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This study investigates the processing of reverse osmosis desalination concentrates
containing sodium chloride, calcium bicarbonate, and magnesium bicarbonate. Water
desalination was carried out using a Filmtec TW 30-1812-50 reverse osmosis membrane
cassette in two stages. When desalinating water with a permeate recovery rate of 66% at
the first stage, the membrane’s selectivity for chlorides ranged from 74% to 95%. In the
second stage, the obtained concentrate ([ClI7]=110 mg-eq/dm?®) was further desalinated
using the same membrane. At a permeate recovery rate of 74%, the membrane’s selectivity
reached 70%. The two-stage filtration process reduced the concentrate volume from 34%
to 8.2% of the initial water volume. During the electrolysis of model solutions of reverse
osmosis desalination concentrates, a two-chamber electrolyzer with an MA-41 anion-
exchange membrane was used. A sodium chloride solution was placed in the anode
chamber, while the cathode chamber was filled with an alkaline solution with a concentration
of 200 mg-eq/dm?. Electrolysis processes were conducted at a current density ranging
from 0.83 to 16.7 A/dm?, using solutions with chloride concentrations between 59 and
480 mg-eq/dm?. It was found that the intensity of chloride oxidation increased with
higher anode current density and higher chloride concentration in the solution. A decrease
in the current efficiency of oxidized chlorine compounds was observed as chloride
concentration in the solution decreased. The concentration of oxidized compounds in
the anolyte of an open electrolyzer did not exceed 180 mg-eq/dm? due to significant
losses of CI, and ClO, caused by degassing.

Keywords: membrane, reverse osmosis, electrodialysis, active chlorine, catholyte, anolyte,
anode current density, current efficiency.

DOI: 10.32434/0321-4095-2025-161-4-82-93

Introduction
The problem of desalination of natural and

advanced baromembrane [1], electrodialysis [2], ion
exchange [3], and thermal [4] desalination systems

wastewater remains one of the most challenging issues
in water treatment technology. Despite significant
progress in this field, the pollution level in natural
water bodies continues to rise. The issue of increasing
water mineralization is particularly pressing because
existing wastewater treatment technologies are largely
unsuitable for water desalination. On the other hand,

address water desalination locally but do not provide
a comprehensive solution to the problem. This is
primarily because any desalination method inevitably
generates concentrated saline waste. These byproducts
are often discharged into the environment, significantly
deteriorating the quality of natural water resources.
Currently, the most widely used water desalination
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technology is reverse osmosis, as its application
virtually eliminates the need for chemical reagents
and significantly reduces the amount of salts discharged
into surface water bodies. This method is highly
efficient due to the high selectivity of membranes.
However, to prevent water pollution, it is essential to
develop solutions for processing the concentrates
generated during baromembrane water purification.

The treatment of baromembrane desalination
concentrates that contain only sulfates, bicarbonates,
and hardness ions can be reduced to chemical
precipitation of sulfates and hardness ions in the form
of calcium carbonate, magnesium hydroxide, and
calcium hydroxoaluminosulfate [5]. However, in the
presence of chlorides this method cannot be used for
demineralization, as chlorides remain in the water
and are not removed.

During the electrolysis of solutions containing
chlorides and sulfates, sulfuric acid and active chlorine
can be produced [6]. However, the resulting sulfuric
acid contains impurities of hydrochloric acid and active
chlorine. Additionally, capturing and processing active
chlorine is a complex process. When a solution
contains only chloride anions, carbonates, and
bicarbonates, electrodialysis can be used to produce
either alkali and hydrochloric acid or sodium
hypochlorite [7]. Therefore, an efficient approach
involves reverse osmosis desalination preceded by ion-
exchange separation of chlorides and sulfates, or
chlorides, sulfates, and nitrates [8].

Membrane technologies are widely applied for
chloride removal from water, with removal efficiencies
ranging from 82% to 96% [9]. This variation is
primarily due to differences in water characteristics
and membrane properties.

Using nanofiltration or reverse osmosis
membranes can achieve a high degree of chloride-ion
removal [10]. However, a significant challenge in
seawater desalination via reverse osmosis is the high
filtration resistance, which results in increased energy
consumption and reduced transmembrane flow rates.

Another approach to reducing high-energy
consumption in reverse osmosis desalination is its
combination with electrodialysis [11]. Electrodialysis
is also widely used for chloride removal from water,
providing a comprehensive desalination effect that
reduces not only chloride and sulfate levels but also
water hardness [12]. Under optimal conditions,
wastewater desalination efficiency reaches 92%, with
sulfate removal at 98% and chloride removal at 80%.

