% total PFAS removal (Figure 11a). Once again, longer chain PFASs were 
oxidized to shorter chain PFASs, and the background COD and low conductivity inhibited 

Figure 9. Concentration of PFHpA  formed  from PFOA 
oxidation as a function of membrane flux at an anode 
potential of 2.9 V/SHE (Electrolyte = 100 mM K2HPO4). 1 

GW1 GW2
Constituent mg/L mg/L

F‐ 1.06 15.7
Cl‐ 51.5 27.1

NO3
‐ 8.18 175

SO4
2‐ 10.8 < 0.1

HPO4
2‐ 7.78 < 0.1

HCO3
‐ 228 87.7

Na+ 72.6 25.3
K+ 13.7 30.1

Ca2+ 25.7 34.5

Mg2+ 21.4 8.75
pH 6.8 6.5

Conductivity (μS/cm) 788 337
COD (mg/L) 43.3 4.35
Alkalinity (mg/L CaCO3 )  373 144

Table 1. General water quality analyses 
for groundwater samples. 
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complete oxidation. In order to increase the oxidation rate, the operational mode of the REM 
was switched to recycle 
mode. In this mode of 
operation the solution was 
continuously recycled 
through the REM until the 
target removal was 
achieved. A flux (J = 720 
LMH) was chosen that 
corresponded to the 
maximum rate observed for 
PFOA/PFOS oxidation 
experiments (see Figure 
7b). Individual final PFAS 
concentrations were < 61 
ng/L and total PFAS 
concentrations were 274 ng 
L-1 (Figure 11b). The 
percent removals for 
individual and total PFAS 

are shown in Figure 12 and indicate that total PFAS destruction was > 99%. These results 
indicate that a recycle mode operation with high flux is needed to improve mass transfer and 
increase contact time with the REM, which resulted in effective oxidation of PFASs in the 

groundwater solution. These experiments achieved both Milestones 2 and 3, as stated 
above.  
 4.7 Energy Requirements. Work in this section focused on addressing Milestone 4: 
Determination of the energy costs for achieving the 70 ng L-1 treatment goal in PFAS-
contaminated groundwater with a target energy usage of < 2.0 kWh m-3 (per log removal) of 
water treated. 

A key issue associated with destructive PFAS remediation technologies is the operational 
cost. While a complete analysis of operating costs for PFAS remediation technologies could 
not be found in the existing literature, we have recently summarized the energy consumption 
per log-removal for various novel technologies for PFOA/PFOS degradation,20 which is also 
summarized in the Appendix (Table A1). Remediation technologies that were reviewed 
include sonolysis,16,21,22,23 microwave-hydrothermal,17 photolysis,24-26 photocatalysis,27,28,29 
and electrochemical oxidation.12,14,20,30-38 In general, sonolysis has the highest energy 

 

Figure 10. PFAS and total F removal in GW1 sample as a function 
of cell potential. J = 60 LMH 
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consumption (1475 to 4045 kWh/m3).23,67 A significant energy demand was also reported for 
microwave-hydrothermal 

(2599 kWh m-3)17 and 
photolysis/boiling (1177 
kWh/m3).26 While the UV/KI 
photoreduction method has a 
much lower energy 
consumption (95 kWh/m3), it 
has a relatively long treatment 
time (14 h) and requires 
anaerobic conditions.68 Using 
a TiO2 photocatalyst in the 
presence of O3 can 
significantly reduce energy 
consumption (37 kWh/m3).29 
However, direct 
electrochemical oxidation of 
PFAS is by far the most 
energy efficient destructive 
method reported to date (5 – 

132 kWh m-3) and does not require the addition of chemicals or the removal of dissolved 
oxygen.20,30,38,39 Porous Magnéli phase Ti4O7 ceramic anodes have shown the lowest energy 
consumption of 5 kWh/m3 for PFOA and between 6.7 to 32 kWh/m3 for PFOS,20,38 further 
demonstrating the promise of this technology. In this study, the electrode energy requirements 
(Table 2) for the Ti4O7 REM anode to remove 10 µM initial concentrations of PFOA and PFOS 
to below the detection limits (86 ng L-1 for PFOA and 35 ng L-1 for PFOS) were 5.1 ± 0.1 and 
6.7 ± 0.2 kWh m-3, respectively. Additionally, it was found that the groundwater samples 
required 13 –24 kWh m-3 to treat GW1 and 11 –15 kWh m-3 to treat GW2 in single-pass mode. 
The energy usage decreased to 2.9 kWh m-3 to treat GW2 in recycle mode, which was able to 
decrease individual PFASs to < 61 ng/L. Although the lowest energy consumption observed 
during this project (i.e., 2.9 kWh m-3) was 45% higher than the 2.0 kWh m-3 goal, this energy 
consumption value is the lowest reported in the literature and shows the extreme promise of 
the REM technology. Further optimization of reactor design and operation will undoubtedly 
lower the energy consumption of the REM. 
 
