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Abstract: Given the problems related to drinking water supplies in rural and economically
disadvantaged regions, point-of-use disinfection technologies are a viable alternative to
improve access to drinking. Electrochlorinators are devices that produce chlorine-based
disinfectants onsite via the electrolysis of a sodium chloride solution. In this research, we
have constructed an innovative laboratory-scale three-compartment cell that includes two
ion exchange membranes, fixed between two electrodes; in the anodic compartment, an
acidic mixture of chlorine-based species (Cly, HCIO, HCI and ClO™) is obtained, and, in
the cathodic compartment, an alkaline solution is present (NaOH and hydrogen gas), while
the central compartment is fed with a sodium chloride solution. The Taguchi methodology
was used to examine the impact of the process operating conditions on the results obtained.
The effects of the electrical potential levels (4.5, 6 and 7 V), electrolysis times (30, 60 and
90 min) and initial sodium chloride concentrations (5, 15 and 30 g/L) on the physical
and chemical characteristics (concentrations of available chlorine and sodium hydroxide
and pH of the solutions) and energy consumption were investigated. Variations in the
electrical potential significantly influenced the concentration levels of active chlorine and
sodium hydroxide produced, as well as the pH values of the respective solutions. The
most favorable conditions for the production of electrolyzed water were an electrical
potential of 7 volts, an electrolysis time of 90 min and a concentration of 30 g/L of sodium
chloride, which was verified by ANOVA. The maximum concentration of active chlorine
reached 290 mg/L and that of sodium hydroxide reached 1450 mg/L without the presence
of hypochlorite ions under the best synthesis conditions. The energy consumption was
18.6 kWh/kg Cl; and 4.4 kWh/kg NaOH, while the average electric current efficiency
for sodium hydroxide formation reached 88.9%. Similarly, the maximum conversion of
chloride ions reached 24.37% under the best operating conditions.

Keywords: electrolyzed water; hypochlorous acid; ion exchange membranes; operating
conditions; sodium hydroxide; green electrochemistry; clean production

1. Introduction

The elimination of disease-causing pathogens is a critical problem at present, and
scientists have had to research cost-effective and environmentally friendly disinfectants
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to prevent both epidemic and endemic infections [1]. Acidic electrolyzed water (AEW),
especially in its form known as strongly acidic electrolyzed water (AcEW), has become
the preferred choice in many disinfection scenarios because of its cost-effectiveness, high
disinfection capacity and environmental friendliness [2]. Hypochlorous acid (HCIO) is a
strong, water-soluble oxidant and is widely used as a safe, non-toxic disinfectant in various
fields, such as food safety [3], water treatment and medical sterilization [3]. Hypochlorous
acid (HCIO) is the most effective disinfectant of all known chlorine species. The germicidal
efficacy of this species is due to its relative neutrality, which facilitates penetration into the
cell walls of microorganisms. When electrolyzed water comes into contact with organic
materials or is diluted with tap water, it becomes ordinary water, which makes it less
harmful to the environment and human health [4]. The demand for electrolyzed water
has increased considerably due to the prevalence of infectious diseases in recent years [5].
The electrolytic production of hypochlorous acid (HOCI) has proven to be economically
competitive with that of traditional disinfectants such as sodium hypochlorite, chlorine
and ozone, especially in decentralized or small-scale applications [6]. In addition, HOCl
generated onsite avoids the costs associated with transporting and storing commercial
disinfectants, and its higher antimicrobial efficacy allows lower concentrations to be used,
thus reducing chemical consumption [6]. Electrolyzed water (EW) is widely accepted as an
emerging disinfectant because it does not require hazardous chemicals and processes; it is
produced by passing a salt (NaCl) or acid (HCI) solution through an electrolytic cell [7].
EW generation involves the electrolysis of a dilute salt solution (NaCl, MgCl, or KCl) or
dilute hydrochloric acid inside a chamber divided by a membrane into anode and cath-
ode sections [8]. Previous work has reported the evaluation of a continuous-mode cell
using saline wastewater, achieving a hypochlorite concentration of (20%) under certain
operating conditions (flow rate of 4.5 mL/min, current density of 3.183 mA /cm?, electrode
spacing of 0.5 cm, salinity of 40 g/L and pH of 6.4) [9]. In another study, the production
of active chlorine from a synthetic salt effluent by electrolysis reached a maximum active
chlorine concentration of 46 mg/L HCIO, with a current intensity of 1.6 A, a reaction time
of 35 min and an initial sodium chloride concentration of 0.8 M (46.8 g/L) [10]. Unlike
conventional cleaning products, electrolyzed water is eco-friendly, of low cost, highly effec-
tive and safe [11]. However, its instability presents considerable storage problems, since
it can rapidly degrade into different compounds, such as gaseous Cl,, chlorate (ClO37),
hypochlorite (CIO™) and other molecules that are harmful to human health and corrosive to
the surfaces of objects in a short period of time, ranging from hours to a days [12]. Moreover,
a study on the production of disinfecting agents by brine electrolysis using ion exchange
membranes revealed that the concentration of hypochlorous acid decreased significantly
during storage, reaching 100% reduction after 12 to 16 weeks, depending on the storage
conditions [13]. Likewise, it has been reported that the antimicrobial effect of HCIO in
AEW is 80 times greater than that of the same concentration of CIO™ [14]. Two types of
generators are generally used for the production of electrolyzed water: single-chamber
generators and generators with two or more compartments. In single-chamber generation,
the electrolysis of sodium chloride requires an anode and a cathode; negatively charged
CIl~ ions move toward the anode, where oxidation occurs to produce HCIO™, Cl1O~, HC],
oxygen gas (O;) and chlorine gas (Cl,). The positively charged Na* ions move toward the
cathode, where they undergo water reduction, generating sodium hydroxide (NaOH) and
hydrogen gas (Hjy) [15], as given in Equations (1)—(3), (7) and (8). Previous studies have
mentioned that the conventional diaphragm electrolysis technique used for the production
of AcEW faces challenges such as limited mass transfer efficiency and the high costs and
energy consumption associated with ion exchange membranes [2]. Previous studies have
shown that non-membrane reactors, although simpler and more cost-effective, may allow
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the greater mixing of anodic and cathodic products, which could increase the formation of
unwanted by-products [15]. Membrane splitting devices allow two types of water to be
obtained: acidic electrolyzed water (AEW) on the anode side and basic electrolyzed water
(BEW) on the cathode side. The main products at the anode are dissolved Cl,, hypochlorous
acid (HCIO) and hydrochloric acid (HCl), and, at the cathode, they are sodium hydroxide
(NaOH) and dissolved Hj [16]. The purpose of the membrane in the electrolysis process
is to separate the two types of electrolyzed water via the migration of Na* (cation) to the
cathode and CI~ (anion) to the anode. As highlighted Belhadj et al. (2022), the use of
different types of commercial membranes in electrolysis cells can significantly affect the
yield and purity of hypochlorous acid, as well as the yield of sodium hydroxide. Their
research reveals that the choice of membrane and pH control in the anode compartment are
key factors in maximizing active chlorine production and minimizing side reactions and
the energy consumption [17]. The durability of ion exchange membranes in hypochlorous
acid (HOC) production depends on several factors, such as the membrane type, operating
conditions, electrolyte composition and equipment maintenance [13]. Previous research
has reported that high concentrations of electrolyte solutions can degrade the membrane
faster; an excessive current density can cause thermal and chemical degradation; elevated
temperatures accelerate membrane ageing; and deposits of calcium, magnesium or other
minerals can clog or damage the membrane [18]. According to a previous study, anion
exchange membranes (AEM) can operate efficiently for more than 12,000 h in alkaline
conditions, but their lifetime is significantly reduced in acidic media or in the presence
of high chloride concentrations due to the chemical and mechanical degradation of the
membrane [19]. The formation of active chlorine and hypochlorous acid in electrolytic
cells can be described by several reaction mechanisms. At the anode, the chloride ion is
rapidly oxidized by the action of an electric current to produce chlorine gas, as shown in
Equation (1):

