
 

 

ABSTRACT: The UV/hydrogen peroxide (H2O2) advanced 
oxidation process (AOP) frequently employed to generate 

hydroxyl radical (•OH) to treat reverse osmosis permeate (ROP) 
in potable reuse treatment trains is inefficient, using only 10% of 
the  H2O2.  This  study  evaluated  ·OH  generation  by  electron 
transfer from a low-cost stainless steel cathode. In deionized water, 
the electrochemical system achieved 0.5 log removal of 1,4- 
dioxane, a benchmark for AOP validation for potable reuse, within 
4 min using only 1.25 mg/L H2O2. Hydrogen peroxide and 1,4- 

dioxane degradations were maximized near −0.18 and + 0.02 V 
versus standard hydrogen electrode, respectively. Degradations of 
positively and negatively charged compounds were comparable to 
neutral  1,4-dioxane,  indicating  that  degradation  occurs  by ·OH 
generation from neutral H2O2 and that electrostatic repulsion of contaminants from the electrode is not problematic. For ROP 
without chloramines, 0.5 log 1,4-dioxane removal was achieved in 6.7 min with 7 mM salts for ionic strength and 2.5 mg/L H2O2. 
For ROP with 1.4 mg/L as Cl2 chloramines, 0.5 log 1,4-dioxane removal was achieved in 13.2 min with 7 mM salts and 4.5 mg/L 
total H2O2 dosed in three separate injections in 5 min intervals. Initial estimates based on lab-scale electrochemical AOP treatment 
indicated that, except for the cost of salts, the electrochemical AOP featured lower reagent costs than the UV/H2O2 AOP but higher 
electricity costs that could be reduced by optimization of the electrochemical design. 
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■ INTRODUCTION 

Advanced treatment trains for the potable reuse of municipal 
wastewater frequently combine reverse osmosis (RO) and 
advanced oxidation processes (AOPs) as dual barriers against 
pathogens and chemical contaminants.1,2 RO serves as a broad- 
screen physical barrier, typically removing >90% of chemical 
contaminants, particularly charged compounds over 100 Da.2,3 
AOPs serve as a broad-screen chemical barrier by generating 
hydroxyl  radical  (•OH),  which  reacts  with  a  wide  array of 
chemicals with rate constants near the diffusion limit.4 The 
UV/hydrogen  peroxide  (UV/H O )  AOP  is  the most 

 
high UV fluence (≥700 mJ/cm2) to achieve the 0.5 log 1,4- 
dioxane removal target.1,2,7,8 Even with such high fluence, only 

∼10%  of  the  3−5  mg/L  H2O2  applied  is  consumed,8,9 

indicating that much of the cost of H2O2 supply is wasted. 
Second, given the inefficient UV absorption by H2O2, 
applications  are  typically  limited  to  high  UV transmittance 
waters (i.e., RO permeate) to avoid competition for photon 
absorption. Regardless, the chloramines applied to mitigate 
biofouling on RO membranes act as potent scavengers of UV 
photons (e.g., ε254 = 371 M−1 cm−1 for monochloramine 
(NH2Cl)).8 Third, when chlorine is added to final effluents to 2   2 1,2 leave chlorine or chloramine residuals for distribution, the 

commonly   employed   AOP   in reuse  trains; this AOP 
generates •OH by H O photolysis using 254 nm light (eq residual ∼90% H2O2 exerts a significant chlorine demand (eq 

2  2 2), thereby raising the cost of chlorine addition.8 

1). The ability to achieve 0.5 log removal of 1,4-dioxane, a 
constituent of certain chlorinated solvents and personal care 
products, has served as one criterion for validating AOP 
performance.2,5 

H2O2 + HOCl → O2  + H2O + H+ + Cl− (2) 

H2O2 + hν → 2•OH (1) 

The UV/H2O2 AOP exhibits several drawbacks. First, •OH 
production from UV photolysis of H2O2 is inefficient because 
H2O2 features a low molar absorption coefficient at 254 nm 

(ε254 = 18.6 M−1 cm−1).6 The limited absorbance necessitates a 
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(ε292nm = 365 

 
Although electrochemical AOPs represent a UV-free 

alternative route to radical production, most research has 
focused  on  anodic,  oxidative  electrochemical  processes. In 
these processes, •OH can be generated by water oxidation 
when anodic potentials  are  ∼2  V versus standard hydrogen 

■ MATERIALS AND METHODS 

Materials. H2O2 (30% v/v) and sodium hypochlorite 
(∼5%) were purchased from Fisher Scientific. Stock solutions 

in deionized water were standardized using a Cary 60 UV− 
visible spectrophotometer at  254 nm for H O  (ε = 18.6 

electrode (S.H.E.) (eq 3).10,11 Direct contaminant oxidation by 
electron transfer at the anode can supplement oxidation by M−1 cm−1)6 and 292 nm for hypochlorite  

2    2 254nm 

M−1 

• OH. However, anodic AOPs use expensive materials (e.g., 
boron-doped diamond and doped TiO2) that feature low 
stability (i.e., delamination from support materials).10,12 
Contaminant treatment frequently requires hours,10 which is 

longer than needed to treat continuous wastewater flows. At 

∼2 V versus S.H.E., chloride oxidation could produce 

cm−1).16 1,4-Dioxane (99.8%) and cyclohexylamine (99%) 

were purchased from Acros Organics (Geel, Belgium). 1,4- 
Dioxane-d8 (99%), dimethyl sulfoxide (DMSO; 99.9%), and 
cyclohexanecarboxylic acid (98%) were purchased from Sigma- 
Aldrich (St. Louis, MO). Sheet graphite (0.13 mm thickness, 
catalog number 43078) was purchased from Alfa Aesar (Ward 
Hill, MA). 

undesirable   chlorinated   byproducts   (e.g.,   chlorate and 
chlorinated   organic   byproducts).10   These   factors have RO permeates typically contain ∼1.5 mg/L as Cl2 μM) chloramine residual17 (∼20 

hindered anodic AOP applications in full-scale treatment 
systems. 

