Pre prints.org

Article Not peer-reviewed version

Electrochemical Formation of Chlorine

Oxyanions from Low Chloride in the
Presence of Organics

Trung_Quang_Nguyen : , Tung_Ngoc Nguyen , Minh Ngoc Truong , Minh Quang Bui

Posted Date: 16 June 2025
doi: 10.20944/preprints202506.1237v1

Keywords: electrochemical; DOC; oxidation; chlorine; chlorate

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2537313
https://sciprofiles.com/profile/3684324
https://sciprofiles.com/profile/189469
https://sciprofiles.com/profile/2070981

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2025 d0i:10.20944/preprints202506.1237.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Electrochemical Formation of Chlorine Oxyanions

from Low Chloride in the Presence of Organics

Trung Quang Nguyen ¥, Tung Ngoc Nguyen 2, Minh Ngoc Truong 2 and Minh Quang Bui 2

I Institute of Environmental Science and Public Health, 18 Hoang Quoc Viet Street, Cau Giay, Hanoi 11353,
Vietnam

2 Center for High Technology Research and Development, Vietnam Academy of Science and Technology, 18
Hoang Quoc Viet Street, Cau Giay, Hanoi 100000, Vietnam

* Correspondence: nqtrung79@gmail.com

Abstract: The formation ways of active chlorine, chlorite, chlorate and perchlorate results from
electrochemical and chemicals reactions in electrolysis system that shown equations from (1) to
(14)[10]. In electrolysis process by Adept Electrochemical Technology, the active chlorine formation
is dependence on flow rate and current and initial chloride concentration. The produced active
chlorine concentration is increase when current and initial chloride increase but active chlorine is
decrease as flow rate increase and reach to highest at 500ml/min. If phenol and DOC presence in
sodium chloride electrolyte, produced active chlorine were decrease as phenol and TOC
concentration increase. The results show that acetate is not effect to the formation of active chlorine
in electrolysis sodium chloride by Adept Electrochemical Technology.
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1. Introduction

Electrochemical oxidation has emerged as a versatile and effective advanced oxidation process
(AOP) for water and wastewater treatment [1]. It is widely applied in disinfection and the
degradation of persistent organic pollutants in various water matrices, including drinking water,
swimming pools, and increasingly, municipal and industrial wastewater. This process relies on
functional electrodes to generate highly reactive species such as hydroxyl radicals (¢OH), hydrogen
peroxide (H,O;), hypochlorous acid (HOCI), and hypochlorite (OCI-), which can directly or indirectly
degrade a wide range of contaminants [2—-4].

However, when chloride ions (Cl") are present—even at low concentrations—electrochemical
oxidation may lead to the formation of undesirable disinfection by-products (DBPs), including
chlorite (CIO;"), chlorate (ClOj57), and perchlorate (ClO,47). These oxychlorine species are of particular
concern due to their toxicity. Chlorate has been reported to cause oxidative damage to red blood cells
and exhibit mutagenic properties in both bacterial and mammalian cells [5,6]. Perchlorate interferes
with iodide uptake in the thyroid gland, potentially disrupting hormone synthesis and leading to
adverse effects on the endocrine system [7].

The formation pathway of chlorate and perchlorate during electrolysis involves a sequential
oxidation process starting from chloride:

Cl — Cl, - HOCI/OCI- — ClO5~ — CIO,~

This multi-step transformation is strongly influenced by operational parameters such as current
density, electrolyte composition, and most critically, the electrode material. For example, studies have
shown that boron-doped diamond (BDD) and RuO; electrodes promote the formation of chlorate and
perchlorate, whereas TiO; and IrO; anodes result in much lower levels [2,4-7].

