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Membrane-Assisted Electrochlorination for Zero-Chemical-Input 
Point-of-Use Drinking Water Disinfection

Daniel Ocasio,

David L. Sedlak*

Department of Civil & Environmental Engineering, University of California, Berkeley, Berkeley, CA 
94720, USA

Abstract

Due to the challenges of providing centralized drinking water infrastructure in low-income and 

rural settings, point-of-use (POU) disinfection systems are an attractive option for enhancing 

access to safe drinking water. Electrochlorinators offer an easily scalable and adaptable alternative 

to POU disinfection systems that require frequent replenishment and accurate dosing of chlorine, 

but they also require addition of salts on a regular basis. To address this need, we developed 

an electrochemical disinfection system that efficiently produces chlorine without any chemical 

inputs. To convert the low concentration of chloride in source waters (i.e., 10-200 mg L−1) to free 

chlorine (i.e., HOCl/OCl−), an anion exchange membrane was positioned between two electrodes, 

creating two separate chambers. By providing continuous water flow through the catholyte while 

operating the anolyte in the batch mode, chloride was concentrated into the anolyte, where it was 

more efficiently converted into chlorine. This approach allowed us to produce chlorine at rates that 

were about 50% faster than that of an undivided cell operating under similar conditions. Chlorate 

production was approximately 20% slower in the separated cell compared to an undivided cell; 

concentrations in finished water never exceeded the World Health Organization’s provisional 

guideline value of 0.7 mg L−1. The performance of the system was further improved by retaining 

some of the anolyte between operating cycles. This helped avoid periods of high cell potential 

before salts were concentrated in the anolyte chamber. Use of an anion exchange membrane and 

a recycled anolyte mode of operation reduced energy consumption by 30%-70% relative to an 

undivided cell. The energy required to disinfect water ranged from approximately 0.05 to 1 kWh 

m−3, depending on the chloride content and conductivity of the source water.
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1. Introduction

Access to safely managed drinking water supplies expanded from approximately 60% to 

over 70% of the world’s population between 2000 and 2017.1 However, nearly 2.2 billion 

people still lack access to safely managed water services.2 Nearly half of those lacking 

basic water services live in low income countries, with 80% located in rural areas where 

centralized drinking water treatment is difficult to implement.1 Many others have access to 

piped water from centralized systems that operate intermittently, necessitating supplemental 

disinfection or reliance on bottled water. The potential adverse public health outcomes 

of inadequate water supply systems has led to a growing interest in the development of 

low-cost decentralized and point-of-use (POU) water treatment systems.3

Although numerous POU and small-scale treatment technologies, including coagulation, 

media filtration, membrane filtration, and solar disinfection, have achieved adequate 

disinfection in field trials, there is a need for additional approaches.4 Furthermore, in 

addition to challenges associated with costs and willingness of users to maintain systems, 

the absence of residual disinfectant in distributed water often leads to post-treatment 

pathogen contamination during handling and storage.5-7 In many cases, such as with 

filtration, frequent monitoring and maintenance is required to maintain performance, posing 

challenges to technology implementation.8

In contrast to some of the more complicated approaches, chlorine-based disinfectants 

provide residual disinfection while offering relative ease-of-use, low cost, and rapid 

treatment. Most POU chlorinators currently on the market require users to regularly 

replenish chemical reservoirs either with solid salt tablets (e.g., Ca(OCl)2) or liquid solutions 

(NaOCl). Due to the logistical challenge and expense of obtaining solid and liquid forms 

of chlorine, many users in rural and low-income settings abandon the devices within a few 

months of receipt.9-11 For example, rural users exhibited a preference for filtration-based 

POU devices over consumable chlorine-disinfectants because they believed that the filter 
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would last, whereas they indicated that they would not need to seek out additional chemicals 

after their allotted doses of chlorine were depleted.12

Electrochemical chlorination technology is a promising alternative POU technology that 

allows users to generate chlorine from the oxidation of chloride (reactions 1-3).13 Results 

from field studies and life cycle analyses suggest that POU electrochlorinators employed in 

rural and low-income communities offer operational and economic advantages over direct 

addition of the disinfectant because NaCl is inexpensive and readily available.14,15

2Cl− Cl2 + 2e− (EH
° = + 1.358 V) (1)

Cl2 + H2O HOCl + Cl− + H+
(2)

HOCl OCl− + H+ (pKa = 7.53) (3)

