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KEYWORDS Abstract Anolyte solution produced by membrane electrolysis of NaCl solution contains a high
Membrane electrolysis; level of available chlorine content (ACC) and other oxidizing compounds, rendering this solution
Ton exchange membrane; a strong disinfectant property. In this paper, some process parameters affecting the anolyte produc-
Anolyte solution; tion efficiency, such as total inlet flow (240-320 L/h), saline solution concentration (1.65-3.50 g/L),
Water disinfection; and the type of membrane (cation exchange, anion exchange, and bipolar membranes) were inves-
Available chlorine content; tigated in an electrolysis cell. Changes in the quality of anolytes produced at three initial concentra-
Storage time; tions of very high (ACC, = 816.5 mg/L), relatively high (ACC, = 461.5 mg/L), and medium
Oxtidatt.ioln-reduction (ACC;3 = 355.0 mg/L) during storage (from the production up to 20 weeks) were examined by
potentia

adjusting the total inlet flow, saline concentrations, and membrane types. Changes in the ACC
of the produced anolyte solution were generally affected by the type of membrane used in the elec-
trolysis cell. The use of anion exchange membrane resulted in the lowest durability of anolyte qual-
ity (60-80% ACC reduction after 4 weeks of storage) and the cation exchange membrane had the
highest durability (less than 40% decrease after 4 weeks of storage). In addition, changes in the pH
and the oxidation-reduction potential of the anolyte were investigated during the storage period,
which had a different trend depending on the type of applied membrane.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The use of anolyte produced by membrane electrolysis of
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presence of a combination of different oxidants and active rad-
icals (Diao et al., 2004; Huang et al., 2016). With the injection

Sk Production and hosting by Elsevier of anolyte into the water distribution network line, there will

https://doi.org/10.1016/j.arabjc.2020.102925
1878-5352 © 2020 Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2020.102925&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shohreh.mhmmd@aut.ac.ir
mailto:tebadi@aut.ac.ir
https://doi.org/10.1016/j.arabjc.2020.102925
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2020.102925
http://creativecommons.org/licenses/by-nc-nd/4.0/

2

S. Mohammadi, T. Ebadi

be more residual chlorine with longer durability in the water,
which will reduce both the required injected chlorine concen-
tration and the production of harmful disinfection byproducts.
Acidic solution from saline water electrolysis in a membrane
electrolysis cell, where the anode and cathode electrodes are
separated by an ion exchange membrane, contains a certain
amount of active chlorine and oxygen at a low pH (<3) and
a high oxidation-reduction potential (ORP) (>1000 mV).
Some studies have reported pH values below 2.7 and ORP
levels above 1100 mV, with a free chlorine concentration of
10-80 mg/L. By applying direct current to the electrodes, elec-
trochemical processes occur on the surface of the electrodes,
and saline solution electrolysis on the anode electrode surface
produces a solution rich in CI and reactive oxygen radicals; the
product of the anode chamber is called anolyte. Due to its dis-
infectant effects, the anolyte has been used for the control of
microbial growth in various fields by many studies (Cloete
et al., 2009; Liao et al., 2007; Rahman et al., 2016). In the ano-
lyte solution, active chlorine is mainly present in the forms of
Cl,, HOCI, and ClO~; the exact physicochemical properties of
the produced anolyte depend on both the properties of the
electrochemical cell and its operational parameters. Effective
disinfection function of this disinfectant solution can result
from two physical (pH and ORP levels) and chemical (presence
of chlorine, reactive oxygen, and free radicals) factors. Addi-
tionally, most of studies have shown that active Cl is an impor-
tant factor in disinfection, and hypochlorous acid (HOCI)
produced by the electrochemical hydrolysis of Cl, (g) is the
most important active chlorine component in this solution
(Huang et al., 2008; Kraft, 2008; Thorn et al., 2012). In the
anolyte solution, there are low amounts of other oxidants,
except chlorine, but have a significant chemical effect on the
disinfection process. Preliminary studies identified this multi
oxidant solution as the main disinfectant component, contain-
ing active chlorine (in the forms of Cl,, HOCI or OCI™ with
certain percentages of pH). In 1994, the first attempts were
made to measure other disinfectants, assuming the presence
of chlorine dioxide (ClO,), ozone (O3), and hydrogen peroxide
(H,0,). The measurement complexity in the presence of high
concentrations of Cl ions (about 300-400 mg/L) and the inter-
ference of existing ozone and Cl on the results of measuring
methods for the concentration of these compounds were con-
sidered as the main problems in accurate measurements of oxi-
dants in the anolyte solution. At the University of North
Carolina, research by Daewoo indicated the presence of a
small (a few mg/L), but a chemically significant level of ozone,
and Enczel measured the presence of ClO, at low but chemi-
cally significant concentrations (Enczel, 1997). In studies con-
ducted by Bradford, ORP measurements of products
generated by membrane electrolysis cells further confirmed
the presence of disinfectants, other than chlorine, in the multi
oxidant solution. Bradford found that the ORP measured in
the anolyte solution was approx. 20—30 mV higher than that
predicted theoretically, which supports the hypothesis that a
combined potential is present between Cl and other disinfec-
tants with higher ORPs (Li and Kim, 2015).

One of the limitations for the use of an anolyte solution is
the reduction of its disinfection activity over time, caused by
the loss of chlorine present therein, which can be investigated
by examining the reduction of product activity during storage.
Therefore, studies on the effect of storage period on changes in
disinfectant quality of the anolyte solution have been of inter-

est in recent years (Cui et al., 2009; Len et al., 2002). Storage
conditions are among the important factors affecting the
physicochemical properties and disinfection activity of the
anolyte solution. The reduction of chlorine has been found
to be due to the evaporation of dissolved Cl, and then decom-
position to HOCI. Several factors, such as the light and tem-
perature of the storage environment, shaking the product
storage container, and the type of packaging, can reduce the
ACC by affecting its evaporation rate. The pH of the product
can also affect the evaporation of chlorine because the Cl,/
HOCI ratio in a solution is dependent on the pH (Len et al.,
2002). The storage feasibility of anolyte produced by mem-
brane electrolysis of a saturated solution of NaCl and water
was also investigated by Nisola et al., who reported an initial
ACC concentration of 173 mg/L in the produced solution.
They measured changes in free chlorine, pH, and ORP levels
over 30 days of storage (Nisola et al., 2011). Cui et al. observed
that the pH, ORP, and electrical conductivity (EC) of the ano-
lyte did not change significantly during a 30-day storage per-
iod, while total residual chlorine and dissolved oxygen
concentrations decreased significantly; however, it should be
noted that they used a membrane-free electrolysis cell (Cui
et al., 2009). In a study by Len et al., the trend of changes in
ACC, ORP, and pH levels of produced anolytes were investi-
gated during a 66-day period of storage conditions in glass
containers, as sealed or open lids, by shaking or being stable
and exposed to light or in the dark (Len et al., 2002). Hsu
and Kao examined changes in pH, ORP, and ACC Ilevels in
an anolyte solution stored in glass bottles for 12 days (the sam-
ple container was opened periodically) or 21 days (sample con-
tainer was opened in the first and the last days for
measurements) (Hsu and Kao, 2004). Robinson et al. were
the first to study the effect of long-term storage (> 12 months)
on anolytes stored in glass and plastic containers at ambient
temperature and cold conditions. They measured their disin-
fectant effects and physicochemical parameters over time
(Robinson et al., 2013).