H2O → •OH + H+ + e− (3) 

Fenton processes generate •OH via H2O2 reduction by 
ferrous iron (eq 4) but require low pH (∼3) and feature high 
costs  for  supplying  ferrous  iron  and  disposing  Fe(OH) 

associated with chloramines 
applied upstream to control biofouling. Since we expected 
chloramines to compete with H2O2 for consumption of 
electrons, we produced RO permeate by laboratory-scale 

treatment of secondary municipal wastewater effluent, enabling 
the exclusion of chloramines to isolate their impact. Grab 

samples of nitrified secondary effluent were collected upstream 

of any disinfectant addition. Samples were filtered through 

sludge.10 
3 

Electro-Fenton  AOPs  regenerate  ferrous  iron by 
glass fiber filters and stored at 4 °C. Samples were treated by 
RO using a laboratory-scale crossflow RO system with three 

ferric iron reduction at a cathode (eq 5), which reduces the 
required iron concentration to catalytic levels (∼0.1 mM).13 
Although electro-Fenton processes can degrade contaminants 
over ∼5−10 min timescales, they require low pH (∼2.5−3.5) 
for optimal iron speciation.13 A constant supply of iron is 
needed for treating continuous waste streams since dissolved 
iron is washed into the effluent.13,14 Despite the lower iron 
concentrations,  electro-Fenton  AOPs  would  still  produce 

plate-and-frame membrane cell units operated in parallel with 
the RO reject recirculated to a temperature-controlled feed 
tank, as described previously.18 A Hydranautics (Oceanside, 

CA) ESPA-DHR RO flat-sheet membrane coupon (92 mm × 
145 mm) was used in each cell; Hydranautics recommends this 
membrane for potable reuse trains. The membranes were 
pretreated by soaking in deionized water and were compacted 

∼4000 kg/day of Fe(OH)3 for a facility treating ∼400 ML/ 

day of wastewater. Accordingly, electro-Fenton AOPs may be 
more suitable for batch treatment of smaller industrial waste 
volumes. 

Fe
2+ + H2O2 → Fe

3+ + •OH + OH− (4) 

Fe
3+ + e− → Fe

2+ (5) 

Previous research employed cyclic voltammetry to demon- 
strate H2O2 reduction at pH 5.8 using a 304 grade stainless 
steel cathode  starting at about  +0.05 V versus  S.H.E.  with a 

maximum at −0.15 V versus S.H.E.;15 however, a two-electron 
reduction to H2O was assumed without demonstrating the 
potential for •OH production (eq 6).4 This study evaluates 
• OH generation by direct electron transfer from a low-cost 

stainless steel cathode to H2O2 as an alternative AOP for 
treating RO permeate in potable reuse treatment trains. We 
focused on 0.5 log (68%) 1,4-dioxane removal as a 
performance benchmark to enable comparison to the UV/ 
H2O2 AOP, the current industry standard. The target was to 
achieve this benchmark within 15 min, a reasonable timescale 
for a process unit within a full-scale potable reuse system 

treating a continuous flow. In addition to assessing 1,4-dioxane 

and H2O2 removal, this study characterized the effects of 
operating parameters (e.g., H2O2 requirements) and water 
quality conditions relevant to RO permeate (e.g., ionic strength 
and residual chloramines). 

within the crossflow unit by applying deionized water at 2.4 L/ 

min and 17.2 bar for 6 h. The filtered wastewater was then 
employed as the RO feed under the same conditions, and the 
RO permeate (ROP)  was collected. The ROP was 

supplemented with phosphate buffer with or without 20 μM 
chloramines, produced by adding ammonium chloride and 
sodium hypochlorite; the chloramine concentration was 
validated by the DPD colorimetric method.19 

Electrolysis.  Electrolysis  was conducted  using a  dual-cell 
laboratory system. Except where noted, the system consisted of 
a 150 mL glass cathode and anode chambers separated by a 
cation-exchange membrane (Ultrex CMI-7000, Membranes 

International, Ringwood, NJ; Figure S1). The anode was filled 

with 2 mM phosphate buffer at pH 7.0, while the cathode was 

maintained at pH 5.8, with either 2 or 7 mM phosphate buffer 
concentrations; pH 5.8 was targeted since that is similar to the 
pH for municipal wastewater after treatment by RO in potable 

reuse facilities.7−9 Measurements at the end of experiments 

verified that the pH changed by <0.2 units. Both chambers 
were stirred with Teflon-coated magnetic stir bars. Scotch- 
Brite 20 g stainless steel scrubbers (catalogue number 214C, 3 