Despite the advantages of electrochemical chlorine generators, the need for users to 

replenish NaCl may pose similar barriers to adoption and long-term use due to the need 

for consumable chemicals. NaCl is added to commercially available electrochlorination 

systems, despite the ubiquitous presence of chloride in water sources, because the efficiency 

of reaction 1 decreases at low chloride concentrations and low ionic strengths, leading to 

greater energy consumption and higher operating potentials. To overcome this limitation, we 

developed an electrochlorination technology that combines approaches from electrodialysis 

and electrochemical oxidation, whereby chloride present in source waters is converted to 

free chlorine species without the addition of NaCl by placing an anion exchange membrane 

(AEM) between two electrodes to create separate anolyte and catholyte chambers. System 

performance was enhanced by allowing water to continuously flow through the catholyte, 

while operating the anolyte in the batch mode. To identify the most effective design, two 

cell configurations were tested under a range of conditions similar to those encountered 

during POU disinfection. The effect of water composition on chlorine production, energy 

consumption, and the formation of chlorate also was evaluated.

2. Materials and Methods

2.1 Solutions and water samples

Test solutions (Table 1) were comprised of reagent grade NaCl, Na2SO4, and NaHCO3 

(Fisher Scientific, Hampton, NH), with compositions chosen to represent typical Cl−, 

alkalinity, and ionic strength values of groundwater.16 Variable chloride concentrations were 

tested to provide insight into system performance under different operating conditions. 

Surface water samples were collected from San Pablo Reservoir (El Sobrante, CA; 

37.916589° N, −122.23279° W) courtesy of East Bay Municipal Utility District Watershed 

and Recreation. Groundwater samples were taken from a depth of approximately 40 meters 

from a private well (San Jose, CA; 37.33560° N, −121.73330° W). The composition of the 

natural water samples is summarized in Table S1.
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2.2 Electrochemical cell configurations

A Ti−IrO2 mixed-metal oxide mesh plate anode (apparent geometric surface area: 8 × 8 cm2; 

Magneto Special Anodes, Netherlands) was used as the working electrode, accompanied by 

a stainless-steel mesh cathode (apparent geometric surface area: 8 × 8 cm2; McMaster-Carr, 

Santa Fe Springs, CA). A square stainless-steel current collector covering the perimeter of 

the cathode evenly distributed the current. Each electrochemical cell consisted of two square 

acrylic frames (internal dimensions: 8 × 8 × 0.65 cm3) separated by neoprene rubber gaskets 

(internal dimensions: 8 × 8 × 0.32 cm3) bolted together between two acrylic side plates (all 

from McMaster-Carr, Santa Fe Springs, CA). A peristaltic pump (Cole-Parmer, Chicago, IL) 

coupled with Norprene Tygon A-60-G tubing (Masterflex, Vernon Hills, IL) was used to 

circulate solution through the system. An anion exchange membrane (AEM) (dimensions: 

8 × 8 cm2; Fumasep FAS-PET 130, Fumatech, Bietigheim-Bissingen, Germany) was used 

in the separated cell configuration (described below) to create distinct anolyte and catholyte 

chambers of equal dimensions (8 × 8 × 1.3 cm3) (Fig. S1).

The separated cell (Figure 1a) was compared to an undivided cell configuration (Figure 1b). 

The separated cell incorporated an AEM between the electrodes to create distinct anolyte 

and catholyte chambers. This allowed for production of a concentrated solution of free 

chlorine in the anolyte that could be added to the larger volume of water that passed 

through the catholyte chamber. In the separated cell configuration, water continuously 

flowed through the catholyte chamber at a rate of 1 mL sec−1 (hydraulic retention time 

of ~1.4 minutes), while 250 mL of anolyte was recirculated between the chamber and a 

flask at the same flow rate. The undivided cell had a continuous flow rate of 1 mL sec−1 

(hydraulic retention time of ~2.8 minutes) through a single cell compartment in which no 

membrane was used to separate the electrodes. The interelectrode distance of both cells was 

2.1 cm.