One of the components of a membrane electrolysis cell is
the membrane that separates the anode and cathode elec-
trodes to produce products with different properties on both
sides of the anode and cathode chambers. Cation exchange
membrane, anion exchange membrane, and bipolar mem-
brane are some of the membranes that can be used in mem-
brane electrolysis cells (Kargari and Mohammadi, 2015; Lalia
et al., 2015; Mohammadi et al., 2015). The effect of storage
period on the disinfectant quality of the anolyte solution pro-
duced from commercial cells was investigated in most studies,
with no details of the membrane type. Scant studies focused
on the effect of the type and quality of membranes on the
produced anolyte solution and changes in its disinfectant
quality during long-term storage (Cloete et al., 2009; Hsu,
2005; Hsu and Kao, 2004; Len et al., 2002; Nisola et al.,
2011; Robinson et al., 2013). The quality and type of coating
of the electrodes used in membrane electrolysis cells are also
very effective parameters in the process efficiency and pro-
duction of an anolyte solution with high disinfectant power
(Jeong et al., 2009; Neodo et al., 2012). Robinson et al. pro-
duced electrochemically activated solutions by saline water
electrolysis in a commercial electrochemical cell and claimed
a  wide-ranging  antimicrobial activity and  high
environmental-friendly property. In their study, two separate
products were produced from the anode and cathode cham-
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bers with different flow rates, but they did not mention the
type of membrane in this cell (Robinson et al., 2013). In Li
and Kim’s research, the electrochemical cell consisted of an
anode electrode made of titanium (with two different coatings
of iridium oxide and ruthenium oxide) and a cathode made
of titanium with an iridium oxide coating. They evaluated
the effect of voltage (2.5-4.57 V) and inlet flow (6-30 L/h)
of the saline solution on the process efficiency. The cell con-
sisted of two cathode and anode electrode plates, detached by
a separator, and no membrane was used therein. According
to their results, the anode and cathode electrodes with irid-
ium oxide coating produced a higher concentration of active
free chlorine because iridium has more electro-catalytic activ-
ity than ruthenium. An increase in the applied voltage further
elevated the oxidation reaction rate in the electrochemical cell
and, consequently, the production of ACC (Li and Kim,
2015). Recently, Ming et al. have studied the effects of cation
or anion exchange membrane type used in electrolysis cells,
current density, and concentration of inlet saline water on
ACC levels of the electrolysis oxidizing water (EOW), and
found a relatively low (<200 mg/L) initial concentration
range of the products (Ming et al., 2018). Composite cation
exchange membranes were used to electrolyze NaCl for the
production of sodium hydroxide and Cl, by selective removal
of sodium ions. In the studied electrolysis cell, the efficiency
of different membranes and the effects of current density, salt
concentration, and inlet flow were investigated on the process
efficiency; the cathode and anode electrodes were made of
stainless steel and platinum (Savari et al., 2008)

Zeng et al. focused on EOW, which is an excellent disinfec-
tion solution and has few negative effects on the environment
and humans, but the production cost of anode electrodes made
of platinum titanium used in the electrolysis cell limited the
production and application of EOW in the field of water disin-
fection. They fabricated titanium anodes with RuQO,, SnO,,
and TiO, coatings to replace platinum and compared the qual-
ity of the produced EOW (by measuring pH, ORP, and ACC);
they used a membrane electrolysis cell but did not mention the
membrane type (Zeng et al., 2012). Ming et al. examined the
effect of cation or anion exchange of a membrane used in
the electrolysis cell on the quality and efficiency of anolyte pro-
duction in the process of electrolysis. They also studied the
effects of current density and inlet saline water concentration
on the ACC level in EO water produced for the electrolysis cell
with different membranes (Ming et al., 2018). Deng et al. used
TiO; electrodes with TiO,-1IrO,-Ta,05 composite coating and
an anionic membrane in the membrane electrolysis cell
(Deng et al., 2019).

The aim of this study was to use different ion exchange
membranes (two types of cation exchange membranes, an
anion exchange membrane, and a bipolar membrane) by
changing the operating parameters affecting the process (saline
water concentrations and total inlet flow) to achieve optimal
anolyte production conditions with high disinfectant power.
Moreover, changes in the quality of produced anolytes with
different initial ACC, concentrations (very high, high, and
medium) were examined under normal light conditions and
ambient temperature during long-time storage (from the pro-
duction up to 20 weeks).

2. Materials and methods

2.1. Preparation of a membrane electrolysis cell

Based on previous studies and available equipment, a mem-
brane electrolysis cell was designed and fabricated in the labo-
ratory. The cell consists of anode and cathode electrodes
(metal plates coated with a compound metal oxide measuring
10 x 15 cm and 1 mm thick, placed 2 mm apart in the cell) and
an ion exchange membrane with a thickness of 0.25 mm
located at a distance of 1 mm between the anode and cathode
electrodes. A certain flow of saline solution as the electrolyte
flows from the anode chamber and ion-free demineralized
water flows from the cathode chamber into the cell. The power
supply is connected to both anode and cathode sides, and the
electrolysis process starts by applying a direct current with
12 W of power. Due to the presence of a membrane within
the cell, two separated products with completely different char-
acteristics appear in the anode and cathode chambers. The
catholyte produced on the cathode side is a highly alkaline
solution (rich in NaOH) and the acidic anolyte solution (with
a high chlorine concentration) is produced on the anode side.
It is noteworthy that the saline solution entered the electrolysis
system from both the anodic and cathode chambers in prelim-
inary tests, but the results showed that the electrolyte (saline
solution) should enter the cell from the anode and water from
the cathode sides. As such, the membrane acts more effectively
in the separation of the ions detached during electrolysis, and
the produced anolyte has a higher quality (based on the ACC).