Table 2. Energy consumption (E, kWh m−3) for PFOA and PFOS by electrochemical oxidation using Ti4O7 
REM (Energy calculated per log removal according to equation ()). 

Potential (V/SHE)* 1.1 1.8 2.2 2.6 2.9 3.3 3.6 

PFOA 
E (kWh m−3) 205 ± 14 40.2 ± 5.8 17.2 ± 3.7 23.3 ± 0.1 19.4 ± 1.3 5.1 ± 0.1 - 

Removal (%) 0.3 ± 0.1 11.2 ± 4.9 39.8 ± 6.5 53.7 ± 0.2 81.8 ± 2.0 99.9 ± 2.0 - 

PFOS 
E (kWh m−3) 535 ± 72 77.6 ± 8.0 33.7 ± 5.4 34.6 ± 0.4 39.4 ± 2.5 49.0 ± 0.2 6.7 ± 0.2 

Removal (%) - 3.4 ± 0.3 20.7 ± 3.6 38.9 ± 0.4 55.7 ± 2.4 74 ± 15 99.9 ± 2.3 

J (LMH)§ 36 60 120 240 480 720 960 

PFOA 
E (kWh m−3) 13.3 ± 2.5 9.2 ± 2.5 17.0 ± 2.8 18.9 ± 2.5 21.1 ± 2.5 22.5 ± 1.8 31.9 ± 4.6 

Removal (%) 99.9 ± 2.4 99.9 ± 2.4 97.6 ± 2.4 82.9 ± 4.1 59.6 ± 4.3 46.0 ± 4.3 29.2 ± 3.5 

PFOS 
E (kWh m−3) 12.3 ± 0.5 43.3 ± 0.5 39.4 ± 0.5 33.9 ± 1.5 32.3 ± 3.5 34.1 1.8 43.1 ± 6.6 

Removal (%) 99.9 ± 2.4 93.9 ± 2.4 80.1 ± 0.4 62.7 ± 1.6 44.6 ± 3.4 33.4 ± 1.4 22.5 ± 0.9 

* The experiment was carried out at a constant permeate flux of 240 LMH. 
§ The experiment was carried out at a constant applied potential of 2.9 V/SHE. 
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5.0 Conclusions and Implications for Future Research. 
5.1 Conclusions and Assessment of Proof of Concept. The completed Limited Scope 

project has produced proof-of-concept data that indicates that a REM-based remediation 
strategy is a viable option for the treatment of IDW liquid samples. The overall objectives of 
the research were met, which include: 1) development of REMs for destructive PFAS removal 
in IDW water samples to < 70 ng L-1; 2) determination of the optimal operational mode; and 3) 
calculation of energy requirements for the REM-based system for comparison to other 
technologies. Specific milestones were partially satisfied and as a result some reprioritization 
of the research was necessary. For example, Milestone 1 was focused on developing 
sorbent-loaded REMs for simultaneous adsorption/oxidation of PFASs. Although these REMs 
were successfully fabricated and showed adsorption capacity for PFAS, the carbon sorbents 
were not electrochemically stable under anodic polarization, so pure Ti4O7 REMs were used 
for all subsequent work. Milestone 2 was met, which involves achieving the 70 ng L-1 
treatment goal for PFASs in both synthetic and real groundwater samples. Milestone 3 was 
also met by the determination that a recycle mode operation was the most efficient for PFAS 
removal. Milestone 4 was not achieved, as the goal for energy usage during electrochemical 
oxidation was 2.0 kWh m-3 and results from this project could achieve an energy consumption 
of 2.9 kWh m-3. However, the energy consumption reported here is the lowest reported in the 
literature for electrochemical oxidation and orders of magnitude lower than other destructive 
treatment technologies. Therefore, the project was deemed a success and follow-on research 
will be sought to improve reactor design and optimization as stated below. 