2.3 Experimental approach

All electrolysis experiments were performed at room temperature (23 ± 2 °C) in 

galvanostatic mode, controlled by either a multichannel potentiostat (Gamry Instruments 

Inc., Warminster, PA) or a power supply (BK Precision, Yorba Linda, CA) when the 

expected cell potential exceeded the limit of the potentiostat (i.e., 30 V). At least three 

replicates of each experiment were performed, and error bars represent the standard error on 

the mean of the replicate experimental data. Initially, the anolyte and catholyte had the same 

ionic composition. Where appropriate, results were expressed as a function of the applied 

charge density, ρq (C L−1):

ρq = ∫ I(t) × A
V dt = IAt

V (4)

where I is current density (A cm−2), A is the working electrode surface area (cm2), t is the 

hydraulic residence time of the anolyte (s), and V is the anolyte chamber reactor volume (L). 
17

Prior to beginning an experiment, the system was flushed with at least 2 L of Milli-Q water 

and then washed with at least 1 L of test solution. Samples were collected from the anolyte 
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and the catholyte effluent stream or from the collected effluent basin periodically throughout 

the experiment. All samples were analyzed for ionic composition and pH. Chlorine 

measurements were made immediately after diluting samples 5-60 times, depending on the 

expected chlorine concentration.

Recycled anolyte tests were performed in the separated cell by retaining a portion of the 

anolyte in the chamber to increase the total cell conductivity with each subsequent cell 

operation. During these experiments, half of the anolyte volume (125 mL) was replaced with 

the same volume of feed solution at the beginning of each run. This was repeated until a 

steady-state condition was achieved (typically within 5 cycles).

The effects of current density on chlorine production were assessed in the separated cell 

by varying the applied current between 50 mA and 900 mA. The electrolysis period was 

adjusted to correspond to a final charge density of 2160 C L−1 (e.g., 180 min for 50 mA, 10 

min for 900 mA). In separate tests, a Ag/AgCl reference electrode was used to measure the 

anodic interface potential, and values were then adjusted versus SHE. These measurements 

were taken in an electrolyte of 1.41 mM NaCl, 1.5 mM NaHCO3, and 1 M Na2SO4 as a 

background electrolyte to minimize the potential drop in the solution between the reference 

electrode and the anode.

The effects of variable chloride concentrations (Table 1) and natural waters (Table S1) were 

investigated in the separated cell at an applied current of 300 mA and 150 mA, respectively. 

Neither surface water or groundwater feeds were filtered or treated in any manner prior to 

electrolysis.

2.4 Analytical methods

Free chlorine was measured with a UV spectrophotometer (Vernier, Beaverton, OR) by 

the N,N-diethyl-p-phenylenediamine (DPD) (Sigma Aldrich, St. Louis, MO) method.18 

The NaOCl stock solution (Sigma Aldrich, St. Louis, MO) used for the calibration 

curve was standardized prior to use by Na2S2O3 titration. The Na2S2O3 solution 

used for standardization was first standardized by KIO3 titration. The concentration 

of the standardized NaOCl stock solution was periodically verified by UV absorbance 

measurements. Cl−, ClO3
−, and SO4

2− were determined using a Dionex DX−120 ion 

chromatograph with an AS23 column. Na+, Ca2+, and Mg2+ were analyzed using a Dionex 

ICS2000 ion chromatograph with a CS12A column (Thermo-Fisher Scientific, Waltham, 

MA). Dissolved organic carbon (DOC) and total carbon (TC) measurements were taken 

using a Shimadzu TOC-V analyzer. Statistical significance was determined using ANOVA 

tests, where the significance threshold was set to P = 0.05.

2.5 Energy consumption calculations

The cell potential between the working and counter electrodes was measured in a two-

electrode configuration. These measurements were used along with periodic free chlorine 

measurements to determine the energy consumption E (kWh m−3) of the system:
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E = ∫ I × V (t) dt
mHOCl(t) × Cdose × 1kW ℎ × L

W ℎ × m3 (5)

where I is the galvanostatic operating current (A), V is the cell potential (V) at time t (hr), 

mHOCl is the mass of free chlorine (mg) produced at time t, and Cdose is the theoretical 

desired free chlorine dosage (mg L−1). A value of 2 mg L−1 free chlorine was selected for 

Cdose based on the World Health Organization’s recommendation for household treatment 

of clear water (< 10 NTU). 19 A numerical method was used to approximate the integral in 

equation 5.

3. Results and discussion

3.1 Cell configuration comparison

Two different cell designs were evaluated to assess their effectiveness of chlorine 

production. The separated cell (Fig. 1a) used an AEM for multiple purposes. First, it 

inhibited reduction of free chlorine at the cathode by restricting its migration out of the 

anode chamber. Second, it increased chlorine production rates by concentrating chloride 

from the catholyte stream into the anolyte. Lastly, it reduced energy consumption by 

increasing the conductivity of the anolyte. The undivided cell (Fig. 1b) can be considered 

as a control to benchmark the system to in-line POU electrochlorinators that generate 

chlorine without the addition of salts. 20-23 A third configuration, the “sandwich cell” 

(Figure S2), was also tested to assess the possibility of achieving the advantages of the 

separated cell while also eliminating ohmic losses through solution by using the AEM as a 

solid electrolyte. However, this design did not perform as well as the separated cell. Data for 

the sandwich cell are included in the Supporting Information (Text S1 and Figures S2-S3).