Membrane electrolysis cells are made of corrosion-resistant
electrodes in such a way that different voltages are generated
simultaneously in different parts for the electrolysis reactions.
Hence, different reactions occur on both sides of the anode
and cathode and produce a combination of different multi oxi-
dants. In advanced processes of the chloralkali industry, the
cathodes used in membrane cells are usually made of an alloy
of steel or nickel, and the anodes are based on titanium (Ti)
coated with a combination of various metal oxides
(Torabiyan et al., 2014). According to the research back-
ground, our anode electrodes were made of Ti coated with a
combination of metal oxides with different percentages to yield
the highest chlorine production efficiency during the electroly-
sis process. The anode electrodes were coated by a combina-
tion of ruthenium (Ru), iridium (Ir), and tantalum (Ta)
oxide, and the cathode electrodes were made of steel alloy
where iron was the base metal and Cr had the highest percent-
age composition.

Membranes used in membrane electrolysis cells prevent the
migration of electrolyzed chloride ions from the anode to the
cathode, and the membrane must be well stable when exposed
to acidic and alkaline environments of the anode and the cath-
ode, respectively. The general information of the four mem-
brane types used in this study (Table 1) is described below.
1) An anion exchange membrane (trademark AMI-7001 s)
and a polystyrene/divinyl benzene polymer structure with
ammonium functional group. 2) A cation exchange membrane
(trademark CMI-7000 s), with a polystyrene/divinyl benzene
polymer structure and sulfonic acid functional group. 3) A
cation exchange membrane (trademark Fumapem-F-10120)
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Table 1 Main characteristics of the used ion exchange membranes in the electrolysis cell.

Membrane Commercial membrane Reinforcement or Functionality and Counter ion Thickness Appearance/

type/symbol name functional group polymer structure (mm) color

Anion AMI-7001 s (Membrane Quaternary Gel polystyrene cross  Sodium 0.450 £ 0.025 Light yellow

exchange international INC. USA) Ammonium linked divinylbenzene

Bipolar Fumasep ® FBM PK No data reported. Sodium (CEM layer)/ 0.145 £+ 0.015 Transparent/
Chloride (AEM layer) Brown

Cation CMI-7000 s (Membrane Sulphonic acid Gel polystyrene cross Chloride 0.450 £ 0.025 Brown

exchange international INC. USA) linked divinylbenzene

(CMI)

Cation Fumapem ® F-10120 PTFE No data reported. Chloride 0.120 £+ 0.010 White

exchange PTFE
(PTFE)

PK, polyketone; CEM, cation exchange membrane; AEM, anion exchange membrane; PTFE, polytetrafluoroethylene.

reinforced with polytetrafluoroethylene (PTFE). 4) A bipolar
membrane (trademark Fumasep-FBM) with sodium ion per-
meability through the cationic layer and Cl ion permeability
through the anionic layer.

A part of demineralized water with adjustable flow rate is
added to the cathode chamber and another part to a concen-
trated 0.5 M saline water solution stored in the brine tank
(iodine-free NaCl with a purity > 99.6%), and the saline solu-
tion with a determined concentration enters the cell from the
anodic chamber. Total inlet flow to the system is the sum of
the incoming water to the cathode and the incoming saline
water to the anode. The operating conditions, i.e., total inlet
flow (240-320 L/h) and saline solution concentrations (1.65—
3.50 g/L) were changed for all four types of membranes to
examine the anolyte produced from the anodic chamber with
three initial ACCy levels (ACC; = 816.5, ACC, = 461.5,
and ACC; = 355.0 mg/L). The quality of produced anolytes
was evaluated and compared using the ACC criterion as the
most important measurable parameter. These three concentra-
tions were selected based on the operating conditions and the
type of membrane, which can produce products with a differ-
ent quality. As such, anolytes could be produced using all four
types of membranes within the range of ACC; (very high),

ACCGC, (high), and ACC; (medium), which were also compara-
ble to previous studies. Notably, it was also possible to pro-
duce an anolyte solution with concentrations lower and
higher than this range by changing the operating conditions.
The pH (1.48-3.80) and ORP (1031-1144 mV) levels of freshly
produced anolytes were quickly measured and recorded in
addition to ACC values. Anolyte solutions produced from
the membrane electrolysis cell were named based on the mem-
branes used therein, and the results of experiments were com-
pared with each other. The ACC in the anolyte solution was
measured by the iodometric titration method by adding a
known volume of potassium iodide and acetic acid to the sam-
ple using 0.1 N sodium thiosulfate solution as a titrant accord-
ing to a standard method mentioned in the literature (Rice
et al., 2012). The pH and ORP levels of the samples were also
measured by a pH/ORP meter (HANA equipment, model HI-
2211). Fig. 1 shows the schematic of the system for membrane
electrolysis of NaCl.

2.2. Storage conditions of the anolyte solution

Samples of anolyte were stored in 120 ml transparent plastic
containers made of polyethylene terephthalate in ambient con-
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Fig. 1  Schematic diagram of anolyte production from the membrane electrolysis system.
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ditions at 20-25 °C, protected from sunlight to examine
changes in pH, ORP, and ACC reduction trends with storage
periods from the production up to 20 weeks. For sampling and
testing the stored anolytes once every two weeks, the lid of the
sample container was opened and some of the sample was
taken for measurements under normal conditions of light
and ambient temperature in the air, after which the container
lid of the sample was closed and stored again.