5.2 Objectives for Follow-on Research. Based on the results of this study, several areas 
of follow-on research are proposed, which include: 1) Reactor design/optimization; 2) Impact 
of co-contaminants; 3) Longevity studies; and 4) Life cycle and cost analyses. Specific 
technical questions and hypotheses to be tested are stated below: 

 
Question 1: Can the optimization of reactor design lead to a technology that can 
remediate PFASs to below the ng/L regulatory standards with low energy consumption? 
Hypothesis 1: It is hypothesized that a combination of reactive transport modeling and 
experimental validation will allow a highly effective and energy efficient (Energy < 2.0 kWh m-

3) reactor to be developed. 
 
Question 2: Can the REM effectively oxidize both PFASs and various organic co-
contaminants? 
Hypothesis 2: It is hypothesized that, while energy consumptions may increase in certain 
solutions, the REM can effectively oxidize all organic contaminants. PFASs are among the 
most oxidative resistant contaminants of environmental concern. Therefore, other co-
contaminants (e.g., chlorinated solvents, fuel components) will be oxidized more easily than 
PFASs. 
 
Question 3: Can a prototype REM-based PFAS remediation strategy be developed that 
can operate long-term under a realistic treatment scenario? 
Hypothesis 3: It is hypothesized that REMs and other reactor components will prove to be 
sufficiently stable under anodic/cathodic polarization, which will be assessed by accelerated 
life testing. 
 
Question 4: Will the REM-based treatment strategy be competitive from a cost and 
environmental standpoint with respect to existing technologies? 
Hypothesis 4: It is hypothesized that REMs can be synthesized at low costs, operate under 
low energy requirements, and will prove to be sufficiently stable so they will be both a 
technically effective and cost-efficient remediation strategy for PFAS-contaminated 
groundwater. The combination of rigorous experimental bench-scale testing and cost and life 
cycle assessments will be used to test this hypothesis. 
 



 

 22

5.2.1 Reactor Design/Optimization. Work described in this section will test Hypothesis 1. 
In the Limited Scope project 1 cm2 pellet shaped REMs were used in flow-through mode (see 
Figure 2). This decision was made to expediate the testing process in order to obtain proof of 
concept data for this short-term project. Follow-on research will focus on scaling up the 
electrochemical reactor. PI Chaplin has developed tubular micro- and ultra-filtration REMs in 
prior work,48,49,51,69 and these REMs will be utilized in follow-on research. The REMs have high 
membrane flux (3000 to 5000 L m-2 h-1 bar-1 (LMH bar-1)),51 and synthesis was accomplished 
by the thermal reduction (1050 oC/100% H2) of TiO2 ceramic membrane precursors. Figure 
13a shows a photograph of the TiO2 membrane (beige) and thermally reduced Ti4O7 
membrane (bluish-black). The reduction resulted in a 108-fold increase in the conductivity from 
2.6 x 10-5 to 1.0 x 103 S m-1 (Figure 13a) and XRD measurements confirmed near complete 
conversion to Ti4O7 (Figure 13b). Cross-sectional SEM analysis provided in Figure 13c 
shows a thin active layer (~ 50 m, ~0.1 m pore diameter) overlying the support (~ 2 mm, 
~1.0 m pore diameter). This pore structure allows for very high membrane permeation fluxes 
(Figure 13d). 

 
Work will focus on 

optimizing the reactor design 
and performance. A 
prototype system has been 
developed (Figure 14), but 
further work is needed to 
optimize the electrode 
placement (which will reduce 
the energy consumption) 

and flow dynamics (which will increase the conversion efficiency). Based on work in the 
Limited Scope project this reactor will be designed to operate in recycle-mode with a high 
crossflow velocity. Reactor optimization will be guided by reactive transport modeling utilizing 
COMSOL Multiphysics and validated by experiments. The REM reactor will be developed with 
consideration towards technical effectiveness, cost effectiveness, and compactness and 
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mobility of the treatment system. Metrics for success will be achieving effluent PFAS 
concentrations of < 70 ng L-1 in treated groundwater samples with minimal energy 
consumption. A specific focus will be placed on minimizing the formation of shorter chain 
PFAS, which will likely dictate operational parameters of the REM system.  