The addition of an anion exchange membrane in the separated cell significantly increased 

the rate of free chlorine production compared to the undivided cell (P = 0.001) (Fig. 2a), 

with rates of free chlorine production increasing by approximately 50%. The coulombic 

efficiency of chlorine evolution of each cell was relatively low due to low initial chloride 

concentration (i.e., 50 mg L−1). Efficiencies of 10.8 ± 0.4 % and 7.00 ± 0.12 % were 

measured for the separated and undivided cells, respectively. Additionally, the chlorate 

production rate in the separated cell (7.34 ± 1.04 μg min−1) was 22% lower than in the 

undivided cell (P = 0.04, 9.42 ± 0.24 μg min−1) (Fig. S4), despite its higher chloride 

concentration and free chlorine production rate. Lower chlorate production rates in the 

separated cell anolyte were likely due to more acidic pH conditions in the anolyte relative 

to conditions in the undivided cell (a discussion of chlorate formation is presented in section 

3.3.1).

The higher free chlorine production rate and coulombic efficiency of the separated cell 

compared to the undivided cell was due to the higher concentration of chloride in the 

anolyte chamber (Fig. 2b). The concentration of chloride in the undivided cell did not 

significantly change throughout the electrolysis period (i.e., it was equal to that of the water 

undergoing treatment), whereas the concentration of chloride in the separated cell anolyte 
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nearly doubled. In this manner, the AEM employed electrodialysis to concentrate chloride 

and other anions in the separated cell’s anolyte chamber.

The energy consumption necessary to achieve a disinfectant concentration of 2 mg Cl2 

L−1 in the treated water was 0.135 ± 0.017 kWh m−3 and 0.197 ± 0.013 kWh m−3 for 

the separated and undivided cells, respectively. The undivided cell operated at a total cell 

potential of 9.53 ± 0.03 V due to overpotential and ohmic losses in the low conductivity 

solution (Fig. S5). The separated cell, however, experienced a steady decrease in total cell 

potential over the course of the experiment, decreasing from 11.64 ± 0.88 V to 7.61 ± 0.56 V 

as conductivity in the anolyte chamber increased. The potential was initially higher than that 

of the undivided cell due to the added resistance of the AEM.

Although the undivided cell design offers simplicity, it was inferior to the separated cell in 

terms of chlorine production, energy consumption, and chlorate formation in an electrolyte 

representative of naturally occurring chloride levels and conductivity. It also produced a 

more dilute free chlorine solution. In addition to higher production rates and lower energy 

consumption, the separated cell allows the user to produce a concentrated solution of free 

chlorine that may be added to water according to their needs or may also be used separately 

as a multi-purpose surface disinfectant.

3.2 Recycled anolyte operation of separated cell

During the initial period of operation, the efficiency of the separated cell was not much 

higher than that of the undivided cell because chloride concentrations in the anolyte chamber 

were only slightly higher than those in the source water. A start-up period was required 

to concentrate chloride in the anolyte and increase the conductivity sufficiently to take 

advantage of the separated cell’s intended design. To minimize this phenomenon, a portion 

(125 mL) of the relatively high ionic strength anolyte was retained from the previous cycle 

to increase the initial conductivity during the next cycle of chlorine generation. Under this 

operating scheme, the initial conductivity of the separated cell’s anolyte was about two to 

three times higher than that of the source water (Fig. S6). By the third cycle, the initial 

conductivity of the electrolyte was sufficiently high to drive the initial cell potential of the 

separated cell below the potential of the undivided cell (Fig. 3a). As the initial chloride 

concentration in the anolyte increased (Fig. 3b), higher free chlorine concentrations were 

produced (Fig. 3c). The lower potential and higher chloride concentrations resulted less 

energy consumption in the separated cell after the initial start-up period. For example, by the 

fourth cycle, the energy consumption was about 45% lower than that of the undivided cell 

when half of the anolyte was used (i.e., the energy use was 0.11 kWh m−3), and about 72% 

lower when the entire anolyte volume was added to the water (i.e., 0.054 kWh m−3). The 

increased chlorine production due to anolyte retention allowed the device to treat 58% more 

water by the fourth cycle assuming a target chlorine concentration of 2 mg Cl2 L−1.