3. Results and discussion

3.1. Operational parameters affecting the produced anolyte
quality

The type of membrane used in the cell, total flow rate, and inlet
saline water concentrations all influence the produced anolyte
quality and the electrolysis process efficiency. In the electroly-
sis process, a current with a certain amount of amps is mea-
sured and recorded in the system due to the flow of negative
and positive ions produced in the cell medium. This amount
of amps is linked to Cl concentrations in the anolyte and with
other conditions of the electrolysis process. In fact, the current
density obtained from the ratio of recorded amps to the area of
electrodes should be considered to be related to the ACC of
anolytes as a dependent variable. From one viewpoint, mem-
brane electrolysis cells can be compared by evaluating the
ACC of anolytes produced according to the generated amps.
For physicochemical analysis of anolytes, therefore, samples
are taken online from the outlet of the anode chamber by
recording the relevant amps. Measuring the ACC, pH, and
ORP levels in anolytes according to the amount of recorded
amps is a criterion for assessing product quality. The anolyte
was produced by the membrane electrolysis process in four dif-
ferent cell sets with similar electrodes but different ion
exchange membrane types by applying a constant electric cur-
rent, with variable total inlet flow rate and saline water concen-
trations. The ACC, pH, and ORP levels of freshly produced
anolytes were measured and recorded for each set. Electrolysis
cells were tested with each of the four different types of ion
exchange membranes at three total inlet flow rates (240, 288,
and 320 L/h) and variable incoming salt contents (1.65—
3.50 mg/L), and then samples were taken from the produced
anolytes. The amount of amps produced in the system was also
recorded in all cases. For each cell with different membranes,
different current densities were obtained in the range of
2.67-12.67 kA/m>. The lowest recorded amps resulting in the
lowest current density belonged to the anionic exchange mem-
brane (2.67-4.67 kA/m?), and the highest amounts of pro-
duced amps, and consequently the highest current density,
were recorded for the PTFE cationic exchange membrane
(7.33-12.67 kA/m?). Table 2 shows the parameters studied
for each of the four cells with different membrane types and
the ACC of produced anolytes, which were selected with three
specific concentrations (ACC;, ACC,, and ACC;) for each
type of membrane to evaluate changes in the quality during
the storage period.

Structural differences of the applied membranes, including
the quality and type of membranes, thickness, ion exchange
capacity, current density tolerance threshold, polymer struc-
ture, and the functional group or the reinforcement used at
the membrane surface, lead to different results in the mem-

brane electrolysis process. Careful examination of these factors
requires complete knowledge on structural details of the mem-
brane, but usually limited information is reported in commer-
cial membranes. The PTFE-reinforced cation exchange
membrane with less thickness than the anion exchange mem-
brane had higher output amps against the current intensity,
and as a result, the current density was higher (up to 12.67
kA/m?) in this type of membrane.

One of the reasons for the generation of this amount of
amps is related to the greater separation of salt in the electrol-
ysis process. This type of membrane, however, needed a higher
feed salt concentration to have an anolyte with the determined
ACC. The lowest recorded current density for all three initial
concentrations of the anolyte belonged to the anionic mem-
brane with a lower amp tolerance range (up to 4.67 kA/m?).
However, it should be noted that the goal of membrane elec-
trolysis cells is to separate more chlorine and chlorine-based
compounds in the anodic chamber. Therefore, a cation
exchange membrane is commonly used in this system that
holds CI in the anodic chamber and passes Na™, and the
anion exchange membrane has the opposite function in this
regard. However, the use of anionic exchange membranes also
produced the same three specific concentrations of the anolyte
in the system. Even so, the criteria for quality comparison were
first ACC and then pH and ORP levels of the anolytes, but
other oxidants in the anolyte and their percentage composi-
tions should also be identified and measured for a more
detailed examination.

To produce these three specific concentrations of anolytes,
reduction of total inlet flow or the input salt concentration
generally resulted in a lower salt electrolysis efficiency in the
system and consequently in the production of an anolyte with
lower ACC. In other words, to have a higher ACC in anolytes,
it is necessary to establish an equilibrium ratio between the
input salt levels and total inlet flow, and these two parameters
should be adjusted to achieve the intended ACC. The adjust-
ment level of these two parameters was different for each mem-
brane and was obtained experimentally based on experiments
performed within the current density tolerance range of indi-
vidual membranes. No definite relationships could be
extracted except for the CMI cation membrane, which led to
the production of an anolyte with a higher ACC, with simul-
taneous increases in total flow and input salt concentrations
(Fig. 2¢). For example, a total inlet flow rate of 240 L/h and
an input salt concentration of 2.63 g/L were required to pro-
duce a high level of ACC,; from the electrolysis cell with the
anion exchange membrane. A constant total flow was consid-
ered here to achieve an anolyte with a relatively high concen-
tration (i.e., ACC,), but the input salt concentration was
reduced to 2.21 g/L. Similarly, the total flow rate was increased
to 320 L/h, and the input salt concentration was reduced to
2.10 g/L (Fig. 2a) for the production of an anolyte with an
average concentration (ACCj3). The relationships between total
inlet flow, input salt concentration, and ACC, produced for all
the four membrane types are shown separately in Fig. 2.

Jalali et al. investigated the effect of operating parameters,
such as current density and total flow, on the membrane elec-
trolysis process efficiency using a commercial cation exchange
membrane to produce Cly(g). They found that the two param-
eters had the greatest effect on the cell voltage. However, the
range of current density (1-4 kA/m?) in their study was very
different from that of our experiments (2.67-12.67 kA/m?).
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The current density is affected by the electric current intensity
(in amps) produced due to chemical reactions carried out at
different cell voltages in the electrolysis medium, which can
produce an anolyte solution with different properties. As men-
tioned earlier, the measured ACC of the anolyte can consist of
chlorinated compounds in the forms of dissolved Cl,, HOCI,
and OCI1 ™. The higher the pH of the anolyte solution, the lower
the presence of Cl as a soluble gas, and most of the anolyte
ACC content will be in the forms of HOCI and OCI™ ion. They
reported that dissolved Cl, content in the anolyte decreased
with increasing the pH from 1 to 2.5, eventually reached zero,
and, consequently, Cl, content in the form of HOCI increased
in the anolyte solution, and then this compound remained con-
stant with further increase in pH (3-6). On the other hand,
OCI™ was present in solution only at a pH > 6, and then
increased with rising pH (Jalali et al., 2009).

3.2. Changes in the quality of produced anolytes during the
storage period

An advantage of the anolyte solution obtained from the mem-
brane electrolysis cell to disinfection of drinking water is the

feasibility of the storage. Therefore, the anolyte can be used
in situations where on-site production is not possible for any
reason. Thus, changes in the anolyte quality produced by the
electrolysis cell were investigated with different operating con-
ditions to suggest the best conditions for obtaining high-quality
products and high durability during storage periods in the stud-
ied range. Total inlet flow rates and input salt concentrations
were adjusted for all four sets (Table 2) to produce an anolyte
from the anodic chamber with three identical ACC, values
(ACC, = 816.5 mg/L, ACC, = 461.5 mg/L, and ACC3 = 3
55.0 mg/L). The pH and ORP levels of freshly produced ano-
lytes were measured and recorded for each set in all the three
initial concentrations of the produced anolyte. A decrease in
ACC and changes in the pH and ORP levels of the anolyte were
examined over time during storage from the production up to
20 weeks (0, 2,4, 6, 8, 10, 12, 14, 16, 18, and 20) for all the three
initial concentrations of the anolyte (ACC;, ACC,, and ACC3)
using all four types of membranes and the results were com-
pared with each other. Total inlet flow rate, salt concentration,
and current density required to produce the three concentra-
tions of the target anolyte, as well as the storage period of the
anolyte for each type of the membrane electrolysis cell, are sum-
marized in Table 3.