5.2.2 Impact of Co-contaminants. Work described in this section will test Hypothesis 2. 
Various co-contaminants may exist with PFASs at groundwater remediation sites. These co-
contaminants include hydrocarbon surfactants originating from the AFFFs, chlorinated 
solvents, solvent stabilizers, and fuel components. To test the efficiency of PFAS + co-
contaminant removal, the reactor discussed in the previous section will be challenged with 
several different groundwater samples from contaminated sites. The removal of PFASs and 
these co-contaminants will be assessed and further optimization of the reactor will be 
performed as necessary. During these experiments, the production of unwanted side products 
will be monitored (e.g., aldehydes, chlorate, perchlorate, phosgene, chloroform, and other 
halogenated organics) and appropriate post treatment strategies will be investigated as 
needed. 
 5.2.3 Longevity Studies. Work described in this section will test Hypothesis 3. Research 
will focus on assessing the longevity of the REM reactor at the bench-scale using PFAS-
contaminated groundwater samples. The specific objective of this task is to determine the 
dimensional stability of the REM reactor with respect to anodic and cathodic polarization 
conditions. PI Chaplin has experience with electrode longevity testing from prior projects,70,71 
and recently it was demonstrated that the REM was effective for 50 cycles of fouling and 
regeneration on a project focused on whey protein separation with an ultrafiltration REM 
developed in his laboratory (see Appendix, Figure A1). 

The standard technique for comparing the stability of different electrodes is the 
accelerated life test (ALT). The ALT is conducted at current densities that are one to two 
orders of magnitude greater than those used in normal operation. High current densities (e.g., > 
100 mA/cm2) are used in order to reach the point of electrode failure in a test that lasts less 
than several weeks.72 Batch experiments will be performed in groundwater samples to 
determine the failure rates of the REMs related to anode passivation. The galvanostatic tests 
will be interrupted periodically in order to perform CV and EIS scans using water oxidation and 
the K4Fe(CN)6/ K3Fe(CN)6 redox couple as a model of inner and outer sphere electron transfer 
reactions, respectively, and for XRD analysis to quantify oxygen incorporation to the REM and 
catalyst stability. One set of experiments will be performed under only anodic OR cathodic 
polarization and a second set of experiments will be conducted under alternating 
anodic/cathodic polarization to investigate the effect of reverse polarity on electrode life. The 
service life of the REM will be estimated by a linear extrapolation to the normal operating 
current density (determined in Sections 5.2.1 and 5.2.2), which is considered a low estimate 
of service life.73 A service life of > 10 years is set as a goal for this work. 

 5.2.4 Life Cycle/Cost Assessments. Work described in this section will test Hypothesis 4 
and will compare the costs and environmental impacts for the removal of PFASs using the 
final REM design and compare it to other technologies (e.g., membrane, ion exchange, GAC 
adsorption). Data for these analyses will be obtained from the experimental work and from 
reported literature data for other treatment technologies. We will determine capital, operating, 
and maintenance costs on a per mole of contaminant basis. Environmental impacts will be 
assessed by a life cycle assessment (LCA). LCAs have been previously performed on GAC 
adsorption in water and wastewater treatment and groundwater remediation strategies,74‐78 
but not for the remediation of PFASs. We will use SimaPro for the LCA using a cradle to grave 
analysis and the triple bottom line. This framework assesses sustainability by evaluating 
impacts to the economy, environment, and society. The economic sustainability will be 
determined by assessing the capital, operating, maintenance, and disposal costs. The 
environmental sustainability will be determined by assessing the environmental impacts of 
each process, taking into account the extraction and processing of raw materials, 
manufacturing, transportation and distribution, treatment operation, and final waste disposal. 
The societal sustainability will be determined by health improvement and jobs created. The 
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SimaPro software will allow us to evaluate these parameters using the International Standard 
Organization 14000 impact factors, which are internationally accepted standards for 
environmental impact assessment. The power of SimaPro is that it contains nearly all the 
publicly available databases necessary to make comparisons between different processes. 
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Appendices 
 
Table  A1.  Comparison  of  energy  consumption  of  reported  technologies  for  PFOA/PFOS 
degradation. Energy usage calculated per log removal. 

Technique Conc. 
(mg L-1) 

Experimental Conditions Removal 
efficiency 
of PFASs 

Energy 
usage  
(kWh m-3) 

Ref. 