3.3 Effects of current on chlorine production and energy use

In practice, the rate of chlorine production can be increased by increasing the applied 

current, but this is likely to lead to an increase in energy consumption. We tested currents 

ranging from 50 to 900 mA (i.e., current densities ranging from 7.8 to 140 A m−2) 

Ocasio and Sedlak Page 7

ACS ES T Eng. Author manuscript; available in PMC 2023 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(electrolyte conditions listed in Table 1) over electrolysis periods corresponding to a final 

applied charge density of 2160 C L−1 (i.e., 180 minutes for 50 mA, 10 minutes for 900 mA) 

in the separated cell (Fig. S7). The difference between the charge-based chlorine production 

rates (i.e., mg Cl2 C−1) was not significant among the seven applied currents tested (P > 

0.52). The average charge-based chlorine production rate for the experimental conditions 

(i.e., 1.41 mM Cl−, 7 mM ionic strength) was 0.034 ± 0.005 mg Cl2 eq C−1. From this 

information, the free chlorine production rate can be expressed as a function of applied 

current:

dmCl2

dt ≈ (2.02 mg min−1A−1) I (0.05 < I < 0.90 A) (6)

where 
dmCl2

dt  is the rate of free chlorine production (mg Cl2 min−1) and I is the applied current 

(A).

The energy required to achieve an initial concentration of 2 mg Cl2 L−1 in the storage 

reservoir that received that disinfectant solution ranged from 0.089 ± 0.013 kWh m−3 when 

50 mA was applied to 0.60 ± 0.02 kWh m−3 when 900 mA was applied (Fig. S8). These 

large differences can be explained by the wide variation in total cell potential resulting from 

the different currents (Fig. S9). For example, the cell potential at 50 mA ranged from 6.00 

± 0.33 V initially to 4.14 ± 0.10 V at the end of the electrolysis period, while the observed 

potential when 900 mA was applied ranged from 44.6 ± 0.8 V to 28.6 ± 0.4 V. From these 

data we can predict the energy consumption under the same test conditions as a function of 

applied current:

E = (6.13 × 10−4 kVh m−3) × I + (6.51 × 10−2 kWh m−3) (50 < I < 900 mA) (7)

where E is the energy consumption (kWh m−3) of the electrochemical cell necessary to 

chlorinate at a concentration of 2 mg Cl2 L−1 and I is the applied current (mA). Results from 

studies on electrochlorination indicate energy values ranging from about 0.01 to 100 kWh 

m−3 for similar chlorine doses.24 The high end of these energy values may be prohibitive 

for large-scale treatment options in which millions of gallons of water are treated daily, 

but they may be suitable for small-scale operations that produce only a few liters per day. 

An economic analysis of small-scale electrochlorination systems at three different rural 

sites indicated that energy costs were insignificant relative to the initial capital investment 

and other operation and maintenance costs.14 One factor that contributed to these findings 

was that water usage was far less than the design capacity, likely due to users drawing 

disinfected water mainly for drinking and cooking. A simplified economic analysis of this 

electrochlorination system in comparison to systems that dose liquid bleach or chlorine from 

solid tablets yield similar outcomes (Text S2). Over a 10-year lifetime for a system that 

treats 200 L day−1, the cost due to electrical energy consumption for the electrochlorinator 

was a less than 5% of the cost of consumable chemicals associated with chemical dosing 

systems. These findings suggest that the energy requirements of this system will not be 

prohibitive for small-scale applications.
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3.3.1 Effects of current on chlorate formation—Unlike the trends observed for 

chlorine production, chlorate formation varied with applied current, with production 

rates increasing from 50 mA to 600 mA, whereafter production plateaued (Fig. 4). The 

relationship between chlorate production rate and charge density was related to conditions 

in the anolyte chamber. The stabilization of chlorate production rates at the highest applied 

current was related to the formation of protons at the anode surface (reaction 8) and from 

the formation of free chlorine (reactions 1-3). The average pH for each current tested rapidly 

dropped from 7.75 ± 0.27 to below 5 by the first sampling point, then gradually decreased to 

2.6 ± 0.55 over the course of electrolysis, whereas the pH of the catholyte only moderately 

increased to 9.1 ± 0.2 (Fig. S10). In this acidic pH range, the predominant oxidized chlorine 

species were HOCl, ClO2
−, ClO3

−, and ClO4
− (Fig. S11).