Table 2 Variable parameters for the production of anolyte from the membrane electrolysis cell.

ACC (mg/L) Current density (kA/m?) NaCl (g/L) Q (L/h) Membrane type
461.5 4.33 2.21 240 Anion exchange
816.5 4.67 2.63

532.5 4.33 3.50

390.5 4.00 1.84 288

461.5 4.00 2.92

390.5 3.33 2.33

390.5 3.67 1.65 320

355.0 2.67 2.10

426.0 3.00 2.63

461.5 7.67 2.21 240 Bipolar

532.5 9.33 3.50

461.5 8.67 2.63

355.0 7.67 1.84 288

390.5 8.00 2.33

532.5 9.67 2.92

745.5 5.67 2.10 320

816.5 7.33 2.63

355.5 5.33 1.65

355.0 6.33 2.21 240 Cation exchange (CMI)
461.5 7.00 2.63

532.5 7.67 3.50

497.0 7.00 2.92 288

745.5 6.00 1.84

461.5 6.67 2.33

710.0 6.67 1.65 320

816.5 7.33 2.63

781.0 7.00 2.10

816.5 10.33 2.21 240 Cation exchange (PTFE)
781.0 12.67 2.63

745.0 10.00 3.50

461.5 10.00 2.33 288

603.5 8.67 1.84

816.5 10.67 2.92

497.0 7.33 1.65 320

355.0 8.33 2.63

639.0 9.67 2.10
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3.2.1. Reduction of anolyte ACC during the storage period

3.2.1.1. Membrane electrolysis cell with anion exchange mem-
brane. ACC concentrations of the anolyte samples produced
from the cell electrolysis with anion exchange membrane were
measured immediately after the production, every 2 weeks, and
up to 16 weeks of storage, along with measuring and recording
the corresponding pH and ORP levels. The highest decrease in
ACC of the anolyte produced from this cell belonged to ACC;,
which decreased by 80% after 4 weeks and had the lowest
durability during this storage period. Finally, the ACC of ano-
lyte reached zero after 12 weeks. In this cell, the anolyte with
ACC, was associated with a decrease of 65.2% after 4 weeks,
and ACC concentration reached 71.0 mg/L (equal to 91.3%
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0
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// —l—NacL 3
0 / A
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Fig. 2

membrane electrolysis cell.

reduction) after 12 weeks, and finally decreased to 100% after
16 weeks. A reduction of 61.5% occurred in ACC, after
4 weeks, which reached ACC concentration of zero after
14 weeks (equal to 100% reduction). The reduction trend of
ACC over time is shown in Fig. 3a. It can be argued that
ACC generally had a lower decrease in the anolyte with very
high concentration (ACC,) during the storage period. To
explain this, in addition to the initial concentration of the ano-
lyte, attention should be paid to the initial pH and ORP levels
of the product, which somehow indicate the different compo-
sition of oxidant contents in the solution (Kim et al., 2000).
Therefore, the trend of changes in pH and ORP levels was also
examined here. The lower the ACC, of the anolytes produced
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Relationship between Q (L/h) and NaCl concentration (g/L) for anolyte production with constant ACC, using different
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Table 3 Production conditions of the anolytes with three specific concentrations ACCy,

Storage time (week) Current density (kA/m?) NaCl (g/L) Q (L/h) ACC, (mg/L) Membrane type
0-2-4-6-8-10-12-14-16 4.67 2.63 240 ACC; = 816.5 Anion exchange
0-2-4-6-8-10-12-14-16 4.33 2.21 240 ACC, = 461.5

0-2-4-6-8-10-12-14-16 2.67 2.10 320 ACC;3 = 355.0

0-2-4-6-8-10-12-14 7.33 2.63 320 ACC; = 816.5 Bipolar
0-2-4-6-8-10-12-14 7.67 2.21 240 ACC, = 461.5

0-2-4-6-8-10-12-14 7.67 1.84 288 ACC; = 355.0

0-2-4-6-8-10-12-14-16 7.33 2.63 320 ACC; = 816.5 Cation exchange (CMI)
0-2-4-6-8-10-12-14-16 6.67 2.33 288 ACC, = 461.5

0-2-4-6-8-10-12-14-16 6.33 2.21 240 ACC; = 355.0

0-2-4-6-8-10-12-14-16-18-20 10.67 2.92 288 ACC; = 816.5 Cation exchange (PTFE)
0-2-4-6-8-10-12-14-16-18-20 10.00 2.33 288 ACC, = 461.5

0-2-4-6-8-10-12-14-16-18-20 8.33 2.63 320 ACC;3 = 355.0

using the anion exchange membrane, the higher the measured
pH value. In other words, ACC,; with the highest concentra-
tion had the lowest pH (with an initial pH of 2.65), and this
more acidity in the initial solution resulted in a better quality
during the storage period. As denoted in previous studies, a
pH range of < 3 is ideal for the best performance of the ano-
lyte, but anolytes with ACC, and ACC; had higher initial pHs
(with initial pH values of 3.50 and 3.80, respectively); however,
some studies reported the production of anolytes with a
pH <4. Similarly, the initial ORP level of ACC; anolyte was
higher than the other ones, which was equal to 1096 mV,
and values of 1048 and 1031 mV were measured for ACC,
and ACGC;, respectively. In a review of the literature, an opti-
mum range of ORP > 1000 mV in the anolyte is proposed for
the best performance, and all ORP values were higher than this
value in the present article (Jalali et al., 2009; Lim et al., 2019;
Thorn et al., 2012). All the three ACC;, ACC,, and ACC; ano-
lytes produced from this cell had higher initial pHs and lower
ORP levels than the other membrane electrolysis cells.