2CI™ — Cly(g) +2¢ (1)

Previous studies have mentioned that, at the anode, the accumulation of H" ions
causes the migration of chloride (C17) from the sodium chloride-containing compartment
across the anion exchange membrane [20]. Chlorine gas undergoes a deproportionation
reaction with water to form hypochlorous acid (HCIO), chloride ions and hydrogen ions,
as shown in the following Equation (2):

Hy0 + Clyq) — HCIO+ H" + CI~ )

Upon the dissociation of hypochlorous acid (HCIO), a hypochlorite ion (H*) and
hypochlorite ion (C1O™) are generated in situ, according to the reaction in Equation (3):

HCIO «» CIO™ + Ht 3)

The pH level of the solution generated by electrolysis from a sodium chloride solution
is an important parameter in obtaining hypochlorous acid (HCIO) [21]. Depending on the
pH of the solution, three chlorine species are continuously generated in the electrochemical
system: chlorine gas (Cl,), hypochlorous acid (HCIO) and hypochlorite ions (C10™) [22].
Figure 1 shows the different forms of chlorine, which depend on the pH of the solution.
Previous studies [23] have mentioned that acidic media with a pH > 0 lead to the formation
of chlorine gas through reaction (1). Hypochlorous acid is produced as the pH of the
solution changes between 3.5 and 7, through Equation (2). Hypochlorite becomes the
dominant product under alkaline conditions with > 7.5. For example, hypochlorous acid
(HCIO) can reach its maximum production when the pH of the solution is between 5 and
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6.5. At a near-neutral pH, hypochlorous acid is the dominant form of free chlorine and
could enhance the inactivation of microorganisms [24].
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Figure 1. Effects of pH on percentage of chlorine in water. Red, chlorine (Cly); green, hypochlorous
acid (HCIO); light blue, hypochlorite (C1O™) [25].

In the electrolysis process, the release of chlorine is simultaneously accompanied by
the generation of oxygen through reaction (4):

2H0 — Oyq) +4HT + 4e” 4)

The oxygen evolution reaction depends on the pH of the solution, while the chlorine
evolution reaction is influenced by the concentration of chloride ions [26]. The selectivity
between the reactions of chlorine and oxygen evolution on the anode surface is closely
related to the anode’s surface structure [26]. To favor the selectivity evolution reaction
toward the production of chlorine instead of oxygen, the chlor-alkali process is optimized
under conditions characterized by high current densities (1.5 to 7 kAm~2), using highly
concentrated brine solutions (3 to 6 M NaCl), maintaining a pH range of 2 to 4 and
operating at a temperature of 90 °C [27]. In order to minimize the formation of chlorate and
chlorite during hypochlorous acid production, Ocasio et al. have recommended certain
mitigation strategies: control of the pH level, temperature and electric current density; the
selection of suitable electrodes; and the regular maintenance of the system [28]. Various
secondary reactions may also occur, depending, in particular, on the electrodes used and the
operating voltage [29]. Czarnetzki and Janssen investigated the formation of hypochlorite
and chlorate during the decomposition of hypochlorous acid; the proposed mechanisms of
the reactions in the anodic compartment are the following [30]:

2HCIO — ClOy~ +2H' 4+ CI~ (5)

ClO,” + HCIO — ClO3~ +H'" +CI™ (6)

Previous studies have reported the chlorate concentration levels in the anolyte in
relation to the electric current applied to a split cell with an anion exchange membrane,
operating discontinuously. The chlorate levels obtained ranged from 0.25 to 2.5 ppm for
changes in the electric current intensity from 50 mA to 900 mA and for a charge density of
1000 CxL~! [13]. In unsplit cells, the proximity between the anode and cathode facilitates
secondary reactions that can generate chlorates and chlorites [31]. Studies have shown
that HOCI can decompose into hypochlorite ions and subsequently to ClO;~ and ClO, ™,
especially under conditions of a neutral to alkaline pH, high hypochlorite concentrations,
high temperatures, high current densities and prolonged storage times [28]. Recent research
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indicates that, even in these configurations, the HOCI generated in the anodic compartment
can decompose into ClO3~ and ClO; ™, especially under conditions of an acidic pH and
high current densities [28]. Previous studies have reported that HCIO accumulation in
split-cell systems is more efficient and selective, but chlorate generation can be minimized
by maintaining an acidic pH in the anode compartment [32]. The composition and stability
of free chlorine species, such as HOCI and OCI~, are highly dependent on the pH and
operating conditions, with the continuous regime being the most favorable for maintaining
the HOCI equilibrium at a suitable level [33]. HOCI production in a continuous system
can be optimized by keeping the operating conditions constant (electrolyte feed flow rate,
electrolyte concentration, residence time, temperature and electrical potential applied to the
cell), which improves the efficiency and quality of the final product [1]. In batch processes,
the concentration of HOCI can reach the maximum levels, but prolonged electrolysis
tends to reduce the concentration of available chlorine due to secondary reactions and the
degradation of the products [34]. In addition, continuous electrolysis allows the better use
of the energy supplied, since the system remains stationary, avoiding the consumption
peaks typical of the start and stop cycles of discontinuous electrolysis [35]. In continuous
mode, it is possible to modify chemical equilibria, requiring precise control of the operating
parameters to maintain process selectivity and efficiency [5]. Sodium hydroxide is the
predominant strong alkaline compound used in the chemical industry worldwide [34]. Its
production in industrial settings is carried out by various adaptations of the chlor-alkali
electrolysis method, including the use of mercury, diaphragm and membrane cells, each
of which presents significant variations in terms of their implications for environmental
sustainability [36]. In the electrochemical system, at the cathode, water decomposes,
forming hydrogen gas (H;) and hydroxyl ions, as shown in Equation (7):

2H,0 + 2~ — Hy(y) +20H" @)

Sodium ions migrate across the membrane to the cathodic compartment and combine
with hydroxyl ions generated by the reduction of water at the cathode to form sodium
hydroxide, as shown in Equation (8):

Na™ +OH™ — NaOH ) (8)

Small industries can install an electrolyzed water generator independently; however,
the most suitable electrolysis parameters for their production must be determined. The
purpose of this study was to investigate the generation of hypochlorous acid and sodium
hydroxide using a laboratory-scale electrodialysis cell. We examined the effects of the elec-
trical potential applied to the cell, the electrolysis time and the chloride concentration on the
concentrations of hypochlorous acid and sodium hydroxide obtained. Factors such as the
current efficiency, the anodic and cathodic solution pH, the decrease in the sodium chloride
concentration and the specific energy consumption were also systematically investigated

2. Materials and Methods
2.1. Chemicals and Materials

High-purity sodium chloride crystals containing 99.9% (w/w) NaCl, hydrochloric acid
(HCI), potassium iodide (KI), sodium thiosulfate (Na;S,03) and silver nitrate (AgNO3)
were supplied by the CIMATEC S.A.C. Company. Potassium chromate solutions, phenolph-
thalein and starch solutions were used in the assays. Reverse osmosis water (total dissolved
solids) at 2 parts per million was used to prepare the solutions, which were generated
internally using the company’s equipment (Xi’an CHIWATEC Water Treatment Technology
of the republic of China, Xi’an, China).
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2.2. Electrodes

The electrolytic cell used in the experiments consisted of a titanium anode coated with
a mixture of ruthenium oxide and iridium (Ti-RuO,-IrO,) and a pure titanium cathode,
both with dimensions of 5cm x 10 cm x 1.5 mm. These electrodes were purchased from
the Fujiang Wiztech Intelligence Technology Co., LTD., Fujian Province, Fuzhou, China.
Previous studies have reported that ruthenium has good activity, not only for the evolution
of chlorine in a saturated sodium chloride solution, as used in the chlor-alkali industry, but
also for the evolution of oxygen in a solution of sodium sulfate [37].

2.3. Ion Exchange Membranas

A cation exchange membrane and an anion exchange membrane manufactured by
Schekinoazot (Rusia), with a working surface of 90 cm?, were used. Prior to each test,
the membranes were immersed for 48 h in a 5% NaCl solution to allow hydration and
expansion. Table 1 shows the main characteristics of each membrane.