The electrochemical production of chlorate is typically described by the Foerster reaction 

(reaction 9).25 This multi-step reaction involves a series of intermediate reactions that can 

be separated into electrochemical oxygen evolution (reaction 8) and chlorate formation 

(reaction 10). Although this reaction is relatively fast above pH 6.5, another pathway 

for chlorate formation is thought to be more important under lower pH conditions; the 

dismutation of hypochlorous acid to form chlorite and chloride (reaction 11), followed by 

rapid oxidation of chlorite by hypochlorous acid to produce chlorate (reaction 12). 26,27

2H2O O2 + 4H+ + 4e− (EH
° = + 1.23V) (8)

6HOCl + 3H2O 2ClO3
− + 4Cl− + 12H+ + 3

2O2 + 6e− (EH
° = + 0.46 V) (9)

2HOCl + OCl− ClO3
− + 2Cl− + 2H+

(10)

2HOCl ClO2
− + 2H+ + Cl−

(11)

ClO2
− + HOCl ClO3

− + H+ + Cl−
(12)

Anodic interface potentials under these conditions ranged from 1.42 ± 0.01 V at 50 mA to 

2.13 ± 0.03 V at 900 mA (Fig. 5). Results from previous studies of chlorate production on 

dimensionally stable anodes indicated a similar trend with chlorate production efficiency 

increasing until an anodic potential above which the surface kinetics of the electrode 

remained constant.28,29 One explanation for this phenomenon is a decrease in the activity of 

catalytically active surface sites at high anodic surface potentials.30

The stepwise reactions in which chlorite is formed as an intermediate in the production of 

chlorate (reactions 13 and 14) may also offer an explanation for the leveling off in chlorate 

production rates observed above 600 mA.31 Standard half-cell potentials for reactions 13 

and 14 were derived from tabulated thermodynamic values.32 When adjusted for the solution 

conditions (T = 25°C; pH = 3), the half-cell reaction potentials for reactions 13 and 14 (i.e., 
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+1.38 V and +1.01 V, respectively) were less positive than the anodic potential measured 

at any current tested (i.e., +1.42 V). While this would suggest a stepwise electrochemical 

mechanism for chlorate formation can occur even at low currents, this does not account for 

the high overpotential for the direct oxidation of HOCl (reaction 3). It has been proposed 

that an interface potential greater than +1.8 V is necessary to directly oxidize hypochlorous 

acid to chlorite (reaction 13)27, which could rapidly oxidize to chlorate (reaction 14). If this 

stepwise pathway predominated, it could explain the leveling off of chlorate production after 

600 mA, when the anodic interface potential exceeds 1.9 V.

HOCl+H2O ClO2
− + 2H+ + 2e− (EH

° = + 1.73 V) (13)

ClO2
− + H2O ClO3

− + 2H+ + 2e− (EH
° = + 1.10 V) (14)

Under the conditions at which the separated cell was tested against the undivided cell 

(i.e., 150 mA), the anodic overpotential would not have been sufficiently high for 

the aforementioned stepwise electrochemical pathway to predominate. In this instance 

the dismutation of hypochlorous acid described by reactions 10-12 was probably more 

important. In addition, reactions 10-12 produce protons, suggesting equilibrium shifts 

towards hypochlorous acid at lower pH values. This may help to explain why less chlorate 

was formed in the separated cell compared to the undivided cell, which remained at a near 

neutral pH throughout the electrolysis period (Fig. S4).

It is important to recognize that chlorate formation occurs only in the anolyte chamber. 

Therefore, the final concentration of chlorate after dilution of the anolyte solution into the 

collected drinking water (catholyte effluent + concentrated chlorine solution) will be less 

than the World Health Organization’s provisional guideline value of 0.7 mg L−1. 19 For 

example, the highest concentration of chlorate measured in this study, 11.0 ± 1.8 mg L−1 

(i.e., [Cl−]o = 200 mg L−1, ρq = 2160 C L−1, Section 3.4) (Fig. S12), occurred at a free 

chlorine concentration of 319 ± 14 mg L−1; after dilution of this stock solution to achieve 

a disinfectant concentration of 2 mg Cl2 L−1, the chlorate concentration would be 0.069 mg 

L−1(i.e., less than 10% of the WHO guideline value).

3.4 Effects of Chloride Concentration on System Performance

The effects of varying initial chloride concentrations were tested to provide insight into the 

performance of the separated cell design in source waters of varying ionic composition (Fig. 