3.2.1.2. Membrane electrolysis cell with cation exchange (CMI)
membrane. Concentrations of ACC in the anolyte samples pro-
duced from the electrolysis cell with cation exchange (CMI)
membrane were also measured immediately after the produc-
tion and once every 2 weeks up to 16 weeks of storage, along
with measuring and recording the corresponding pH and ORP
levels. The greatest decrease in the ACC concentration of the
anolyte produced from this cell was recorded in ACCs, which
decreased by 40 and 90% after 4 and 10 weeks, respectively,
and had the lowest durability during this storage period, so
that the ACC concentration finally reached zero (100% reduc-
tion) after 12 weeks. In this cell, the anolyte with ACC; was
associated with a decrease of 21.7% after 4 weeks and reached
ACC concentrations of 71.0 mg/L (equivalent to 91.3% reduc-
tion) and 0.0 mg/L after 12 and 16 weeks, respectively. ACC,
declined by 15.5 and 92.3% after 4 and 12 weeks, respectively,
and then reached zero concentration after 14 weeks (equal to
100% reduction). The ACC reduction trend over time is shown
in Fig. 3b. In this cell, ACC; with the highest concentration
had the least pH (with an initial pH of 2.52) and more acidity
of the initial solution maintained a better quality during the
storage period. On the other hand, anolytes with ACC, and
ACC; had higher initial pHs (with initial pH values of 2.60
and 2.64, respectively). Subsequently, the initial ORP value

(1107 mV) of ACC,; anolyte was higher than the other ones,
and values of 1106 and 1103 mV were measured for ACC,
and ACGCs;, respectively.

3.2.1.3. Membrane electrolysis cell with bipolar membrane.
ACC concentrations in anolyte samples produced from the
electrolysis cell with bipolar membrane were also measured
immediately after the production and every 2 weeks up to
14 weeks of storage, and the corresponding pH and ORP levels
were measured and recorded simultaneously. The anolytes
produced from this cell reached ACC, after 14 weeks, and
therefore the study of ACC reduction during the storage per-
iod was completed in less than 20 weeks. The ACC reduction
trend over time is displayed in Fig. 3c. ACC; showed maxi-
mum decrease in ACC of the anolyte produced from this cell,
which decreased by 60 and 90% after 4 and 8 weeks, respec-
tively, and had the lowest durability during this storage period,
so that finally the ACC concentration reached zero (100%
reduction) after 10 weeks. In this cell, the anolyte with ACC,
was associated with a decrease of 47.8% after 4 weeks and
reached ACC concentrations of 35.5 mg/L (equal to 95.6%
reduction) and 0.0 mg/L after 12 weeks and 14 months, respec-
tively. ACC, diminished by 46.2% after 4 weeks, and then
reached zero after 12 weeks (equal to 100% reduction). All
the three ACC,, ACC,, and ACC; anolytes had greater pH
and lower ORP values than the other membrane electrolysis
cells. In this cell, ACC; with the highest concentration had
the least pH (with an initial pH of 3.03) and anolytes with
ACC, and ACC; had higher initial pHs (with initial pH values
of 3.16 and 3.32, respectively). The initial ORP value
(1081 mV) of ACC; anolyte was higher than the other ones,
and values of 1106 and 1103 mV were measured for ACC,
and ACGCs;, respectively. An initial pH of > 3 in the anolytes
caused a different trend of changes in pH and ORP values dur-
ing the storage period, which is described in the next section.

3.2.14. Membrane electrolysis cell with cation exchange
(PTFE) membrane. ACC concentrations in anolyte samples
produced from the electrolysis cell with cation exchange
(PTFE) membrane were also measured immediately after the
production and once every 2 weeks up to 20 weeks of storage,
along with measuring and recording the corresponding pH and
ORP levels. The greatest decrease in ACC of the anolyte pro-
duced from this cell was observed in ACCs, which decreased
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Fig. 3 Changing ACC of Aanolyte during the storage time; Anolyets produced from different membrane electrolysis cells with constant

ACC,,

by 20 and 70% after 4 and 12 weeks, respectively, and finally
reached zero after 20 weeks (100% reduction). In this cell, the
anolyte with ACC,; had the highest concentration durability
and decreased only 8.7% and 39.1% after 4 and 12 weeks,
respectively, reaching an ACC of 71.0 mg/L (equal to 91.3%
reduction) after 20 weeks. The percentages of reduction in
ACC, were 15.4 and 46.2% after 4 and 12 weeks, respectively,
which reached 35.5 mg/l (equal to 92.3% reduction) after
20 weeks. The ACC reduction trend over time is illustrated
in Fig. 3d. All the three ACC,;, ACC,, and ACC; anolytes pro-
duced from this cell had lower initial pHs and higher ORP
levels than the other membrane electrolysis cells. ACC; had
the lowest pH (with an initial pH of 1.48) and ACC, and
ACC; anolytes had higher initial pH values (with initial pHs
of 1.61 and 1.7, respectively); hence, their acidity was even
lower than those mentioned in other studies (a pH range of
2-3). Similarly, the initial ORP value (1144 mV) of ACC; ano-