Table 1. Characteristics of the membranes used.

Surface Resistance

¢ s Ty Ecuacién Q-cm?
MK-40 520 2 2
MA-41 530 £+ 20 1.6 <11

2.4. Analysis of Electrolyzed Water and Sodium Hydroxide

To evaluate the concentration of available chlorine, it was measured by the iodometric
method. Thirty-five mL of 5% potassium iodide (KI) solution and 1 N hydrochloric acid
were introduced into a 5 mL sample and it was shaken vigorously for 15 s. The resulting
mixture was then titrated with a standardized 0.01 N sodium thiosulfate solution until the
end point, characterized by a pale yellow hue, was determined. Subsequently, drops of
0.5% starch indicator were added and the titration process was resumed until a colorless
end point was established. The solution was analyzed immediately in order to avoid the
degradation of the active component. The concentration of free available chlorine was
quantified using Equation (9) [38]:

D(@) _ AB3AS 000 )

L C

D is the concentration of available chlorine in mg/L; B is the concentration of sodium
thiosulfate (N); A is the spent volume of sodium thiosulfate titrated in mL; and C is the
weight of the sample used (g).

The changes in the sodium hydroxide concentration were determined by acid-base
titration with a calibrated 0.01 N hydrochloric acid solution, using phenolphthalein as an
indicator. The sodium hydroxide concentration was calculated using Equation (10):

Crcr- VHa (10)

CNaoH = Vaoon
a

CNaoH (mol/L) is the concentration obtained from the NaOH solution; Vn,on (mL) is
the volume of NaOH used; V¢ (mL) is the volume of acid used for titration; and Cyy is
the concentration of HCI (0.01 N).

The pH values of the disinfectant solution (HClIO) and sodium hydroxide were mea-
sured using a precalibrated pH meter (HI 98121, Hanna Instruments, EE.UU., Smithfield,
RI, USA). The variations in the chloride concentration before and after electrolysis were
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determined by titration with silver nitrate. The degree of conversion of chloride ions after
electrolysis was calculated via Equation (11):

X, = Cao =€’ | 100% (11)
Cao

where XA is the degree of conversion of chloride ions; Cpg is the chloride concentration
before performing the test; and CA is that at the end of the experiment. This calculation
provided a quantitative indicator of the efficiency of the electrolysis process, allowing the
removal of chloride ions from the solution to be evaluated.

2.5. Calculation of Energy Consumption and Electrical Current Efficiency

The performance of the experimental equipment for the production of electrolyzed
water and sodium hydroxide was evaluated in terms of the energy consumption (E) and
current efficiency (7). The unit energy consumption (kWh/kg NaOH) was calculated using
Equation (12) [1]:

Uy Idt
T GV M
where U is the potential across the cell stack (V); I is the current (A); M is the molar weight

(12)

of Cl,/NaOH; Ct is the chlorine/base production concentration at time t; and Vt is the
volume of the acid /base.

The current efficiency of the system was calculated by means of Equation (11) [39]. The
current efficiency is, according to Faraday’s law, the ratio of the actual mass of a substance
released from an electrolyte by the passage of a current to the theoretical mass released [40].

Experimental production of total chlorine (mg)

Current ef ficiency (%) = Theoretical production of total chlorine, (mg)

x 100% (13)

According to Faraday’s law, for a time-varying current, the electrical efficiency is
determined by Equation (14):

C-Vi

CONJEIar
z-F

x 100% (14)

1 is the current efficiency (%); Ct denotes the final concentrations of HCIO and NaOH
inmol/L; and Vi is the volume of the solution at the end of the experiment in L. In addition,
z corresponds to the ionic valence, F is the Faraday constant (F = 96,485 C/mol), and N
indicates the number of repeated units (N = 1).

2.6. Taguchi Experimental Design

The Taguchi experimental design was applied for the trials. Table 2 shows three iden-
tified factors and their corresponding levels. The sodium chloride concentration, electrical
potential and electrolysis time were selected as controllable factors, and their effects on the
pH and the concentrations of chlorine and sodium hydroxide formed were evaluated. The
specific energy consumption and efficiency of the electric current were also determined.
The trials in this study were planned following Taguchi’s L9 orthogonal matrix. Mean-
while, the statistical significance of the independent variables was evaluated by ANOVA.
Preliminary experiments were carried out to determine the levels of experimentation for
each independent variable, ensuring that the experimental design encompassed the most
favorable conditions for the response. Three levels were evaluated for each variable; these
levels were —1—low, 0—medium and +1—high. Previous studies have shown that the
chloride concentration in the preparation of electrolyzed water is much lower than in
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the chlor-alkali industry [20]. The synthetic solution was prepared by dissolving sodium
chloride in deionized water to obtain concentrations of 5 and 15 g/L NaCl (brackish water)
and 30 g/L NaCl (seawater) [6]. Studies have reported several important factors in the
production of EW, including the electric current, electrolyte concentration, temperature,
flow rate and water hardness [41].

Table 2. Taguchi experimental design variables.