S13). The lowest chloride concentration tested (i.e., 10 mg L−1) was typical of inland surface 

water sources, whereas the highest chloride concentration (i.e., 200 mg L−1) approached 

the US Environmental Protection Agency’s secondary maximum contaminant level taste 

threshold of 250 mg L−1. To avoid confounding effects related to voltage, the ionic strength 

for each test was held constant at 7 mM, with Na2SO4 serving as the background electrolyte 

(Table 1).

A linear relationship was observed between free chlorine production rate and chloride 

concentration (Fig. 6) between 10 and 150 mg Cl− L−1:
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d[Cl2]
dt × A = (0.039 L A−1 min−1)[Cl−]o (10 mg L−1 ≤ [Cl−]o ≤ 150 mg L−1) (15)

where d[Cl2]
dt × A  is the rate of free chlorine production (mg Cl2 A−1 min−1) and [Cl−]o is the 

initial chloride concentration (mg L−1) of the feed water. At 200 mg L−1 Cl−, free chlorine 

production was about 10% higher than the value predicted by extrapolation of the trend 

observed at lower chloride concentrations. We predict that under dilute solution conditions 

and low chloride concentrations, nearly 40% of mass transfer of chloride is controlled by 

diffusion away from the anode surface, while chloride concentrations above 150 mg L−1 Cl− 

migration to the anode surface controls transfer (a detailed discussion of these calculations 

can be found in Text S3) (Fig. S14).

The Coulombic efficiency varied linearly as a function of initial chloride concentration, 

ranging from 2.42 ± 0.12 % for 10 mg L−1 Cl− and 40.7 ± 1.1 % for 200 mg L−1 Cl− (Fig. 

S15):

φ = 0.178[Cl−]o (10 mg L−1 ≤ [Cl−]o ≤ 150 mg L−1) (16)

where φ is the Coulombic efficiency (%) of chlorine evolution at the anode and [Cl−]o 

is the initial chloride concentration (mg L−1) of the feed water. The effect of chloride 

concentrations on chlorine evolution efficiency help explain the large variability in energy 

consumption. The energy consumption decreased from 0.96 ± 0.11 kWh m−3 at 10 mg L−1 

to 0.050 ± 0.003 kWh m−3 at 200 mg L−1 (Fig. S16). The total cell potential varied by 

less than 20% between the different conditions (Fig. S17), indicating chloride content was 

responsible for the differences in energy requirements, not solution conductivity alone.

3.5 System Performance in Samples from Representative Water Sources

Representative source water samples (Table S1) were tested in the separated cell to assess 

the efficacy of the system under conditions likely to be encountered in the environment. 

Free chlorine production rates were 1.03 ± 0.03 mg Cl2 A−1 min−1 for the surface water 

and 2.87 ± 0.24 mg Cl2 A−1 min−1 for the groundwater (Fig. 7). The predicted rates based 

on equation 15 for the chloride concentrations in the surface water and groundwater (i.e., 

0.24 mg Cl2 A−1 min−1 and 2.96 mg Cl2 A−1 min−1, respectively) were within 5% of the 

experimental values for the groundwater samples, while the observed chlorine production 

rate for the surface water was over four times higher than the predicted value. Likewise, the 

coulombic efficiency estimated from equation 16 agreed with that measured for groundwater 

(13.4% compared to 12.1% ± 1.8%) but were much lower than the efficiency measured for 

surface water (1.1% compared to 4.8% ± 0.4%).

The deviation from the model prediction for chlorine evolution in surface water may 

have been attributable to its relatively low conductivity. The data used to establish the 

relationships in equations 15 and 16 were collected at an ionic strength of 7 mM with 

Na2SO4 serving as the background electrolyte, whereas the ionic strength of the surface 

water was approximately 2.5 mM, with substantial amount of chloride, calcium and 

magnesium. In the latter case, chloride-to-sulfate ratio was much greater than that of the 

Ocasio and Sedlak Page 11

ACS ES T Eng. Author manuscript; available in PMC 2023 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



solution used to derive the relationship; thus, chloride carried a greater portion of current 

which resulted in faster rates of mass transfer of chloride towards the anode. Additionally, 

this low conductivity resulted in relatively high cell potentials (i.e., the initial potential was 

nearly 40 V, which dropped to 27 V during the one-hour electrolysis period; Fig. S18). As 

a result, the energy needed to produce 2 mg Cl2 L−1 in the surface water was 1.8 ± 0.1 

kWh m−3, while that for groundwater was 0.14 ± 0.01 kWh m−3. These results suggest that 

retaining a portion of the anolyte to maintain higher salt concentrations in the cell when 

treating low conductivity waters may be particularly beneficial.