M Company, St. Paul, MN, USA; 80 cm2/g specific surface 
area) were cut to various sizes for the cathode and 10.5 g for 
the anode and rinsed with deionized water. An Ag/AgCl 

reference electrode (CHI111, porous Teflon tip, CH Instru- 

ments, Austin, TX) was placed in the center of the cathode ∼3 
mm  from  the  stainless  steel  threads;  a  porous  frit  on the 
reference electrode prevented direct contact with the cathode. 
A   CH600D   potentiostat   (CH   Instruments,   Austin, TX) 

e− + H2O2 → •OH + OH− (6) 
applied constant potentials to the cathode. A portion of the 
electrodes (≤10%) extended above the water surface to enable 
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Figure 1. Degradation of (a) H2O2 and (b) 0.2 μM 1,4-dioxane in the cathode chamber with different initial H2O2 concentrations in deionized 
water. A constant potential of +0.02 V vs S.H.E. was applied to a 9.6 g stainless steel cathode (5.1 cm2/cm3 surface area-to-volume ratio). All 

experiments used 150 mL cathode and anode chambers. The cathode chamber was buffered at pH 5.8 while the anode was buffered at pH 7.0, both 
with 2 mM phosphate buffer. Error bars represents the range of duplicate experiments. 

 
a connection to the potentiostat leads. The open-circuit 

voltage was +0.14 V. The uncompensated resistance was 5.3 Ω 

for 2 mM phosphate and 2.4 Ω for 7 mM phosphate. The 

applied potentials measured by the potentiostat were adjusted 

based upon these uncompensated resistances. For example, for 

application of +0.1 V versus an S.H.E. to the cathode in 2 mM 

phosphate buffer, the current was −5.5 mA such that the 
corrected potential applied to the cathode was +0.02 V versus 

S.H.E. 

Prior to each experiment, the cathode required ∼100 s (or 
longer for certain applied voltages) to polarize and stabilize at 

the target potential throughout the electrode; these stable 

conditions are relevant to future full-scale applications, treating 

RO permeate continuously. Longer times were needed in the 

interior of the cathode, and hence we located the reference 

electrode in its center. Prior to spiking H2O2 and the organic 

contaminant and throughout the experiments, we validated 

that the cathode had achieved and remained at the target 

potential by measuring the potential between the cathode and 

reference electrode using a multimeter. After spiking, samples 

(7 mL) were periodically removed from the cathode for 

analysis for residual H2O2, 1,4-dioxane, or other target 

contaminants. Up to five samples were collected such that 

the total volume of sample removed (35 mL) was <25% of the 

cathode solution. All experiments were conducted at least in 

duplicate. 

Analytical Methods. Residual H2O2 was measured by its 
oxidation of DPD dye catalyzed by peroxidase enzyme.20 1,4- 

Dioxane was extracted into methyl tert-butyl-ether (MtBE) and 

analyzed by gas chromatography mass spectrometry (GC/ 

MS), as detailed previously (Text S1).7 Formaldehyde was 

analyzed by the US EPA Method 556. Cyclohexanecarboxylate 

was analyzed by GC/MS after extraction into MtBE and 

methylation using acidic methanol following the US EPA 

method 552.3. Cyclohexylammonium was analyzed by liquid 

chromatography mass spectrometry. Text S1 provides addi- 

tional details. 

■ RESULTS 

Effects of H2O2 Concentration. Initial experiments 
evaluated the effect of 0−4 mg/L H2O2 on 0.2 μM 1,4- 
dioxane degradation in deionized water buffered at pH 5.8 
(relevant to RO permeate) when +0.02 V versus S.H.E. was 
applied to the 9.6 g cathode (Figure 1). This mass of stainless 
steel corresponds to a 770 cm2 surface area or a surface area-to- 
volume ratio with respect to the 150 mL cathode chamber of 
5.1  cm2/cm3.  The  0.2  μM  (18  μg/L)  1,4-dioxane concen- 
tration is comparable to the low levels expected in RO 

permeate and below the 0.5−4 mg/L (15−120 μM) H2O2 
concentrations evaluated; because H2O2 and 1,4-dioxane 

compete to react with •OH, it is important to maintain a 
relevant concentration ratio to represent this competition. 

For 0.5 mg/L H2O2, H2O2 decay was 90% (0.45 mg/L) over 
4 min (Figure 1a). The percent removal of H2O2 declined with 
increasing dose, from 82% (1 mg/L degraded) for 1.25 mg/L 

to 37% (1.5 mg/L degraded) for 4 mg/L. Although first-order 
kinetics was observed for 0.5 and 1.25 mg/L H2O2, the <50% 
loss of H2O2 prevented the characterization of the order of 
degradation kinetics for 2.5 and 4 mg/L H2O2. However, the 
plateau in the absolute concentration of H2O2 degraded with 

increasing H2O2 dose suggests that the kinetics shift from first 
order for 0.5 mg/L toward zero order with increasing dose, 
thereby suggesting that electron transfer from the electrode to 
H2O2 becomes limiting with increasing H2O2 concentration. 
For 1,4-dioxane, degradation was <2% over 4 min without 
H2O2 (Figure 1b). For 0.5−4 mg/L H2O2, 1,4-dioxane 

degradation was 46−87% after 4 min, with maximum 
degradation observed for 1.25 and 2.5 mg/L H2O2. Only the 
1.25 mg/L H2O2 conditions reached the 0.5 log 1,4-dioxane 
removal target by achieving 0.87 log removal within 4 min. 