PFOA 
Sonolysis  0.01 358 kHz, power density of 250 W L-

1, 10 0C, 
100 % in 
150 min 

208 1 

Sonolysis 10  200W, 20 0C, argon atmosphere 85 % in 60 
min 

4045 2 

Sonolysis 0.1 354 kHz, power density of 250 W L-

1, 10 0C, argon atmosphere 
95 % in 
140 min 

448 3 

Microwave / 
S2O8

2- 
105 70 W, 90 0C, 50 mM S2O8

2- 99.3 % in 
4 h 

2599 4 

Ultrasonication
/CTAB  

50 150 W, 40 kHz, 25 0C, 0.12 mM 
CTAB 

79 % in 2 
h 

1475 5 

Photolysis 559 pH = 3.7, N2 atm., λ = 254 nm, 200 W 89.5 % in 
72 h 

6687243 6 

Photolysis 41  pH = 3.7, 40 0C, N2 atm., λ = 185 nm, 
15 W 

61.7 % in 
2 h 

90 7 

Photocatalysis/
In2O3 

41  pH = 4, 0.5 g L-1 In2O3, 25 0C, λ = 254 
nm, 23 W 

82 % in 4 
h  

309 8 

Photocatalysis/
In2O3 

30  
 

pH = 3.9, 0.5 g L-1 In2O3, 25 0C, λ = 
254 nm, 23 W 

100 % in 3 
h 

230 9 

Photocatalysis/
sulfite 

8.3 pH = 10.3, 25 0C, N2 atm., λ = 254 
nm, [SO3

2-]0 = 10 mM, 10 W 
100 % in 
24 h 

400 10 

Photocatalysis/
sulfite  

16 pH = 9.2, [SO3
2-]0 = 10 mM, [DO]0 = 

~5 mg L-1, 250W 
100 % in 
10 min 

556 11 

Photocatalysis/
sulfite 

8.3 pH = 10.3, 25 0C, N2 atm., λ = 254 
nm, [SO3

2-]0 = 10 mM, 10 W 
100 % in 
24 h 

400 10 

Photocatalysis/
sulfite  

16 pH = 9.2, [SO3
2-]0 = 10 mM, [DO]0 = 

~5 mg L-1, 250W 
100 % in 
10 min 

556 10 

Photocatalysis/
Carbonate 

50 pH = 8.96–8.3, 40 mM HCO3-, 
0.075% H2O2, λ = 254 nm, 400 W 

100 % in 
12 h 

800 12 

Photocatalysis
/S2O8

2- 
559 pH = 2–3, 50 mM S2O8

2-, λ = 254 nm, 
200 W 

100 % in 4 
h 

12121 13 

Photocatalysis/
Cu–TiO2 

50 pH = 5, 0.5 g L-1, Cu–TiO2, λ = 254 
nm, 400 W 

91% in 12 
h 

4173 14 

Photocatalysis/
Pb–TiO2 

50 pH = 5, 0.5 g L-1, Pb–TiO2, λ = 254 
nm, 400 W 

99.9 % in 
12 h 

1455 15 

Photocatalysis/
Pt–TiO2 

60  pH = 3, 0.5 g L-1, Pt–TiO2, λ = 365 
nm, 125 W 

100 % in 7 
h 

1458 16 

Photocatalysis/
TiO2-MWCNT 

 30 pH = 5, 1.6 g L-1, TiO2-MWCNT, λ = 
365 nm, 300 W  

94 % in 8 
h 

7857 17 

Photocatalysis/
TiO2-O3  

10  
 

0.2 g TiO2, 25 mg h−1 O3, λ = 254 nm, 
28 W 

100 % in 4 
h 

37 18 

Photocatalysis/
TiO2-rGO 

100 pH = 3.8,  0.1 g L-1 TiO2-rGO, 150 W  93 % in 12 
h 

1559 19 
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Photocatalysis/
TiO2-Oxalic 
acid  

10 0.5 g L-1 TiO2, 3 mM H2C2O4, N2 
atm., λ = 254 nm, 23 W 

86.7 % in 
3 h 

158 20 

Photocatalysis/
Fenton 

8.3 pH = 3, 32 mM H2O2, 2 mM Fe2+, λ = 
254 nm, 9 W 

95.2 % in 
5 h 

171 21 

Photocatalysis/ 
SiC/Graphene 

50 pH = 7.0, 0.5 g L-1, λ = 254 nm, 5 W 58.5 % in 
8 h 

1309 22 

Photocatalysis/
KI  

10  
 

0.3 mM KI, N2 atm., pH = 9.0, λ = 254 
nm, 15 W 

100 % in 
14 h 

95 23 

Photocatalysis/
β-Ga2O3 

31 pH = 4.8, 0.5 g L-1 β-Ga2O3, 2 mM 
Fe2+, λ = 254 nm, 15 W 

98.8 % in 
3 h 

234 24 

Echem. Oxid. 100  Zr-PbO2 anode, current density = 10 
mA cm-2 

97 % in 
90 min 

44 25 

Echem. Oxid. 100  Ti/SnO2–Sb/PbO2 anode, current 
density = 10 mA cm-2 

91.1 % in 
90 min 

96 26 

Echem. Oxid. 100  pH = 3, Ti/SnO2-Sb2O5/PbO2-PVDF 
(1.0 wt%) anode, current density = 40 
mA cm-2 