To address these challenges, a novel electrochemical platform known as ADEPT (Advanced
Electrochemical Process Technology) has been developed. ADEPT utilizes specialized functional
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electrodes capable of generating reactive oxidants at high efficiency even under low chloride
conditions. This makes it particularly suitable for decentralized water treatment systems where
chloride levels are typically much lower than in seawater or industrial effluents. Despite the growing
interest in ADEPT and similar systems, studies on the formation of DBPs under low-chloride
scenarios remain limited, especially in the presence of organic solutes.

Organic matter can significantly influence DBP formation by acting as radical scavengers,
intermediate stabilizers, or even precursors for secondary reactions. In this study, three
representative organics—phenol (a model aromatic compound), acetate (a common low-molecular-
weight organic acid), and dissolved organic carbon (DOC) (representing natural organic matter)—
were selected to evaluate their effects on chlorine speciation and by-product formation during

electrolysis.
2ClI'+ H2O — Cl2 + 2eE* = 1,36V (1)
Cl2 + H2O0 — HOCI + H* + CI- (2)
2H>O — O2+4H* + e- 3)
HOCI — OCI- + H* 4)
6HOCI + 3H20 — 2CIOs + 4CI- + 12H* + 3/202+ 6e (5)
60CI + 3H20 — 2ClOs + 4Cl- + 12H* + 3/20:+ 6e (6)
Cl- + 3H20 — ClOs + 6H* + 6e- (7)
OCI- + 20H: — CIOz + H20+ 2e- (8)
ClOz +20H: — ClOs + H20 + 2e )
OCI- +20Clz — ClOs + ClI- (10)
ClOs — "ClOs + e (11)
"ClOs + "'OH — ClO« + H* (12)
‘ClOs + OH — ClOs + Hr + e (13)
ClOs + H20 — ClO« + 2H* + 2e'E=1.19V (14)
H2O — "OH + H* + e- (15)
‘OH +"OH — H20: (16)

In natural and engineered water systems, the presence of organic matter is nearly unavoidable
[8-14]. Organic solutes —including naturally occurring compounds such as humic substances, as well
as anthropogenic pollutants like phenols and carboxylic acids [15,16] —can significantly influence the
electrochemical oxidation process. These compounds may act as scavengers of reactive chlorine
species (e.g., HOCI, Cle), compete for oxidation with chloride ions, or form intermediate products
that alter the pathway and rate of oxychlorine formation. In some cases, organic matter can suppress
chlorate and perchlorate production, while in others it may enhance the formation of toxic by-
products through secondary reactions.

Despite the recognized importance of organic matter in water treatment, few studies have
systematically evaluated its role in the formation of chlorinated by-products under low-chloride
electrolysis conditions [17-41]. Understanding this interaction is essential for predicting DBP
formation and optimizing operational conditions in real-world applications.

This study aims to investigate the formation of active chlorine species, chlorate, and perchlorate
during electrolysis using ADEPT technology under low chloride concentrations. Special emphasis is
placed on understanding how different types of organic solutes affect the production and
transformation of these by-products. The findings are expected to support the development of safer
and more efficient electrochemical water treatment systems by minimizing the formation of harmful
oxychlorine species.

2. Materials and Methods
2.1. Preparing Chemicals and Samples

Sodium chloride (NaCl) is purchased from sigma-aldrich using as electrolytes and for stock
standard of chloride (CI"). Stock solutions (1000mg/l) of ClOz, ClOs and ClOs were prepared for
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calibration using grade chemicals as sodium chlorite (NaClOz) and sodium chlorate (NaClOs) and
sodium perchlorate (NaClOs) which purchased from Sigma- Aldrich. Postasium permanganate
(KMnO4) was used as alternative standard for stock solution 1000mg/1 of active chlorine and the
agent solution DPD (N,N-Diethyl-P-Phenylenediamine,CioH1oN2) were purchased from Sigma-
Aldrich. The organic compounds as phenol, sodium acetate (CHsCOONa.3H:20),
glucose(CsH1206.H20) were purity chemicals using as effective factors on formation of active chlorine,
chlorate and perchlorate which purchased from Sigma-Aldrich, J.T. Baker, Merck respectively.
Deionized water with resistance < 1810 was using for preparing sample and chemicals.