If wastewater contains chlorides, electrochemical
treatment can convert them into sodium hypochlorite,
active chlorine, or other oxidized chlorine compounds,
which are widely used as disinfectants [13]. During

electrolysis, chloride conversion efficiency can reach
85%.

This study aims to evaluate the efficiency of
electrochemical processing of reverse osmosis
desalination concentrates containing chlorides to
produce oxidized chlorine compounds.

To achieve the goal, the following tasks were
set:

1. Investigation of the desalination processes of
chloride-containing water using the reverse osmosis
method, determining the composition of concentrates
depending on water characteristics and process
parameters.

2. Determination of the efficiency of anodic
oxidation of chlorides in two-chamber electrolyzers
based on anode current density and concentrate
characteristics.

Materials and methods

Water desalination processes

The water desalination processes were conducted
using a low-pressure reverse osmosis (RO) membrane
cassette, Filmtec TW30-1812-50. A solution was used
as the medium (the concentration of chlorides
[CI7]=1030 mg/dm?; hardness H=0.15 mg-eq/dm?;
alkalinity A=0.28 mg-eq/dm?).

The RO desalination process was studied in the
following way. The initial volume of the solution was
10 dm3. Water was supplied to the filter using a pump
with the RO membrane. Permeate was collected in a
separate container. The permeate sample volume was
1 dm?. The concentrate was returned to the container
with the initial solution. After filtration through the
RO filter at a permeate recovery rate of 66%, permeate
samples were obtained with a chloride content of
1.40—20.2 mg-eq/dm? and concentrate samples with
a chloride content of 102—120 mg-eq/dm?. Then,
the concentrate obtained in the first stage of
desalination was used in a repeated desalination process
at a permeate recovery rate of 74%. Permeate samples
were obtained with a chloride content of
15.18—85.0 mg-eq/dm? and concentrate samples with
a chloride content of 450—500 mg-eq/dm?. The
pressure in the system was regulated using a concentrate
discharge valve. A stopwatch was used to record the
time required to collect each permeate sample.

The concentration of chlorides, hardness, and
alkalinity was determined [14].

The membrane selectivity for the solution
components was calculated using the following formula:

_G -G,

0

R -100%

(1)

where C, and C, are the concentration in the initial
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solution and permeate, mg/dm?, respectively.

For each subsequent sample after the first one,
the increase in component concentration (C,) due to
its accumulation in the concentrate was considered.

The membrane performance (transmembrane
flux rate) was determined using the following formula:

AV
! S-At’ (2)

where AV is the volume of permeate that passed
through the membrane, dm’; S is the membrane
surface area, m? (here S=0.2 m?); and At is the
sampling time, h.

Preparation of the oxidized chlorine compounds
in chloride solutions

The processes of preparing the oxidized chlorine
compounds in chloride solutions were conducted in a
two-chamber electrolyzer with an MA-41 anion-
exchange membrane.

A plate made of alloyed steel 12X18H10T (an
analogue of AISI 321) was used as the cathode,
while a titanium plate coated with ruthenium oxide
was used as the anode. The electrode area was
S—=S,=12 cm?. Electrolysis was carried out at an
anodic current density ranging from 0.83 to
16.67 A/dm?.

Model solutions from baromembrane water
desalination with chloride concentrations ranging from
59 mg-eq/dm? to 480 mg-eq/dm?® were used for
electrolysis.

To determine the effect of hardness ions on the
electrolysis process, a mixture of sodium chloride and
calcium chloride solutions (|CI"]=436 mg-eq/dm?)
was used in Na:Ca ratios of 70:30, 50:50, or 30:70.

In the anode chamber, the working solution
contained sodium chloride, while the cathode chamber
was filled with a 0.2 N NaOH solution. During
electrolysis, alkalinity in the cathode zone, as well as
chloride content and active chlorine concentration in
the anode zone, was monitored at regular time
intervals.

The current efficiency was calculated as the ratio
of the actual amount of substance transferred during
electrolysis to the theoretical amount of substance
determined according to the Faraday’s law:

B =% .100%=""-100% (3)

qt mt ’
where qp is the actual amount of electricity consumed
for the transfer of one gram-equivalent of the substance;
q, is the theoretically calculated amount of electricity
required for the transfer of one gram-equivalent of
the substance; m, is the actual amount of transferred

substance (g-eq); and m, is the theoretically
determined amount of transferred substance (g-eq).

The actual amount of transferred substance was
calculated based on the difference in concentration
and the solution volume.

The theoretical amount of transferred substance
(g-eq) was determined using the formula:
m, =K_It, (4)
where K is the electrochemical equivalent
(0.03731 g-eq/(A-h)); I is the current strength, A;
and t is the electrolysis duration, h.