The  degradation  of  1.25  mg/L  H2O2  and  0.2  μM  1,4- 
dioxane was evaluated using 150 mL electrode chambers and a 
2.5 g stainless steel cathode (1.3 cm2/cm3) at pH 5.8, while the 
potential applied to the cathode varied from −0.38 to +0.32 V 
versus S.H.E. Over a 4 min timescale, H2O2 and 1,4-dioxane 
degradation were the highest at −0.18 and +0.02 V, with much 

lower  degradation  at  −0.38  and  +0.32  V  (Figure  2), 
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2   2 2 

To confirm •OH formation during cathodic reduction of 
H2O2,  we  evaluated  formaldehyde  formation  from DMSO 
((CH3)2SO) as a probe compound. Previous research has 
demonstrated that •OH reacts with DMSO to form methyl 
radical  (CH •;  eq  10).22−24  Dimerization  of  the  CH OO• 

3 
• 

3 

radicals   formed when  CH3 reacts with oxygen released 
 
 
 
 

 
 

 

 

 
 

Figure 2. Degradation of 1.25 mg/L H2O2 and 0.2 μM 1,4-dioxane in 
the cathode chamber with different potentials (vs. S.H.E.) applied to a 
2.5 g stainless steel cathode (1.3 cm2/cm3) in deionized water after 4 
min. All experiments used 150 mL cathode and anode chambers. The 

formaldehyde. The overall stoichiometry indicates consump- 

tion of 2 •OH and 2 DMSO to produce each formaldehyde 
(eq 11). We treated 0.5 μM DMSO and 1.25 mg/L H2O2 (29 
μM) by applying a +0.02 V potential to the cathode. Although 
DMSO degradation was not monitored, it features a higher 

rate constant with •OH (k =  6.5 × 109 M−1  s−1)21  than  that 

with 1,4-dioxane (k = 3 × 109 M−1 s−1).21 The 0.1 μM (∼3 
μg/L)  background  formaldehyde  concentration   in   the 
deionized water increased linearly to 0.3 μM after 4 min 
(Figure S2), while no significant formaldehyde formation was 
observed without H2O2. The 0.2 μM formation of form- 
aldehyde was 80% of the 0.25 μM maximum expected for 

complete oxidation of DMSO by •OH. 
• OH + (CH3)2SO → CH3SOOH + CH • (10) 

cathode chamber was buffered at pH 5.8, while the anode was 

buffered at pH 7.0, both with 2 mM phosphate buffer. Error bars 
represent the range of duplicate experiments. 

 
 

3 

 

2•OH + 2 (CH3)2SO + O2 

→ CH2O + CH3OH + 2 CH3SOOH 

 

 
 

(11) 

respectively. At +0.02 V, the current was 5.8 mA after H2O2 
and 1,4-dioxane injection, resulting in a 0.03 mA/cm2 current 
density for the 200 cm2 cathode surface area. A previous cyclic 
voltammetry study using a stainless steel cathode indicated that 
H2O2 reduction commenced at about +0.05 V with maximum 

reduction occurring near −0.15 V.15 We adjusted the standard 
reduction potential for proton reduction (eq 7) by water 
splitting to pH 5.8 via the Nernst equation (eq 8), where n is 
the number of electrons transferred, and a is the number of 
protons involved in the half reaction; the resulting pH-adjusted 

potential is −0.34 V. Thus, at −0.18 and + 0.02 V, H2O2 
reduction and the associated degradation of 1,4-dioxane would 

be favored, while at −0.38 V its degradation would be expected 
to decline due to competition from proton reduction. At +0.32 
V, reduction of neither H2O2 nor protons would be favored. 

2 H+ + 2 e− → H 

The stainless steel scrubbers were 410 type stainless steel, 

which is ∼86% iron and ∼12% chromium, with only trace 

amounts of nickel.25 Because these redox-active metals could 
shuttle electrons between the cathode and H2O2, we used 
inductively  coupled  plasma  mass  spectrometry  to  measure 
their concentrations during application of +0.02 V to the 
cathode (9.6 g of scrubber in a 150 mL cathode chamber at pH 
5.8 with 2 mM phosphate) in the presence of 1.25 mg/L H2O2 
and 0.2 μM 1,4-dioxane. While the concentrations of 

chromium (∼18 μg/L) and nickel (∼0.2 μg/L) did not 

change significantly, the concentration of iron increased 
linearly (Table S1), reaching 790 μg/L (14  μM)  after  5.6 
min. However, electron shuttling by iron was unlikely to be 
important because even the final iron concentration was 

approximately sevenfold lower than the 100 μM concen- 
trations employed in electro-Fenton systems.13 In additional 

 
0.059 

2 

ij     1    yz 

(7) control experiments to evaluate the potential contribution of 
Fenton reactions, 0.2 μM 1,4-dioxane was not degraded when 

E = E0 − logj + a z treated at pH 5.8 (2 mM phosphate) in the presence of 1.25 
n j[H ] z 

(8) mg/L H O and 14 μM or 60 μM Fe2+, a concentration 
k { 2 2 

Role of •OH. The finding that 1,4-dioxane degradation over 
4 min increased from <2% without H2O2 to 87% with 1.25 
mg/L H2O2 (Figure 1) suggests that H2O2-mediated 
degradation is the dominant mechanism for 1,4-dioxane 
degradation rather than direct degradation at the electrode. 
Electrons from the cathode have the potential to react with 
H O , water, or protons. Eq 9 provides the fraction of electrons 

approximately fourfold higher than the maximum iron 
concentration observed in our experiments (Figure S3). 
Moreover, when +0.02 V versus S.H.E. was applied to the 
cathode at pH 5.8 with 1.25 mg/L H2O2, the degradation of 
0.2 μM 1,4-dioxane was similar (Figure S4) using a 1.3 cm2/ 
cm3 stainless steel cathode and anode (0.25-log) or a 1.3 cm2/ 
cm3 sheet graphite cathode with a platinum wire anode (0.21 