92.1 % in 
180 min 

144 27 

Echem. Oxid.  50  Ti/SnO2-Sb-Bi anode, current 
density, power density of 13.04 W L-

1 

99 % in 2 
h 

13 28 

Echem. Oxid.  100  Ce-PbO2 anode, current density = 20 
mA cm-2 

96.7 % in 
90 min 

30 29 

Echem. Oxid. 100  Ti/SnO2-F anode, current density = 
20 mA cm-2 

99 % in 30 
min 

45 30 

Ultrasonic 
Echem. Oxid. 

100  SnO2-Sb/Carbon anode, current 
density = 20 mA cm-2, 33 kHz, 50W 

91 % in 5 
h 

3985 31 

Echem. Oxid. 207 
 

Ti4O7 anode, current density = 5 mA 
cm-2 

> 99.9 % 
in 2 h  

5 32 

Echem. Oxid. 15  BDD anode, current density = 15 mA 
cm-2 

> 90 % in 
8 h 

113 33 

Echem. Oxid. 0.013  Ti/RuO2 anode, current density = 10 
mA cm-2 

~ 95 % in 
8 h 

76 34 

Echem. Oxid. 4.14 Ti4O7 REM anode, V anode = 3.3 
V/SHE 

> 99.9 % 
at J = 240 
LMH 

5.1 Present 
study 

PFOS 

Sonolysis  0.01 358 kHz, power density of 250 W L-

1, 10 0C, 
98 % in 
180 min 

441 1 

Sonolysis 10  200W, 20 0C, argon atmosphere 48 % in 58 
min 

11345 2 

Sonolysis 0.1 354 kHz, power density of 250 W L-

1, 10 0C, argon atmosphere 
72 % in 
140 min 

1055 3 

Boiling  18.6 
 

 pH = 7, 102 0C, 6 mM PBS, 
25 mL min−1 O2/N2, λ = 254 nm, 500 
W 

98 % in 4 
h 

1177 35 

Photolysis 20 38-50 0C, N2 atm., λ = 254 nm, 32 W 68 % in 10 
days 

20693 36 

Photocatalysis/
Alkaline 2-
propanol 

20 38-50 0C, 90 µM NaOH, N2 atm., λ = 
254 nm, 32 W 

92 % in 10 
days 

9335 36 

Photolysis 18.6 100 0C, pH = 11.8, λ = 254 nm, 500 
W 

99.8 % in 
4 h 

3705 37 
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Photolysis 10 25 0C, pH = 12.8, λ = 185 nm, 23 W 95.3 % in 
72 h 

3118 38 

Echem. Oxid. 50 Ti4O7 anode, current density = 5 mA 
cm-2 

93.1 % in 
3 h  

32 32 

Echem. Oxid. 46.45 Ti/TiO2-NTs/Ag2O/PbO2 anode, 
current density = 30 mA cm-2 

74.87 % in 
3h 

65 39 

Echem. Oxid. 0.018  Ti/RuO2 anode, current density = 10 
mA cm-2 

~ 95 % in 
8 h 

76 34 

Echem. Oxid. 5 Ti4O7 REM anode, V anode = 3.6 
V/SHE 

> 99.9 % 
at J = 240 
LMH 

6.7 Present 
study 

atm. = atmosphere 
CTAB = Hexadecyl trimethyl ammonium bromide  
DO = Dissolved Oxygen  
Echem. Oxid. = Electrochemical Oxidation 
PVDF = Polyvinylidene Fluoride   
PBS = Phosphate Buffer Solution  
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Figure A1. Consecutive fouling/regeneration cycling of an ultrafiltration REM fouled with a 
0.05 wt% whey protein solution. Regenerated using backwash + anodic potential on the 
membrane using 0.6 A direct current. The cost of regeneration was ~$0.04/m2. The average 
flux recovery was 93.8% (standard deviation = 16.3%). 