The efficiency of water purification from
chlorides was calculated using the following formula:

_Co_C

0

E -100%

(3)

where C, is the initial concentration of the solution,
mg/dm?; and C is the concentration of the solution
at time t, mg/dm?.

Results and discussion

To study the processes of electrolytic processing
of chlorine-containing concentrates, water purified
from sulfates by ion exchange was desalinated using a
RO system. The desalination results are presented in
Tables 1 and 2.

When using the Filmtec TW-30-1812-50 RO
membrane to filter a solution (Table 1) with a chloride
concentration of 1000 mg/dm? at a 66% concentrate
recovery rate, the chloride concentration reaches
4000 mg/dm3. The membrane’s selectivity for
chlorides decreases from 95.17% to 74.50%, while
the chloride content in the permeate does not exceed
20 mg/dm?.

When filtering the obtained concentrate using
the same membrane at a 74% permeate recovery rate,
the membrane’s selectivity decreases from 86% to
70%, and the chloride concentration in the concentrate
increases to 16.5 g/dm? (Table 2).

The chloride concentration in the permeate
averaged over 7.4 dm?® of collected filtrate, reaches
1205 mg/dm?. It is evident that this permeate should
be returned to the previous filtration stage, as its chloride
content is close to that of the water used in the first
stage of baromembrane desalination.

Thus, when treating water according to the
scheme shown in Fig. 1, the volume of concentrate
can be reduced from 34% of the initial water volume
during single-stage filtration to 8.2% by re-filtering
the concentrate using a RO filter.

It should be noted that the Filmtec TW-30-1812-50
membrane belongs to low-pressure RO membranes
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and ensures effective water desalination at pressures
up to 1 MPa (in this case, P=0.4 MPa) with high
membrane productivity. At the same time, during
concentrate filtration, a certain decrease in membrane
selectivity was observed without a significant reduction
in its productivity. Therefore, in general, the application
of this scheme allows for a significant reduction in
concentrate volume while increasing the chloride
concentration in it from 4 to 16—17 g/dm?® with a
slight increase in energy consumption.

Based on these results, in the further development
of electrochemical oxidation processes of chlorides,
their solutions were close in chloride concentration
to the concentrates of baromembrane water
desalination.

In further studies, two-chamber electrolyzers with
an MA-41 anion-exchange membrane were used. In

this case, the cathode is protected from calcium or
magnesium hydroxide deposits, allowing electrolysis
of chloride-containing solutions regardless of the content
of hardness cations. The results of determining the
effect of anodic current density on the efficiency of
electrolysis of solutions with a chloride concentration
of 60 mg-eq/dm? are presented in Fig. 2.

As seen in Fig. 2, the intensity of chloride
oxidation increases with the rise in anodic current
density. For example, when increasing the anodic
current density from 0.83 A/dm? to 8.33 A/dm?, the
time required reaching an active chlorine concentration
of 60 mg-eq/dm?® decreases from 1 hour 30 minutes
(90 minutes) to 10 minutes. At the same time, the
active chlorine concentration in the anode chamber
reaches 80—86 mg-eq/dm? at an anodic current density
of 0.83—1.6 A/dm?>.

Table 1

Changes in chloride concentration, hardness ions, alkalinity, and pH in permeate (I) and concentrate (II), as well as
membrane productivity (J) and selectivity (R) of the Filmtec TW-30-1812-50 membrane for chlorides and hardness
ions, with increasing permeate recovery rate (Z) during the filtration of a model solution ([C1]=1029.5 mg/dm3,
hardness (H)=0.15 mg-eq/dm3, alkalinity (A)=0.28 mg-eq/dm?3, pH=7.15, P=4 atm)

Z [C1], & | H, mg-eq/dm’ A, me? pH J, R, %
%; eq/dm eq/dm dm’/(m’h)
1 II I 11 1 11 I II ClI H

10| 1.4 | 28.0 | 0.00 035 | 0.09 | 0.55 7.55 7.56 12.50 95.17 | 100.00
20| 1.5 | 36.0 | 0.00 0.40 | 0.15| 0.55 7.10 7.66 11.54 94.65 | 100.00
30 [ 2.4 | 37.0 | 0.00 0.50 | 0.17 | 0.90 6.98 7.77 10.34 93.33 | 100.00
40 | 3.8 | 46.0 | 0.00 0.60 | 0.18 | 1.30 7.25 7.96 8.82 89.64 | 100.00
50 44 | 64.0 | 0.01 1.00 | 0.19 | 1.50 7.22 8.12 7.32 90.43 98.33
60 [ 7.6 | 80.0 | 0.02 1.20 | 0.20 | 1.60 7.24 8.32 3.70 88.13 98.00
66 | 20.2 11)5' 0.08 1.60 | 0.21 | 1.80 7.80 8.45 1.78 74.75 93.33