2  2 log). The lower specific surface area (1.3 cm2/cm3) for these 
that reacts with H2O2 (FH2O2), experiments was necessary due to the lower specific surface 

FH
2O2 

= 
kH

2O2
[H2O2] 

 

kH O [H2O2] + kH O[H2O] + kH+[H+] 

 
 

(9) 

area of the sheet graphite cathode. Interestingly, the H2O2 
concentration increased when sheet graphite was used, 
indicating H2O2 production from two-electron O2 reduction. 

where kH2O2, kH2O, and kH+ are the reaction rate constants of 
electrons with H2O2 (1.2 × 1010 M−1 s−1), H2O (1.0 × 103 
M−1 s−1), and H+ (2.4 × 1010 M−1 s−1), respectively.21 At pH 
5.8, FH2O2 is 65% for 0.5 mg/L (15 μM) H2O2 but ≥83%  for 

≥1.25 mg/L (37 μM) H2O2. Accordingly, H2O2 effectively 
competes to react with electrons. 

However, the activity of the sheet graphite was not maintained 
over additional use cycles, likely due to degradation from 

reactions with •OH. 

Effect  of  Cathode  Size.  The  effect  of  cathode  size was 
evaluated on the basis of its surface area relative to the volume 
of  water  treated  (cm2/cm3).  Using  the  150  mL  cathode 
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Figure 3. Degradation of (a) H2O2 and (b) 0.2 μM 1,4-dioxane in the cathode chamber upon application of +0.02 V vs S.H.E. to a 9.6 g stainless 
steel cathode (5.1 cm2/cm3) in deionized water or reverse osmosis permeate (ROP) without or with chloramines and with different concentrations 
of phosphate buffer at pH 5.6. The anode was buffered at pH 7.0 with 2 mM phosphate buffer. Green squares and red circles: ROP generated from 
sample 1. Blue circles and orange triangles: ROP generated from sample 2. Error bars represent the range of duplicate experiments. 

 

chamber, the surface area-to-volume ratio was tested at 1.3, 
2.7, 3.7, and 5.1 cm2/cm3 by using 2.5 g (200 cm2), 5 g (400 
cm2), 7 g (560 cm2), and 9.6 g (770 cm2) stainless steel 
cathodes, respectively.  The stainless steel  anode  was fixed at 
10.5 g, corresponding to 843 cm2 and a surface area-to-volume 
ratio with respect to the 150 mL anode chamber of 5.6 cm2/ 

cm3. The losses of 1.25 mg/L H2O2 and 0.2 μM 1,4-dioxane 
were measured when +0.02 V was applied to the cathode at pH 
5.8 (Figure S5). The percent removal of H2O2 and 1,4-dioxane 
were both ∼40% for the 1.3 and 2.7 cm2/cm3 cathodes but 
increased to 82 and 87%, respectively, at 5.1 cm2/cm3. 

Degradation of Ionic Compounds. The application of a 

constant potential to the cathode might affect the treatment of 
charged compounds by hindering or promoting their approach 
to the electrode by electrostatic interactions. We compared the 
degradation of 1,4-dioxane, which is neutral, to that of 
cyclohexylammonium (pKa = 10.6) and cyclohexanecarbox- 
ylate (pKa = 4.9) as examples of positively charged and 
negatively charged compounds at pH 5.8, respectively. When 
+0.02 V was applied to the cathode (3.9 cm2/cm3 in 200 mL 

chambers) with 1.25 mg/L H2O2 and 0.2 μM of each 
compound, the degradation was somewhat faster for positively 
charged cyclohexylammonium, reaching 76% after 3 min, 
compared to 60% for neutral 1,4-dioxane and 59% for 
negatively charged cyclohexanecarboxylate (Figure S6). 
Although electrostatic attraction of positively charged cyclo- 
hexylammonium to the cathode may have enhanced its 
degradation,  the  degradation  of  all  three  compounds   was 
comparable. The formation of •OH by electron transfer from 

the cathode to neutral H2O2 should not be affected by 
electrostatic interactions with the cathode. The similarity 
between the degradation of neutral 1,4-dioxane and negatively 
charged  cyclohexanecarboxylate  indicates  that contaminants 

are degraded by •OH in the bulk solution rather than direct 
electron transfer at the cathode. 

Treatment of Reverse Osmosis Permeate. Additional 
experiments were conducted with RO permeate (ROP) 

 

generated by treatment of two samples of nitrified secondary 

municipal wastewater effluent (<0.2 mg N/L ammonia) with a 
laboratory-scale RO treatment system. For both sample 1 (pH 
7.1, 6.7 mg/L dissolved organic carbon (DOC)) and sample 2 
(pH 7.1, 7.1 mg/L DOC), RO treatment reduced the pH to 
5.5 and the DOC to <0.2 mg/L. Authentic RO permeates 
typically contain ∼1.5 mg/L as Cl2 (∼20 μM) chloramine 
residuals17 from chloramines applied upstream of membrane 
units to control biofouling. Since chloramines were expected to 
compete effectively with H2O2 for electrons and with 1,4- 

dioxane for •OH, ROP production by laboratory-scale 
treatment of secondary effluent permitted the exclusion of 
chloramines to isolate their impact. 