Samples are prepared in 2litter for each experiment which using deionized water contain 50mg/1
of Chloride and different concentration of effective factors. Concentration of effective factor as
Phenol, CH3COO- are prepared in order are 5mg/l, 10mg/l, 50mg/l and 100mg/l. DOC solution is
made by mixture from many compounds that solution properties nearly same natural condition of
Copenhagen. They were prepared in Plant and Environment chemistry of Copenhagen University
and the compounds species is show in Table 1. DOC solution is filtered by 0.45um cellulose filter
beforeusing.The solution as electrolytes includes 50mg/1 of Chloride and with change amount of DOC
in range 0.1mg/l, 1.0mg/1, 5mg/l, 10mg/l, 25mg/1 and 50mg/1. Solutions is neutrated at right pH before
electrolysis. Flow rate is remained in constant 0.5]/min and current is change from 0.5 to 2.5 A.

Table 1. Property of DOC solution.

Parameters unit Value
pH 2.70+0.01
Dissolved organic carbon mM 70+1
Carboxylic acid groups mmolmol'C 70.3+0.2
Phenolic groups mmolmol'C 47.7+0.2
Es65/Es65 ratio 13.3+1.8
Cadmium nM 0.16 £ 0.03
Copper nM 52+2
Aluminium uM 30+2
Calcium uM 10+1
Iron uM 14+1
Magnesium uM 8+1
Potassium uM 0+
Sodium uM 36 +6
Chloride mM 0.05 £ 0.06
Nitrate mM 0.29+0.01
Phosphate mM 0.18 +0.08
Sulphate mM 0.06 + 0.02

2.2. Electrochemical Equipment and Procedure

Electrochemical system is shown in Figure 1. The undivided reactor cell and electrodes are
produced by Adept water Technology. The current is supplied by Voltage adjustable supplier
(PS3020). Samples are pumped into electrolysis cell by Master Flex bump (American) at constant rate
500 ml/min. The experiments is performed continuously by pumping the sample from 2litter solution
container in to cell and the current is set up at 0,5A, 1,0 A, 1,5 A, 2,0A and 2,5A during sample
electrolysis. All of the experiments were performed using deionzied water. The inlet concentration
of chlorour species is analyzed before electrolysis sample solution. At each current, the outlet
electrolyzed solution is taken for measuring active chlorine and chlorate and perchlorate.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1237.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2025

Figure 1. Electrochemical system of Adept Water Technology.

2.3. Analysis of the Sample Solutions

The concentration of active chlorine was measured using DPD (N,N-Diethyl-P-
Phenylenediamine, CioH1oN2) method with UV/VIS Spectrometer Lambda 25 (Perkin Elmer) at
wavelength 515nm. ClOs, ClO+ and Cl- were analyzed using Ion chromatography (Metrohm) with
Column Metrosep A Supp 5, 100x4mm 61006.510 and Detector IC 819. The injection volume was 20ul
and the eluent was 3.2mM Na2COs and 1,0mM NaHCOs pumped at a flow rate of 0.7ml min-'[8]. The
H250: 2M was used as suppressor solution. Samples is filtered by membrance 0.45um before
measuring the ions by ion chromatography. The initial DOC concentration is determinated by 254
TOC meter of Shimazu and calculated as TOC concentration.