Iyte was higher than the others, and measured values for ACC,
and ACC; were equal to 1140 and 1138 mV, respectively. The
very low initial pH of the anolytes caused a different trend of
changes in pH and ORP levels during the storage period.
Recently, Deng et al. have investigated the effects of the
type and composition of the electrode coating on the efficiency
of the anolyte production process from a membrane electroly-
sis cell using an anion exchange membrane, and concluded that
the ACC value was the most important factor in the disinfec-
tion activity of the anolyte solution. They used a current den-
sity (1 kA/m?) much lower than that of our study, and a 0.1%
NacCl solution equal to 10 g/L wt% (a saline water concentra-
tion of 1.32-2.63 g/L was used here). Under these conditions,
the ACC value of the produced anolytes was less than 200 mg/
L (Deng et al., 2019). In the study by Savari et al., a composite
cation exchange membrane was used to produce sodium
hydroxide from the cathode chamber in the membrane elec-
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trolysis cell. They studied the effects of a very low current den-
sity (0.1-0.4 kA/m?) and a very high salt concentration (> 10
times that of input salt in our study) on the process efficiency.
Because their goal was to produce concentrated sodium
hydroxide in the cathode side, the charged functional groups
on the surface of the cation membrane allowed selective pas-
sage of sodium ions and reduced selective passage of Cl ions.
Sodium ions passed through the membrane, flowed to the
cathode, and produced NaOH by combining with hydroxyl
ions; the main CI production reaction occurred in the anode
chamber, but no information was reported on the ACC
amount of the produced anolyte (Savari et al., 2008). Ming
et al. investigated the effect of cation or anion exchange mem-
brane used in the electrolysis cell on the ACC level in the pro-
duced anolyte in a current density range (0.2-0.7 kA/m?) much
lower than that of ours and a lower inlet saline water concen-
tration (0.3-0.8 g/L). However, the initial ACC concentration
range of the anolytes was relatively low (less than 200 mg/L).
They believed that the material and type of electrodes were the
most important factors in the production of anolytes, for
which platinum, iridium, and ruthenium compounds were
the best materials for the production of high-quality anolytes.
They also believed that the type of applied membrane could
further affect the pH, ORP, and ACC levels of produced ano-
lytes. In their studies, the pH of the anolyte produced by the
electrolysis cell with the anion membrane was always lower
than the cation exchange membrane, with a higher ORP level
as well. In the case of using a cation exchange membrane, the
hydrogen ions produced in the anode side may pass through
the membrane and move toward the cathode, leading to a
slight increase in pH. The ACC of anolytes produced in the
anode side is mainly in the form of HOCI, which cannot pass
through the ion exchange membrane; therefore, the type of
membrane has a slight effect on ACC of the anolyte (Ming
et al., 2018). Nisola et al. examined the storage feasibility of
an anolyte produced by membrane electrolysis of saturated
water and NaCl solution with an initial ACC level of
173 mg/L, a pH of 2, and an ORP of 1217 mV. The concentra-
tion of saturated saline solution entering the cell was 6.15 mg/
L, equivalent to 359 g/L, and no data were provided on the
applied membrane type. They measured changes in ACC,
pH, and ORP levels of the anolyte solution during 30 days
of storage and attributed a decrease in ACC of the produced
anolyte during the storage period to two mechanisms: evapo-
ration of Cl, and decomposition of hypochlorous acid (HOCI),
with a higher rate of the former. Cl, volatility is primarily
affected by storage conditions. Therefore, the greatest reduc-
tion in ACC belongs to anolytes stored in open containers or
those that are uncapped frequently during storage. A sharp
decrease was observed in the ACC of anolytes stored in open
containers and a 57% decrease was recorded in the ACC
within 10 days. In the anolyte stored in closed containers,
the reduction of ACC was 25% after 10 days (Nisola et al.,
2011). Len et al. examined decreases in ACC, ORP, and pH
levels of produced anolytes during storage periods. They used
a commercial electrolysis cell and presented no data on the
membrane type, a 0.1 wt% NaCl solution, a voltage of
7.4 V, and a current intensity of 14 amps. The pH, ORP,
ACC levels of the anolyte were in the ranges of 2.5-2.6,
1020-1120 mV, and 53-56 mg/L, respectively. The value of
ACC finally reached zero after 100 h of storage in open con-
tainers. With storage in closed containers in the presence of

light, about 60% of ACC declined after 58 days, while it
decreased by only 40% in the dark. Thus, the penetration of
light into the sample storage container apparently leads to fur-
ther decomposition of ACC. Changes in pH and ORP levels in
the studied conditions were reported to be negligible and
almost constant. The rate of decrease in ACC is highly depen-
dent on the initial pH value, so that the rate of ACC decrease,
in an initial pH range of 2.5-4, increased considerably with
increasing pH. A higher pH means declined H concentra-
tions, and an equilibrium reaction between Cl, and HOCI pro-
ceeds to more production of HOCI, which is a non-volatile
compound. Thus, the reduction of dissolved volatile Cl,
reduces its evaporation (Len et al., 2002). Our current study
and the range of parameters studied here are very different
from previous studies. The researchers studied for many pur-
poses, and some information is not available on the full details
of electrolysis cells, including the type of membrane, material,
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Fig. 4 Changing pH and ORP of anolytes with constant ACC,
during the storage time (using anion exchange membrane
electrolysis cell).
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during the storage time (using bipolar membrane electrolysis cell).

and coating of the electrodes. Therefore, to explain the results
obtained and the observed trends, it could be better to consider
all these differences.

3.2.2. Changes in pH and ORP levels of produced anolytes
during the storage period

In addition to ACC, it is important to study changes in pH and
ORP levels of the anolyte to examine changes in the quality of
anolytes produced from the membrane electrolysis cell with
different ion exchange membranes during the storage period.
It is because the combination of these three parameters can
be a good indicator of the percentage mixture of oxidants in
an anolyte and the reason for its high disinfectant property,
as important physicochemical factors of the anolyte solution
(Cui et al., 2009; Deng et al., 2019; Rahman et al., 2016).
The trend of changes in pH and ORP levels of the produced
anolytes with ACC;, ACC,, and ACC; using all four different
membrane types is plotted in Figs. 4-7. According to the
results, the electrolysis cells with anion and cation exchange
(CMI) membranes had a similar trend of changes in pH and
ORP levels (Fig. 4 and Fig. 5). For all the three ACC,,

Fig. 6 Changing pH and ORP of anolytes with constant ACC,
during the storage time (using cation exchange (CMI) membrane
electrolysis cell).

ACC,, and ACCj;, the pH changed with a decreasing trend
and, consequently, the ORP showed increasing changes during
the storage period from the production up to 16 weeks when
ACC concentration decreased about 100% in the anolytes;
the lowest percentage of change was found in anolytes with
very high initial concentrations (ACC). Generally, the lower
the pH of the anolyte, the higher the ORP value, which can
have a higher disinfectant property depending on ACC levels.
An increase in the pH and a decrease in ORP would be
expected with the reduction of ACC in this period, as a
decrease occurred in the disinfectant property of the anolyte
with decreased ACC levels. This phenomenon is related to
the presence of other oxidizing compounds in the anolyte solu-
tion and the type of membrane used in the electrolysis cell,
which can separate different ions on both sides of anolyte
and catholyte chambers. In previous studies, cation exchange
membranes were generally proposed and used for better sepa-
ration of Cl™ in the anodic chamber side. Since anion exchange
membranes work better in the separation of Na ™ in the catho-
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Fig. 7 Changing pH and ORP of anolytes with constant ACC,
during the storage time (using cation exchange (PTFE) membrane
electrolysis cell).

dic chamber side, they have not been considered in the produc-
tion of anolytes with a high ACC. Under the operating condi-
tions of this study, however, anolytes with all the three ACC,,
ACC,, and ACC; could be produced using anion exchange
membranes, but they had the lowest durability compared with
the use of the other membrane types. Accordingly, the use of
these anolytes is more appropriate in the production site and
will not have the necessary quality and effectiveness if stored
for a long time.