When ROP (sample 1) with 50 μM chloramines (formed by 
addition of 50 μM free chlorine and 60 μM ammonia) was 
treated with 1.25 mg/L H2O2 at +0.02 V with 2 mM 

phosphate buffer (pH 5.6), H2O2 degradation was comparable 
to that observed under the same conditions in deionized water 
without chloramines. However, the degradation of 0.2 μM 1,4- 
dioxane was much slower (compare red circles vs. purple 

diamonds in Figure 3), leveling out at ∼12% loss after 2 min, 

when 71% of the H2O2 remained. The finding that 1,4-dioxane 
degradation was affected more than H2O2 degradation suggests 
that •OH scavenging by chloramines (kOH = 1.02 × 109 M−1 

s−1 for NH2Cl vs. 3.1 × 109 M−1 s−1 for 1,4-dioxane)9 was 
more important than competition between H2O2 and chlor- 

amines for electrons from the cathode. 
We repeated the experiment with ROP but without 

chloramines and with double the H2O2 dose (green squares  
in Figure 3). When ROP (sample 1) without chloramines was 
treated with 2.5 mg/L H2O2 at +0.02 V with 2 mM phosphate 

buffer (pH 5.6), H2O2 degradation was again comparable to 
that  observed  in  deionized  water.  However,  1,4-dioxane 

degradation  leveled  out  at  ∼35%  loss  after  13  min, faster 
than  with  chloramines  (red  circles)  but  slower  than  the 
deionized water experiments (purple diamonds). After 13 min, 
only 14% of the H2O2 (0.35 mg/L) remained, suggesting  that 

https://dx.doi.org/10.1021/acs.est.0c02144?ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02144/suppl_file/es0c02144_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02144/suppl_file/es0c02144_si_001.pdf
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the 1,4-dioxane degradation became limited by the remaining 

H2O2 concentration. 

In  experiments  with  ROP  (sample  1)  containing  50 μM 

chloramines and 2 mM phosphate buffer, we evaluated re- 

spiking the cathode with 1.25 mg/L H2O2 every 5 min for a 
total of 5 mg/L H2O2 after 20 min (red circles in Figure S7). 
1,4-Dioxane degradation leveled out at ∼35% after 15 min, 

while the H2O2 concentration increased up to ∼2 mg/L after 

20 min due to the repeated H2O2 injections. We suspected that 

the leveling out of 1,4-dioxane degradation might result from 

reduced ionic strength near the cathode surface caused by 

electrostatic repulsion between the cathode and buffer 

components. For example, we had observed that the central 

portion of the cathode required longer times to reach the 

applied potential than the cathode edges during initial 

charging, suggesting that the non-uniform cathode potential 

was associated with a non-uniform ion distribution in the 

adjacent medium. Thus, we repeated the experiment, but after 
5  min,  we  turned  off  the  potential  for  20  s  to  relax  the 
repulsion between the cathode and buffer components.  Next, 

■ DISCUSSION 

Generation of •OH by cathodic reduction of H2O2 achieved 
0.5 log removal of 1,4-dioxane in RO permeate within ∼7 min 

without chloramines and within ∼13 min with 20 μM 
chloramines. Both of these timescales are within the 15 min 
range that is feasible for treating a continuous flow of potable 
reuse water. Electrochemical generation of •OH was 
demonstrated using DMSO as a probe. However, the fraction 
of the •OH that reacts with 1,4-dioxane (F14D) rather than with 
H2O2 or chloramines should be given by eq 12, where k14D is 

the •OH rate constant with 1,4-dioxane (3.1 × 109 M−1 s−1),29 

kH2O2 is the •OH rate constant with H2O2 (2.7 × 107 M−1 
s−1),21 and kNH2Cl is the •OH rate constant with monochlor- 
amine (NH2Cl) (kNH2Cl = 1.02 × 109 M−1 s−1).9 For 0.2 μM 
1,4-dioxane,  F1,4D   is  24%   for   2.5  mg/L  H2O2   without 
chloramines and 2.7% for 2.5 mg/L H2O2 with 20 μM 
chloramines. 

However, the molar degradation of 1,4-dioxane relative to 
the molar change in H2O2 (Δ[1,4-dioxane]/Δ[H2O2]) was 

only  ∼0.3%  without  chloramines  and  0.2%  with  20  μM 
chloramines. Reduction of H O  can proceed by either one or 

we injected an additional 1.25 mg/L H O  and then turned the 2 2 

2    2 two electron transfer pathways (eqs 6 and 13). These results 
potential back on for 5 min. We repeated these steps for three 
additional cycles (blue squares in Figure S7). While the H2O2 

concentration profile was unchanged (i.e., increased to 2 mg/L 

after 20 min), 1,4-dioxane degradation reached 50% after 20 
min. 