2.4. The Formation of Active Chlorite, Chlorate and Perchlorate and Effect of Initial Chloride Concentration

The formation ways of active chlorine, chlorite, chlorate and perchlorate results from
electrochemical and chemicals reactions in electrolysis system that shown equations from (1) to
(14)[10]. The results of experiments on adept electrochemical technology shown concentration of
active chlorine(HOCI, OCI") produced is depended on solution flow rate and electric current and
initial concentration of chloride. In Figure 2a, 2b, concentration of active chlorine was produced at
rate flow of 0.1litter/min was highest 2.7325mg/1. Concentration of active chlorine decrease when flow
rate increase until 1.0 litter/mins, lowest amount of active chlorine is 0.0664mg/1 at 1.0 litter/mins rate.
In Figure 2b,the initial concentration of chloride and current effects the formation of active chlorine
and by-products. Initial concentration of chloride increase, the formed active chlorine increase and
the current increase, active chlorine also increase. In this experiments, chlorate is found in
electrolyzed solution by ion chromatography but Chlorite and perchlorate is not found in electrolysis.
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Figure 2. a. The formation of active chlorine at 25mg/l of chloride and different flow rate. b. The formation of

active chlorine at different initial chloride concentration from 10mgy/1 to 100mg/I and flow rate at 0.5]/mins.

2.5. Effect of organic compounds as Phenol, Acetate and DOC solution

1. Effect of phenol

The electrochemical oxidation of phenol in presence of sodium chloride as electrolyte is
investigated in many literatures recently. Phenol could been degradation by direction and indirection
oxidation by electrochemical. In presence of chloride as electrolyte, the small fraction of phenol was
oxidized by direct electrolysis, while complete degradation of phenol was achieved by indirect
electrochemical oxidation. Many investigators have noted the formation of polymeric film is
produced on anode surface in during direct oxidation (11,12,13,14) that cause electrochemical
degradation rate of phenol is slow. The indirect electrochemical oxidation, phenol is oxidized by
active chlorine, hypochlorous, hypochlorite ion and OH* when using chloride as electrolyte(14,15).
In this working, the formation of active chlorine, chlorate, perchlorate in electrolysis are investigated
in simultaneity presence of chloride (50mg/l) and phenol. In Figure 3a, the formation of active
chlorine is effected by concentration of phenol and electrolytic current. The formation of active
chlorine decrease when phenol concentration increase at each current value. As using smallest phenol
concentration of 5 mg/l, active chlorine at current of 0.5A, 1.0A, 1.5A, 2.0A, 2.5A was formed
0.098mg/1, 0,25mg/l, 0,48mg/l, 1,18 mg/l respectively. The active chlorine amount produced were
increasedwhen using small phenol concentration that decrease from 10mg/l, 50mg/l and 100 mg/l,
and active chlorine was decrease compare with samples without phenol. The results can be
considered that the formatted active chlorine decrease when increase phenol amount from 5mg/l to
100 mg/l. The cause of active chlorine reduction is oxidation of phenol by special chlorous as shown
in previous literatures. In Figure 3b show that, the chlorate was found in most experiments when
used current increase from 1.5 A to 2.5 A. Chlorate was increased when current increase but the
effective of phenol on chlorate formation is not clearly.

—&—Phenol 5mg/l —&—Phenol 10mg/l e=¢==Phenol S5mg/I «=@=="Phenol 10mg/I
a
—#—Phenol 50mg/l —#—Phenol 100mg/l === Phenol 50mg/l ==t==Phenol 100mg/I

—4&— Chloride 50mg/l without phenol .
oride S0mg/l without pheno —+—Chloride 50mg/l

21 A 4 v.o
| S
E 15 g
e 0.4
£ 12+
b
=)
29 |
o 4
Z 6
S
< 3
04 b
0 0.5 1 1.5 2 .
Current(amp)

Current (Amp)

Figure 3. Formation of (a) active chlorine and (b) chlorate in solution with 50mg/1 Cl-, Varied current and Phenol

concentration.