Level
Factor Notation Unit 3 3
Low Medium  High
Electric potential X1 \% 4.5 6 7
Electrolysis time X2 min 30 60 90
Sodium chloride X3 ¢/L 5 15 30

concentration

2.7. Experimental Equipment

The generation of electrolyzed water consisted of the electrolysis of sodium chloride
in a three-compartment cell that was connected to the rectifier through two electrodes
and separated by an anionic membrane and a cationic membrane, as shown in Figure 2.
The system consisted of three 1.2 L acrylic containers (R1, R2 and R3) for the sodium
hydroxide, sodium chloride and hypochlorous acid solutions. The distance between the
electrodes (anode and cathode) was 1.5 cm. The sodium chloride solution (5, 15 and 30
g/L) in vessel R2 was pumped to the electrolyzed water generator. At the beginning of the
experiment, the containers (R1 and R3) were pre-filled with 0.8 L of deionized water, and
both solutions were transferred to the electrochemical system with independent pumps,
as shown in Figure 2. Two types of water with different characteristics were generated:
oxidizing electrolyzed water (pH < 2.6) containing dilute hypochlorous acid (HCIO) from
the anode side and electrolyzed water (pH > 11) containing diluted NaOH. All experiments
were carried out in batch mode for better control of the operating conditions. The ambient
temperature was monitored throughout the experimental process and was recorded at 26
£ 2 °C. A constant electric potential was applied by means of a DC power supply (A).
The intensity of the electric current from the electrical source was recorded throughout the
experimental process. The solution was analyzed immediately to avoid the degradation of
the active component

Electrolyzed acidic water H Electrolyzed alkaline water

( HCIO, dilute HCI) : AEM H M ( dilute NaOH)

a, 2
»

v

h

I
ANODE cl R cr H,0 CATHODE
-

X
Ol

Hypochlorous acid solutionT

Sodium chloride solution

Sodium hydroxide solution

Water
R1

@

Figure 2. Schematic of the preparation of electrolyzed oxidizing water and sodium hydroxide.
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2.8. Cell Photograph and Schematic Diagram of Experimental Equipment

The electrodialysis cell took the form of a filter press, consisting of three compartments
for the solutions (hypochlorous acid, sodium chloride and sodium hydroxide). Its inner
construction consisted of acrylic material on which two ion exchange membranes (cationic
and anionic) were assembled with their corresponding turbulence promoters. The exterior
consisted of two plates fixed and fastened with eight cross bars with nuts to prevent the
leakage, mixing or spillage of the liquid, as shown in Figure 3.

Figure 3. (A) Cell photograph; (B) schematic diagram of experimental equipment.

3. Results and Discussion
3.1. Results of the Studied Variables
Table 3 shows the effects of the cell operating parameters on the chlorine concentration,

sodium hydroxide, pH, chloride conversion, energy consumption and electrical efficiency.

Table 3. Response table.

Concentration pH Energy_ Chlorl(_le Electrical
(opm) of Solution Consumption Conversion Efficiency (%)

Run X1 X2 X3 PP (kWh/kg) (%)

Acid Base Acid Base Acid Base Acid Base
1 45 30 5 38.98 80 1.98 10.78 6.84 3.33 2.37 49.75 90.44
2 45 60 15 116.9 420 1.39 11.75 11.09 3.01 431 30.68 97.61
3 45 90 30 248.0 1060 0.72 11.8 14.36 3.36 5.21 23.7 89.71
4 6 30 15 131.1 500 1.2 11.8 17.95 4.71 5.98 25.28 85.4
5 6 60 30 333.1 1800 0.71 11.94 24.96 4.62 9.31 18.18 87.04
6 6 90 5 205.5 780 0.91 11.61 16.41 4.33 24.11 27.64 92.94
7 7 30 30 209.0 1040 0.63 12.01 29.73 5.98 5.34 17.85 78.85
8 7 60 5 184.2 640 1.15 11.84 18.52 5.33 19.6 28.58 87.93
9 7 90 15 481.9 2600 0.51 11.72 28.37 5.26 25.37 18.65 89.17

Table 4 presents the results in terms of the descriptive statistics, chlorine concentration,

sodium hydroxide concentration, chloride ion conversion and current efficiency.

Table 4. Standard deviation, mean and variance of responses received.
Response N Mean Dev. Est. Variance Minimum Maximum
Chlorine concentration (mg/L) 9 216.52 129.890 16,871.5 38.98 481.9
NaOH concentration (mg/L) 9 991.111 775.829 601,911 80 2600
Chloride ion conversion (%) 9 11.2889 9.11336 83.0534 2.37 25.37
Current efficiency (NaOH) 9 88.7878 5.15783 26.6032 78.85 97.61
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3.2. Responses as a Function of Factors
3.2.1. Active Chlorine and Sodium Hydroxide Concentrations

Table 3 shows the chlorine and sodium hydroxide concentrations reached according
to the factors and levels studied. Figure 4 shows that the best performances is observed
that the best performance (providing the highest concentrations of chlorine and sodium
hydroxide) is obtained at the highest test levels (7 V, 90 min and 30 g/L). An electrolysis
time of between 60 and 90 min has the greatest effect on the concentrations of chlorine and
sodium hydroxide due to its higher growth slope; this result is in line with Faraday’s law.
The results of the research suggest that, although prolonging the duration of electrolysis
increases the production of chlorine and sodium hydroxide, it simultaneously produces an
increase in energy consumption. Previous studies conducted with a splitless reactor for
HCIO generation show that the application of a high voltage causes a slight increase in the
concentration of available chlorine. They also mention that an increase in the concentration
of the NaCl solution significantly improves the concentration of available chlorine [1].
The hypothesis is that the decrease in the chlorine concentration with increasing sodium
chloride concentrations (level 3) is due to the loss of chlorine gas. Recent studies indicate
that long times can increase the concentration of HCIO to a maximum point, after which
a decrease is observed due to the decomposition and formation of by-products such as
hypochlorite (OCI™) and chlorate (C1IO37) [41]. This shows that it is necessary to set the
appropriate duration of electrolysis to achieve the maximum concentration of HOCl and
to avoid the formation of unwanted by-products [42]. Nurul Aniyyah et al. (2022) reveal
that an electrolysis time of between 30 and 60 min is generally adequate to maximize
hypochlorous acid production in ion exchange membrane systems, balancing product
generation and stability [42]. Other studies have also found that the chlorine concentration
reaches its maximum level at a specific time during the electrolysis process and that the
further prolongation of the time results in a decrease in the chlorine concentration [12].