4. Conclusions

The introduction of an anion exchange membrane into an electrochlorinator system 

operated with the anolyte in batch and the catholyte in continuous flow modes resulted in 

enhanced chlorine production and lower energy consumption from natural source waters and 

representative electrolyte solutions. This new design outperformed an analogous undivided 

cell electrochlorinator in all metrics. In addition, periods of high voltage were avoided by 

recycling a fraction of the finished anolyte for each subsequent run. Chlorate production 

also was reduced due to the acidic solution conditions of the anolyte. The system succeeded 

in producing ample free chlorine over a range of chloride concentrations and solution 

conditions.

Our results demonstrate the technology’s ability to generate an adequate quantity of 

free chlorine for disinfection from chloride present in a source water. As is the case 

whenever chlorine is used to disinfect water, the presence of high concentrations of 

natural organic matter and bromide could result in the production of a suite of disinfection 

byproducts. 33 Approaches used to predict and control the formation of these compounds 

in electrochlorinators would be much like those used when chlorine is added from a stock 

solution. Extended use of this system may result in electrode and membrane fouling from 

calcium- and magnesium-containing precipitates formed under the basic pH conditions 

encountered in the catholyte. One method to avoid fouling would be to periodically wash the 

cathode chamber and lines with acidic anolyte (which would also help minimize biofouling). 

In addition, certain types of anion exchange membranes might be damaged by extended 

contact with chlorine produced in the anolyte, necessitating the use of chlorine-resistant 

membranes. To facilitate adoption of this technology, further research is necessary to 

minimize user interaction and the need to determine dilution levels for the concentrated 

disinfectant solution, including determination of flow rate and applied current combinations 

necessary for automated operation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 –. 
Flow schematic of a) separated cell and b) undivided cell (AEM = anion exchange 

membrane).
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Fig. 2 –. 
(a) Total mass of free chlorine generated and (b) chloride concentrations over time for two 

cell configurations with a 50 mg L−1 Cl− solution. Total free chlorine is reported in mass 

units because the undivided cell did not contain an anolyte chamber. Time is used instead of 

charge density because the definition presented in equation 4 does not apply to the undivided 

cell. See Table 1 “Cells comparison & recycled anolyte” for electrolyte composition.
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Fig. 3 –. 
The (a) cell potential, (b) chloride concentration, and (c) chlorine concentration of the 

separated cell in recycled anolyte mode for five sequential cycles. The average potential of 

the undivided cell is plotted for reference. See Table 1 “Three cells comparison & recycled 

anolyte” for electrolyte composition.
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Fig. 4 –. 
Chlorate concentration in anolyte of separated cell under varying applied currents. See Table 

1 “Variable current” for electrolyte composition.
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Fig. 5 –. 
Anodic interface potential as a function of applied current. Measured with a Ag/AgCl 

reference electrode and reported vs SHE. ([NaCl] = 1.41 mM, [NaHCO3] = 1.5 mM, and 

[Na2SO4] = 1 M as a background electrolyte.)
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Fig. 6 –. 
Free chlorine production rate of chlorine evolution as a function of chloride concentration. 

See Table 1 “Variable chloride” for electrolyte composition.
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Fig. 7 –. 
Free chlorine production from surface water and groundwater. The dashed lines were 

calculated from the model presented in equation 15, factoring in an applied current of 150 

mA, an anolyte volume of 250 mL, and initial chloride concentrations of 6.1 mg L−1 and 

75.5 mg L−1 for surface water and groundwater, respectively. See Table S1 for composition 

of the natural water samples.
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Table 1.

Synthetic electrolytes used in chlorine production experiments.

Experiments
Ionic

Strength
(mM)

NaCl
(mM)

NaHCO3
(mM)

Na2SO4
(mM)

Current (mA)

Cells comparison & recycled anolyte 7.0 1.41 1.5 1.35 150

Variable current 7.0 1.41 1.5 1.35 50 - 900

Variable chloride

10 ppm 7.0 0.28 1.0 1.92 300

50 ppm 7.0 1.41 1.0 1.53 300

100 ppm 7.0 2.82 1.0 1.06 300

150 ppm 7.0 4.23 1.0 0.59 300

200 ppm 7.0 5.64 1.0 0.40 300
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