2. Effect of Acetate

At both high and low concentration, acetate is not effect on formation of active chlorine in
electrolysis samples. The concentration of active chlorine produced at different acetate concentration
were nearly equivalent when current not change. The contrary of acetate effective, the active chlorine
formation was depended on current as results shown in Figure 4a. When current increase,
concentration of active chlorine was produced increase in during electrolysis. The active chlorine
concentration produced in sodium salt electrolysis contain acetate is higher than its amount in
experiments without acetate. In Figure 4b, chlorate was produced in presence of acetate as current
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increase from 1.0A to 2.5A and it was not detected at small current under 1A. The concentration of
chlorate was lower compare to electrolysis sample without acetate.

a —&—CH3COO 1.0ppm —#—CH3COO 0.lppm —4—5mg/L of CH3COO ——5mg/LCH3COO —#—10mg/l CH3COO
b — —50mg/ICH3CO0 —o— Without CH3COO-
—— 10mg/l of CH3COO —X~—50mg/l of CH3COO —— Without CH3COO —%—0.1mg/l CH3COO —&— |.0mg/l CH3COO
30
£ 25+
%" =
= 201 E!
2 g
St 1
LS 15 I
:
210
£
5]
< s
0
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Current(A) Current (A)

Figure 4. Formation of (a) active chlorine and (b) chlorate in solution with 50mg/l Cl-, current from 0.5A to 2.5A
and [CH3COQ]= 0.1ppm to 50ppm.

3. Effect of DOC Solution

The results shown that initial concentration of TOC is strong effective in produce active chlorine
in electrolysis sodium chloride salt. Formation of active chlorine is decrease when increase the
concentration of DOC. Results are also shown that concentration of TOC is seemly constant in during
electrolysis when current increase as below Figure 5a. The formation of chlorate is also investigated
in the experiments. The results shown that the chlorate formation is not effected by concentration of
initial TOC amount. The produced chlorate concentration is seem similarly in each different current
and initial TOC concentration. And highest level of chlorate is around 0.5mg/l at current 2.5 A at
different TOC concentration as below Figure 5b.

—4—TOC 0.1ppm —4—TOC Ippm ——TOC Sppm / —e— TOC-C(50PPM) —&— TOC-C(25PPM) \
——TOC 25ppm ——TOC 50ppm ——TOC 10ppmi2 TOC-C(5PPM) TOC-C(1PPM)
25+Ch‘°“d° S0mg/! —@—TOC-C(0.IPPM) ==t TOC-C(10PPM)
1
3
©
b
0 0.5 1 1.5 2 2.5 3
Current(amp) \ Current (Ay

Figure 5. Formation of (a) active chlorine and (b) chlorate in solution with 50mg/l Cl-, current from 0.5A to 2.5A
and [DOC-CJ=0.1ppm to 50ppm.

3. Conclusions

- With adept electrochemical technology equipment, the electrolysis process using small chloride
concentration of 50mg/1 at current 2,5 A can produce active chlorine and chlorate. The concentration
of active chorine formed are depended on initial chloride concentration, flow rate and apply current.

- As electrolytes have presence of phenol, the results can be considered that the formatted active
chlorine decrease when increase phenol amount from 5mg/l to 100 mg/l. The chlorate was found in
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most experiments when used current increase from 1.5 A to 2.5A. Chlorate was increased when
current increase but the effective of phenol on chlorate formation is not clearly.

- At both high and low concentration, acetate is not effect on formation of active chlorine in
electrolysis samples.The active chlorine concentration produced in sodium salt electrolysis contain
acetate is higher than its amount in experiments without acetate. Chlorate was produced in presence
of acetate as current increase from 1.0A to 2.5A and it was not detected at small current under 1A.
The concentration of chlorate was lower compare to electrolysis sample without acetate.

- The results shown that initial concentration of TOC is strong effective in produce active
chlorine in electrolysis sodium chloride salt. Formation of active chlorine is decrease when increase
the concentration of DOC. The chlorate formation is not effected by concentration of initial TOC
amount. The produced chlorate concentration is seem similarly in each different current and initial
TOC concentration. And highest level of chlorate is around 0.5mg/1 at current 2.5 A.
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