Suspecting that the 1,4-dioxane degradation was limited by 

ionic strength, we evaluated the use of 7 mM phosphate buffer. 
Utilities may consider addition of salts to stabilize ROP to 
minimize corrosion of pipelines and leaching of arsenic and 

other undesirable aquifer components during ROP infiltration 
into groundwater for indirect potable reuse.26,27 We consid- 
ered 7 mM to be a reasonable upper limit to the ionic strength 
that could be added to ROP; for example, 7 mM NaCl would 
represent the addition of 406 mg/L total dissolved solids 
(TDS), lower than the 500 mg/L secondary maximum 
contaminant level for TDS.28 First, we applied +0.02 V to  

the cathode in ROP (sample 2) buffered with 7 mM phosphate 

suggest that only a small fraction of the H2O2 loss proceeds via 
the one-electron transfer pathway to produce •OH, and only a 

fraction of the •OH produced degrades 1,4-dioxane. Although 
this suggests that there is significant room to improve process 
efficiency by favoring the one-electron transfer pathway, ∼0.5 
log reduction of 1,4-dioxane was still achieved within 15 min 
while leaving only 1 mg/L H2O2 without chloramines and 2.0 
mg/L H2O2 with chloramines. Current UV/H2O2 AOP 

systems typically apply ∼3 mg/L H2O2 to achieve this level  
of 1,4-dioxane removal while leaving at least 2.7 mg/L H2O2; 
under these circumstances Δ[1,4-dioxane]/Δ[H2O2] would be 
only ∼2%. This percentage is higher than that observed for the 
electrochemical system, mostly because less of the H2O2 is 
degraded in the UV/H2O2 AOP due to the lack of a H2O2 
degradation pathway other than H2O2 photolysis; however, the 
greater H2O2 residual after UV/H2O2 AOP treatment also 
necessitates a greater chlorine dose to quench. 

buffer without chloramines; the degradation of 2.5 mg/L H2O2 

and 0.2 μM 1,4-dioxane were similar to that observed in 

deionized  water  buffered  with  2  mM  phosphate  without 
chloramines,  with  0.5  log  (68%)  removal  of  1,4-dioxane 

F1,4D = 
k1,4D[1, 4D] 

 
 

k1,4D[1, 4D] + kH
2O2

[H2O2] + kNH
2Cl[NH2Cl] 

 
 

(12) 

achieved within ∼6.7 min (interpolation of orange triangles in 

Figure 3). 

For ROP containing 20 μM chloramines (formed by 

addition of 20 μM free chlorine and 24 μM ammonia), we 
applied +0.02 V to the cathode containing 7 mM phosphate 

buffer with 2.5 mg/L H2O2 and 0.2 μM 1,4-dioxane. However, 

after 5 min, we turned off the potential for 20 s, injected an 
additional 1 mg/L H2O2, and then turned the potential back 
on for 5 min. We repeated these steps for two additional cycles. 

The 1 mg/L H2O2 re-spiking dose maintained sufficient H2O2 
in solution without overaccumulation of  H O ,  reaching  the 

H2O2 + 2 e− + 2 H+ → 2 H2OE = 1.42 V at pH 5.8 
(13) 

We conducted an initial cost comparison between the UV/ 
H2O2 and electrochemical AOPs targeting 0.5 log 1,4-dioxane 
removal of RO permeate. Based on previous research 
studies,7,8 we assumed that a 1000 mJ/cm2 UV  fluence  
would be needed to achieve 0.5 log removal of 1,4-dioxane in 
the presence of 20 μM chloramines (1.4 mg/L as Cl2) using 
3.4 mg/L H2O2, leaving a 2.7 mg/L H2O2 residual. We also 
considered the addition of sodium bisulfite to quench residual 

2    2 chloramines prior to UV/H2O2 treatment, in which case only 
initial 2.5 mg/L concentration after 20 min (blue circles in 

Figure 3). This procedure enhanced 1,4-dioxane degradation, 

although degradation remained slower than without chlor- 

amines. However, interpolation between the measurements 

taken at 10 and 15 min indicated that 0.5 log removal of 1,4- 

dioxane was achieved within 13.2 min, after a total addition of 

4.5 mg/L H2O2. 

360 mJ/cm2 UV fluence would be needed to achieve 0.5 log 
removal.8 For the electrochemical AOP, we used the 
experimental results for ROP treatment without and with 20 

μM chloramines (orange triangles and blue circles in Figure 3). 
These cost estimates considered the costs to treat 1 ML of 
ROP, including the costs to (1) quench chloramine residuals 

with sodium bisulfite (if applicable), (2) add H2O2, (3) supply 

https://dx.doi.org/10.1021/acs.est.0c02144?ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02144/suppl_file/es0c02144_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02144/suppl_file/es0c02144_si_001.pdf
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electricity, (4) add chlorine to quench residual H2O2, and (5) 

add chlorine and ammonium sulfate to provide a 35 μM (2.5 
mg/L as Cl2) chloramine residual (Table 1). Additionally, we 
considered the cost to supply 7 mM salt, the concentration 
employed for RO permeate experiments. Text S2 provides 
details for these estimates. 