Electric potential (V) Time (min) NaCl concentration (g/L)
350

Chlorine concentration (mg/L)

100

4.5 6.0 7.0 30 60 90 5 15 30

1500
B)
1250

1000

750

NaOH concentration (mg/L)

500

4.5 6.0 7.0 30 60 90 5 15 30

Figure 4. Average concentrations of chlorine (A); concentrations of sodium hydroxide (B).
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3.2.2. pH Indices of Solutions in Anodic and Cathodic Compartments

Electrolyzed water, with a lower pH level, has strong antimicrobial properties, making
it ideal for disinfection purposes in medical settings, as well as in the industrial sector [43].
However, Cl, in electrolyzed water easily evaporates into the air, which can cause harm to
humans. Furthermore, due to its high acidity, AEW can corrode organic materials, which
can lead to safety hazards. Electrolyzed water, characterized by a higher pH, is commonly
used in degreasing, sterilization and emulsification processes in industrial and cleaning
applications [44]. The pH of the acidic (anode) and basic (cathode) solutions showed a
progressive increase with increasing electrical potentials, sodium chloride concentrations
and electrolysis times. Figure 5 illustrates the results obtained under the experimental
conditions of 7 V, a duration of 90 min and a concentration of 30 g/L NaCl, resulting
in a pH measurement of 1.5 for acidic solutions and 13 for basic solutions, respectively.
The highest results were achieved with experimental levels of 7 V, 90 min and 30 g/L of
NacCl, achieving a pH value of 1.5 and 13 for the acidic and basic solutions, respectively.
Figure 6 illustrates the temporal progression of the pH levels in the anodic and cathodic
compartments as a function of the duration of electrolysis for experiments 7, 8 and 9. It is
clear that, in the initial stage of the experiment, the pH level of the water was approximately
7 in both compartments; as the electrolysis progressed over the first 10 min, the pH values
of both solutions exhibited a linear variation. During the following 10 to 30 min interval, the
rate of pH increase was noticeably slower in both solutions. Furthermore, the electrolysis
time was observed to have a pronounced effect on the pH variation in both compartments.
Maintaining a constant NaCl concentration ensures the stability of the cell voltage and
current density, which are crucial factors in controlling side reactions such as oxygen
evolution at the anode, which reduces the chlorine purity. It also helps to maintain pH and
ionic strength conditions that are favorable for HOCI stability [29].

Electric potential (V) Time (min) NaCl concentration (g/L)
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11.8
"g 11.7
8 )
£
-
[
S 116
-
Q
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114

4.5 6.0 7.0 30 60 90 5 15 30

Figure 5. pH averages of anodic solution (A) and cathodic solution (B).
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Figure 6. Evolution of pH in cathodic and anodic compartments during electrolysis at 7 V.
Table 5 shows the companies that build devices for the generation of electrolyzed
water. As can be seen, the available chlorine concentrations are in the range of 18.67 to 200
mg/L and the pH is 5.46-6.36, while, in the case of N° 5, in the anodic compartment, the
pH s 2.71, and that in the cathodic compartment is 11.91.
Table 5. Companies generating electrolyzed water and corresponding concentrations of available
chlorine (ACC) and pH.
N° Company ACC (mg/L) pH R
1 V9 (Zhongshan Pady Li Electrical Co., Ltd., Zhongshan, 98 6.01 [45]
Guangdong, China)
5 Harmony-II Electrolytic Water Generator (Rui Andre 100 6.04 [46]
Environment Equipment Co., Ltd., Beijing, China) '
3 Apia 270 (Hokuetsu Co., Ltd., Kanagawa, Japan) 40 6.02 [47]
SAEW Generator (Purester m-Clean; Morinaga Milk
4 Industry Co., Ltd., Tokyo, Japan) 26.65 546 [48]
5 Y-9201T (Yuasa Membrane Systems Co., Ltd., 18.67 + 2 271 and 11.91 [49]
Tokyo, Japan)
SAEW Generator (FXSWS100, Fangxin Water Treatment
6 Equipment Co., Ltd., Yantai, China) 30.0+1.54 6.35+0.04 [50]
Anywhere-320W (Ryande Environmental Protection
7 Equipment Beijing Co., Ltd., Beijing, China) 60 +1 6.00 +0.15 [51]
SAEW Generator (Intercontinental Resources
8 Environmental Science and Technology Co., Ltd., 30.0 £1.18 6.36 = 0.03 [52]
Beijing, China)
9 Beijing Intercontinental Resources and Environmental 200 & 10 6.3 53]

Protection Technology Co., Beijing, China

R: Reference.