Figs. 6 and 7 depict the trend of changes in pH and ORP
levels for the electrolysis cell using the bipolar and cation
exchange (PTFE) membranes. An opposite trend of changes
in the two electrolysis cells was reported earlier (electrolysis
cells with anion exchange and cation exchange (CMI) mem-
branes) so that the pH increased with decreasing AAC, level
and, subsequently, ORP decreased during storage. Since the
three parameters of ACC, pH, and ORP are known and stud-
ied as the main indicators of anolyte quality, they have also
been examined generally in other studies. The different forma-

tion processes should also be attributed to the type of mem-
brane and the initial conditions of produced anolytes (i.e.,
pH and ORP of the freshly produced anolytes). The bipolar
membrane consists of two layers of ion exchange membranes,
one of which is permeable only to anions and the other to
cations. To produce chlorine in the chlorine-alkali (chloral-
kali) industry, water penetrates the contact area of the bipolar
membrane and separates into OH and H™ ions; the produced
positive and negative ions travel to the cathode and anode
sides, respectively, through the cationic layer or the anionic
layer of the bipolar membrane (Ghyselbrecht et al., 2014).
The use of bipolar membranes in this system under similar
operating conditions produced anolytes with a higher initial
pH (>3) than the other ones, which had better durability
(about 23% longer) than the anionic membrane in the first
4 weeks. However, the anolyte reached a concentration of
about zero after 12 weeks (and following 14 weeks for the
anionic membrane). The cation exchange (PTFE) membrane
used in the membrane electrolysis cell prevents the migration
of chloride ions from the anode to the cathode, which is rein-
forced with PTFE fibers to boost the mechanical strength of
the membrane. This membrane should be completely stable
due to exposure to Cl, and NaOH solution in the anode and
the cathode sides, respectively (Lalia et al., 2015). Membrane
selectivity plays an important role in the permeability of posi-
tively charged ions (Na™) and impermeability of negatively
charged ions (CI). Hence, a membrane with high permeability
and selectivity should be used to have a high chlorine produc-
tion capacity in the membrane electrolysis method (Tanaka,
2003). The use of cation exchange (PTFE) membrane pro-
duced anolytes with a lower initial pH (<2) than the others,
had the longest durability during storage, and needed more
than 20 weeks to reach the ACC,. This can also explain its high
quality and a higher disinfectant property than the other
membranes.

An anolyte with a pH of < 3 was produced by Nisola et al.
and it was assumed that there was no OCl™ in the anolyte. The
measured ACC was equal to the sum of dissolved Cl, and
HOCI, and the ratio of these two depended on pH and CI™
ion. At a pH < 4.1, the value of Cl, was predominant and
HOCI became the main component above this pH value. A
sharp decrease in the ACC of anolytes stored in open contain-
ers was associated with a high increase in pH and a decrease in
ORP. The increased pH (from 2 to about 6) resulted from the
conversion of HCI to Cl,. The volatile nature of Cl, and the
placement of anolyte in the open medium easily led to the
release of Cl, into the surrounding environment and an
increase in pH. Both the decrease in ACC and the increase
in pH (from 2.00 to 3.01) were lower in the anolytes stored
in closed containers. In such a low pH, the decomposition of
HOCI and the production of HCI lead to an increase in pH
and a decrease in ORP, affected by a decrease in ACC because
the acidity directly affects ORP levels (Nisola et al., 2011).

In a membrane electrolysis process of NaCl, Liao et al.
investigated the Nernst equation and the relationships between
ORP, HOCI, and Cl, and the pH of an anolyte produced using
a commercial membrane electrolysis cell with cation mem-
brane, a current density of about 4 kA/m?, and a salt concen-
tration of about 0.2 wt%. The pH, ORP, and free Cl
concentration were reported as 2.5, 1150 mV, and 60 mg/L,
respectively, for the produced anolyte. HOCI is produced at
the anode side by starting the electrolysis of the saline solution.
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According to the Nernst equation, ORP levels in the anolyte
can be explained by the gradually increased level of dissolved
ORP with increasing levels of the produced HOCI. As long
as chlorine concentration is saturated in the solution, the con-
centration of HOCIl reaches its maximum, leading to maximum
ORP level. If HOCI is the predominant species relative to Cl,
the ORP level decreases slightly, and when the concentration
of HOCI reaches its maximum due to spontaneous decomposi-
tion, the ORP level remains unchanged. The ORP level gradu-
ally decreases when HOCI is unstable (easily ionized and
degraded). However, it should be noted that changes in ORP
and pH during storage were not examined in their study, but
it was noted that decreased ORP levels of stored anolytes over
time were reported in several studies (Liao et al., 2007).

4. Conclusion

This study aimed to use different ion exchange membranes
(two types of cation exchange membranes, an anion exchange
membrane, and a bipolar membrane) by changing the opera-
tional parameters affecting the process (saline water concentra-
tions and total inlet flow) to achieve optimal production
conditions of anolytes with high disinfectant power. Therefore,
changes in the quality of produced anolytes were evaluated
with different initial ACC, (very high, high, and medium con-
centrations) during a long storage period (from the production
up to 20 weeks) under storage in normal light conditions and
ambient temperature. Anolytes were produced from the anodic
chamber with determined ACC, based on operating conditions
and types of applied membranes by changing total inlet flow
rate (240-320 L/h) and saline solution concentrations (1.65—
3.50 g/L) for all four types of membranes. The ACC, value
was selected such that anolytes could be produced using all
four types of membranes in the range of very high (ACC,),
high (ACC,;), and medium (ACC;) available chlorine content
concentrations which is comparable to previous studies. The
pH and ORP values of the freshly produced anolytes were
1.48-3.80 and 1031-1144 mV, respectively, in the whole exper-
iments. Reductions in ACC values and the trend of changes in
pH and ORP of the anolytes were examined during the storage
period.

In general, the highest stability and durability of ACC in
anolytes were observed for products of the cell with cation
exchange (PTFE) membrane. After 4 weeks, ACC decreased
by less than 20% in the anolytes with all three ACC,, and
up to 20 weeks of storage period was required to reach about
90% reduction. The cation exchange (CMI) membrane was in
the second place, in which all the three ACC, decreased
by < 40% and then about 90% after 4 and 12 weeks of stor-
age, respectively. The bipolar membrane was in third place in
terms of ACC durability in anolytes during storage, which
decreased by about 60% in 4 weeks. The anion exchange mem-
brane cell had the lowest ACC durability, which decreased by
about 80% in the first 4 weeks of storage. Additionally, the
trend of changes in pH and ORP of the anolytes during stor-
age was different for each cell and depended on the initial
pH and ORP values of the anolyte at the time of production,
as well as the type of membrane used in the membrane electrol-
ysis cell.
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