 
 

Table 1. Cost Comparison between UV/H2O2 and 
Electrochemical AOPs ($/ML) 

UV/H2O2 AOP electrochemical AOP 

achieved 0.5 log 1,4-dioxane removal in <15 min at pH 

relevant to RO permeate (∼5.5) and at salt concentrations 
relevant to drinking water. If the cost of salt can be overcome 

(e.g., by switching to NF), then the cost of electrochemical 

AOP treatment would be comparable to UV/H2O2 AOP 

treatment. This is encouraging, particularly considering that 

the electrochemical system has not been fully optimized, while 

the UV/H2O2 system has been optimized, having been 

employed at full scale for at least 20 years. 
Several aspects of the electrochemical system could be 

 

cost type with NH2Cl 

 

NH2Cl 
quenched 

 

with NH2Cl 

 

NH2Cl 
quenched 

optimized. For example, the high electricity cost reflects a lab- 

scale, two-cell electrochemical system with cylindrical electro- 

quenching 
chloramines 

$ $ 2.16 $ $ 2.16 des, wherein the distance between electrodes (∼3.5 cm) has 
not  been  optimized.  The  cell  resistance  (R  in  Ω)  scales 

H2O2 addition $ 4.95 $ 4.95 $ 6.55 $ 3.64 according to eq 14, where ρ (Ω cm) is the ionic resistivity of 
electricity $ 6.35 $ 2.29 $ 12.44 $ 7.91 the electrolytes, l (cm) is the spacing between the electrodes, 
NaOCl for 

quenching 
$ 9.73 $ 9.73 $ 6.29 $ 3.50 and A (cm2) is their surface area.30 Moreover, the long time 

H2O2     required to reach the target potential within the interior of the 

NaOCl to $ 2.92 $ 3.78 $ 3.78 $ 3.78 cathode scrubber likely reflects polarization of the electrolyte 
provide a 
residual 

4 2 4 

within its cylindrical interiors (e.g., by electrostatic repulsion of 

anions), which would be less important in flatter electrodes. 
We used these porous, cylindrical scrubbers because they 

provided a higher surface area than flat stainless steel plates. A 
full-scale system would likely use parallel plates, where the full- 
cell voltage and associated energy cost should be much less due 

to the closer spacing of the electrodes and their flatter shapes. 

The results indicate that the cost of UV/H2O2 AOP 
However, the design of porous stainless steel electrodes and 
their configuration needs optimization. 

treatments would be comparable without and with pretreat- 

ment with sodium bisulfite to quench chloramines. Without 
considering the cost of salt addition, the overall cost of 
electrochemical AOP treatment with initial quenching of 

R = ρ
 l  

A 

 

 
(14) 

chloramines could be comparable to UV/H2O2 AOP treat- 
ment. However, without chloramine quenching the overall cost 
would be ∼20% higher. The electrochemical AOP would 
feature significant savings on the cost of chlorine addition to 
quench residual H2O2 since the H2O2 residual would be lower 
for the electrochemical AOP. The cost of electricity was higher 
for electrochemical treatment, particularly without pretreat- 
ment to quench chloramines. 

However, the cost to provide 7 mM salts doubles the cost 
for electrochemical AOP treatment. Potable reuse facilities are 

considering salt addition to UV/H2O2 AOP effluent to reduce 
corrosion in distribution pipelines and the potential dissolution 
of toxic elements (e.g., arsenic) in natural deposits when 
potable reuse water is used for aquifer recharge.26 However, 
this salt addition would be lower than the 7 mM considered for 
electrochemical AOP treatment of RO permeate. This initial 
analysis highlights the importance of identifying alternative 
methods of providing ionic strength. A potential solution that 

needs further evaluation is using nanofiltration (NF) instead of 

RO. NF would permit passage of monovalent ions, significantly 
reducing the salt requirement. Although the rejection of 
organic contaminants by the membranes might decrease, 
future research would need to evaluate whether the potential 

reduction in energy required for NF versus RO may offset the 
increase in energy required by the electrochemical AOP to 
degrade the higher organic contaminant concentrations. 

This study demonstrated initial proof of concept that 
treatment of organic contaminants in RO permeate could be 
achieved via direct electron transfer from an inexpensive 
stainless steel cathode to H2O2. The electrochemical AOP 

Similarly, this study employed commercially available 

kitchen scrubbers (Scotch-Brite stainless steel scrubbers) 

constructed from 410 type stainless steel  because of their  

low cost. Even though the concentrations of iron shed from the 

stainless steel electrodes were at least sevenfold lower than 

those employed for electro-Fenton treatment,13 the shedding 

rate would deplete ∼10% of the iron in four weeks of 
continuous treatment. Although carbon materials could avoid 

release of metals, we observed rapid degradation of a sheet 

graphite cathode, likely from hydroxyl radical reactions with 

the graphite. A platinum anode would avoid oxidative 

degradation, but identifying lower-cost materials is important 

to render the process economically feasible. Future research 

can evaluate whether alternative stainless steel types or other 

lower-cost materials could exhibit lower degradation and 

enhance the process efficiency by favoring one-electron 

reduction of H2O2 over the two-electron pathway. 

If the costs and efficiency of electrochemical AOP treatment 
can be further improved, then this electrochemical treatment 

could be attractive relative to the UV/H2O2 AOP. For 

example, an electrochemical AOP could treat waters with 

lower UV transmittance (UVT). These waters include 

conventional drinking waters and the RO-free potable reuse 

trains (e.g., trains based on ozone/biological activated 

carbon),31 gaining favor in inland regions due to the difficulty 

associated with RO concentrate disposal. Both waters feature 

higher salinity than RO permeate, thereby reducing the cost 

associated with salt addition to boost ionic strength. 

(NH ) SO to $ 7.64 $ 9.90 $ 9.90 $ 9.90 
provide a 
residual 

    

sub-total $ 31.58 $ 32.80 $ 38.96 $ 30.88 

salt addition $ $ $ 35.89 $ 35.89 

total $ 31.58 $ 32.80 $ 66.77 $ 74.85 

 

https://dx.doi.org/10.1021/acs.est.0c02144?ref=pdf
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