3.2.3. Energy Consumption

Figure 7 shows the mean energy consumption at each factor level. The energy con-
sumption showed a progressive increase with increasing electrical potentials and also with
the level of sodium chloride concentration present. When the electric potential was 4.5V,
the energy consumption was 10.5, while, at 7 V, it was 25.8 kWh/kg Cl,. Likewise, for a
sodium chloride concentration of 5 g/L, the energy consumption was 14, and, at 30 g/L, it
was 23.4 kWh/kg Cl,. With changes in the electrolysis time, the changes in the levels of
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Energy consumption (kWh/Kg CI2)

Energy consumption (Kwh/Kg NaOH)
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energy consumption were not significant. However, a lower energy value was obtained
when the electrolysis time was 30 min (18.2 kWh/kg Cl,). Regarding sodium hydroxide
generation, it was observed that the energy consumption (kWh/Kg NaOH) was directly
proportional to the experimental parameters (electric potential and salt concentration),
while the electrolysis time showed an inverse correlation with the energy consumption.
According to these results, it has been observed that an increase in the electrical potential
has the greatest influence on the energy consumption in the generation of chlorine and
sodium hydroxide by means of an electrolytic cell. As expected, the energy consumption
was higher when a higher electrical potential (higher current) was applied, together with
an increase in the sodium chloride concentration, which was manifested as the higher
electrical conductivity of the electrolyte solution.

Electric potential (V) Time (min) NaCl concentration (g/L)

o——o/O

O\O_—O

6.0 7.0 30 60 90 5 15 30

Figure 7. Energy consumption of Cl, (A); energy consumption of NaOH (B).

Depending on the technology studied, the specific energy consumption vary de-
pending on the cell design. Table 6 presents the technologies used for the production
of chlorine-based compounds, together with their specific energy consumption and the
corresponding references.

Table 6. Specific energy consumption.

Technology Specific Energy Consumption Reference
Membrane-based chlor-alkali process 2.2-2.6 kWh/kg Cl, [54]
Electrochlorination with membrane 0.054-0.11 kWh/m? [55]

Prototype membrane electrolyzed water

cell generator 0.11 kWh/L of electrolyzed water  [56]

3.2.4. Efficiency of Electric Current

Several studies have suggested that the main driving force in the efficiency of the
electrolysis process is the electrical potential [34]. Figure 8B shows the efficiency of the
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electric current in the formation of sodium hydroxide, which was in the range of 84.9 to
92.5% for the factors and levels studied. Similarly, it was found that the electric potential
was the most influential factor in the efficiency of the electric current, reaching the highest
level of efficiency at a potential of 4.5 volts. On the other hand, it can be observed that
the highest current efficiency was achieved at a duration and salt concentration of 60 min
and 15 g/L NaCl, respectively. In addition, the average efficiency of the electric current
corresponded to 26.8% of the concentration of active chlorine solubilized in the solution.
These comparatively low values are in line with those documented in [57].

Electric potential (V) Time (min) NaCl concentration (g/L)
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Figure 8. Electrical current efficiency averages: (A) chlorine solution; (B) NaOH solution.

3.2.5. ANOVA Results

The purpose of an analysis of variance (ANOVA) is to examine which process variables
have a significant impact on the output parameters. This evaluation focused on the analysis
of variance of the independent variables X1 (electrical potential), X2 (electrolysis time) and
X3 (NaCl concentration) regarding the concentrations of active chlorine and NaOH, the pH
of the solutions and the energy consumption and electrical efficiency. The ANOVA results
are shown in Table 5. The statistical analysis revealed that certain factors were highly
significant (p < 0.05)—specifically, X1, X2 and X3 for energy consumption and electrical
efficiency—in the production of sodium hydroxide. The electrical potential variable (X1)
showed the lowest p-values, which confirms its high degree of statistical significance and
its great influence on the system performance. These results are corroborated by the mean
plots, which represent the main effect of the electric potential compared to other process
parameters. According to the ANOVA analysis (Table 7), with a confidence level of 95%, all
parameters of the experimental design were statistically significant. The most significant
factor was the voltage (X1), which contributed 39.55% to the overall response.
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Table 7. ANOVA results.
Variable Response Factor DOF gum of ((I)ontrlbutlon SS Adjust. MC Adjust. F p
quares (%)

X1 2 37,211 27.5694218 37,211 18,605 1.77 0.361

X2 2 51,700 38.3042409 51,700 25,850 2.45 0.289
Chlorine concentration (mg/L) X3 2 24,998 18.5208784 24,998 12,499 1.19 0.457

Error 2 21,063 15.6054589 21,063 10,532

Total 8 134,972

X1 2 1,238,756 25.7254757 1,238,756 619,378 1.09 0.478

X2 2 1,331,822 27.6581946 1,331,822 665,911 1.17 0.460
Concentration of NaOH (mg/L) X3 2 1,109,422 23.0395725 1,109,422 554,711 0.98 0.506

Error 2 1,135,289 23.5767573 1,135,289 567,644

Total 8 4,815,289

X1 2 0.57042 33.1994692 0.57042 0.285211 46.9 0.021

X2 2 0.48162 28.0311496 0.48162 0.240811 39.6 0.025
pH of acid X3 2 0.65396 38.0616473 0.65396 0.326978 53.8 0.018

Error 2 0.01216 0.70773385 0.01216 0.00607

Total 8 1.71816

X1 2 0.2918 27.7798934 0.2918 0.14591 1.40 0.416

X2 2 0.1484 14.1279513 0.1484 0.07418 0.71 0.583
pH of base X3 2 0.4025 38.3187357 0.4025 0.20124 1.94 0.340

Error 2 0.2078 19.7829398 0.2078 0.10388

Total 8 1.0504

X1 2 332.784 69.6779543 332.784 166.392 21.8 0.044
Energy consumption X2 2 4.692 0.98240589 4.692 2.346 0.31 0.764
(kWh/kgCl) X3 2 124.922 26.1560334 124.922 62.461 8.22 0.109

Error 2 15.204 3.18339709 15.204 7.602

Total 8 477.603

X1 2 7.92740 94.4097752 7.92740 3.96370 130 0.001
Energy consumption X2 2 0.25207 3.00197694 0.25207 0.12603 415 0.024
(kWh kg NaOH) X3 2 0.21127 2.51607755 0.21127 0.10563 34.8 0.028

Error 2 0.00607 0.07228944 0.00607 0.00303

Total 8 8.39680

X1 2 79.763 37.4780337 79.763 39.881 11.7 0.078
Current efﬁciency in formation X2 2 68.230 32.0590529 68.230 34.115 10.0 0.090
of NaOH X3 2 58.051 27.2762726 58.051 29.025 8.56 0.105

Total 8 212.826

X1 2 1.522 0.61172404 1.522 0.761 0.13 0.886
Current efficiency in formation X2 2 15.035 6.04288499 15.035 7.518 1.28 0.439
of Cl, X3 2 220.480 88.6155825 220.480 110.240 18.7 0.051

Total 8 248.805

3.2.6. Effects of Factors on Responses

Considering that the voltage facilitates the movement of electrons (electric current)
within a circuit, it is evident that the voltage is an important variable that warrants thorough
investigation. The higher the applied voltage, the higher the ion migration pulse, the faster
the migration rate and the higher the desalination efficiency. As the voltage increased from
4.5 to 7'V, the concentrations of chlorine and sodium hydroxide showed a corresponding
increase, illustrating a direct relationship between the magnitude of the applied voltage and
the efficiency of the process. The chlorine and sodium hydroxide concentrations increased
constantly with increasing voltages, with the increase being the most pronounced between
4.5 and 6 volts for chlorine formation.

However, for the production of sodium hydroxide, the increase was constant within
the range of 4.5 to 7 volts, reaching the average NaOH concentration of 1450 mg/L at
7 volts.

Previous studies have indicated an increase in acidic conditions (lower pH) as the
electrical voltage increases [34]. Previous studies have also reported that the active chlorine
concentration levels increase steadily with increasing voltages, except at 3.6 V, where a slight
drop can be observed, followed by an increase again at 3.8 V [58]. The higher the electrical
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potential, the faster the maximum chlorine level will be reached, but the lower the electrical
efficiency [34]. As the NaCl concentration increases, the conductivity of the solution
increases, leading to a decrease in electrical resistance and energy consumption [59].

This is because the higher ionic strength of NaCl produces an increase in the current
density at the same cell voltage. Other studies have shown that the current intensity and
NaCl level have a direct influence on the level of available chlorine [60]. The findings
indicate that a reduction in the NaCl concentration corresponds to a small rise in pH, which
is consistently maintained within the range of 2 to 3. However, the growth rate of the
available chlorine concentration (ACC) starts to decrease with increasing concentrations of
chloride ions (C17), as the escaping chlorine gas contributes to ACC losses [34]. Previous
studies have mentioned that the optimum electrolysis time varies depending on the chloride
concentration in the electrolyte and the cell voltage used during the formation of the
electrolyzed water [61].

4. Conclusions

In the present study, the operability of a three-compartment cell with two separate
ion exchange membranes, oriented toward the production of chlorine-based compounds
(anodic behavior) and alkaline electrolyzed water (cathodic behavior), was built and
evaluated. In the electrolytic cell, a Ti-RuO;-IrO, anode and a titanium cathode were used
as electrode materials. The effects of the operating parameters on the final concentrations
of active chlorine and sodium hydroxide were investigated, such as the electrical potential
at the levels of 4, 6 and 7, the initial concentration of sodium chloride (5, 15 and 30) and
the electrolysis time (30, 60 and 90 min). It has been demonstrated that concentrations of
active chlorine close to 480 ppm and sodium hydroxide at 2600 ppm can be obtained at the
most favorable conditions, namely an electrical potential of 7 volts, an electrolysis time of
90 min and an initial concentration of sodium chloride of 30 g/L. The pH in the anodic and
cathodic zones changes as a function of the duration of the electrolysis process, being more
noticeable in the first 10 min. The factor that most significantly influences the pH change is
the electrical voltage used in the cell. According to the ANOVA, with a 95% confidence
level, all parameters of the experimental design (electric potential, electrolysis time and
NaCl concentration) were statistically significant. The electrical potential (X1) stood out as
the most relevant factor, contributing 39.55% to the process’ performance. This work offers
an excellent option to produce acidic electrolyzed water (Cl, and HCIO); moreover, in the
cathodic compartment, sodium hydroxide is obtained without hypochlorite contamination.
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Nomenclature

AEW acidic electrolyzed water

SAEW  strongly acidic electrolyzed water
AcEW  strongly acidic electrolyzed water
BEW basic electrolyzed water

ACC available chlorine concentration
DOF degrees of freedom
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