Table 2

Changes in chloride concentration, hardness ions, alkalinity, and pH in permeate (I) and concentrate (II), as well as
membrane productivity (J) and selectivity (R) of the Filmtec TW-30-1812-50 membrane for chlorides and hardness
ions, with increasing permeate recovery rate (Z) during the filtration of a model solution ([Cl1]=3900 mg/dm3,
hardness (H)=1.60 mg-eq/dm3, alkalinity (A)=1.63 mg-eq/dm3, pH=8.32, P=4 atm)

2| g | cqim | e pH 2 R, %
% dm’/(m”-h) —
I 11 I 11 I I I I Cl H

10 | 18.1 | 111.0 | 0.02 | 2.40 | 0.13 | 2.60 | 7.06 | 8.42 13.64 86.68 | 86.67
20 | 17.5 | 114.0 | 0.02 | 2.60 | 0.11 | 2.70 | 7.06 | 8.52 11.54 84.24 | 99.17
30 | 15.2 | 1269 [ 0.03 | 2.60 [ 0.12 | 2.90 | 7.07 | 8.52 10.71 83.43 | 98.85
40 | 22.3 | 144.0 | 0.04 | 2.70 | 0.16 | 3.00 | 7.09 | 8.62 10.00 82.48 | 98.46
50 | 25.5 | 178.0 [ 0.06 | 3.00 [ 0.17 | 3.50 | 7.20 | 8.82 8.57 82.30 | 97.78
60 | 46.0 | 236.0 [ 0.08 | 3.40 | 0.21 | 3.70 | 7.30 | 8.91 7.89 74.16 | 97.33
70 | 72.9 | 340.0 [ 0.11 | 430 | 0.27 | 4.50 | 7.50 | 8.92 5.66 69.07 | 96.76
74 | 84.9 | 465.0 | 0.13 | 5.60 [ 0.38 | 5.50 | 7.70 | 8.93 7.06 75.00 | 96.98
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Fig. 1. Water desalination scheme using a RO filter (1) with concentrate refinement on a RO filter (2):
I — approach of water; II — removal of permeate; III — concentrate for processing
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Fig. 2. Dependence of active chlorine concentration (1) and chlorides (2), current efficiency of active chlorine (3),
and water purification efficiency from chlorides (4) in the anode chamber of a two-chamber electrolyzer with an
MA-41 anion-exchange membrane on electrolysis time at an initial chloride concentration in the anode chamber

[CI7]=59.1 mg-eq/dm?, with alkalinity in the cathode chamber of 200 mg-eq/dm?. Anodic current density, A/dm?

0.83 (A); 1.67 (B); 4.17 (C); and 8.33 (D)
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At a current density of 4.17 A/dm?, the
maximum active chlorine concentration in the anolyte
decreases to 64 mg-eq/dm?, while at an anodic current
density of 8.33 A/dm?, the active chlorine content
increases to 114 mg-eq/dm?, which is almost twice
the initial chloride concentration. The residual chloride
concentration in this case decreases from 59.1 to 17.1
mg-eq/dm?. That is, only 42.1 mg-eq/dm? of chlorides
transition to the oxidized state. It is evident that, in
this case, the chloride oxidation process does not stop
at the Cl, formation stage. The formation of
hypochlorite and other oxidized chlorine compounds
likely occurs according to the reactions:

2C1-—2e~—Cly; (6)
Cl,+20H -CI-+Cl0~+H,0; (7)
ClO-+Cl,+20H - -Cl0, +2CI-+H,0;  (8)
Cl10, +Cl,+20H-—>Cl0, +2CI-+H,0.  (9)

It should be noted that, along with the oxidation
reaction of chloride to active chlorine, diffusion of
hydroxide anions from the cathode area, where they
are formed during water reduction with hydrogen
formation (reaction (10)), occurs through the anion-
exchange membrane in an equivalent amount to the
oxidized chlorides.
2H,0—2e">H,+20H" (10)

At the cathode, the reduction of water with the
formation of hydrogen and hydroxide anions occurs
in an equivalent amount to the oxidized chlorides.
Under these conditions, the diffusion of hydroxide
anions through the anion-exchange membrane ensures
the maintenance of a stable pH level in the anode
chamber. Otherwise, acidification of the solution would
occur due to the interaction of active chlorine with
water according to reaction (11):
H,0+Cl,«HCI+HCIO (11)

The main issue arising in this process is the loss
of active chlorine. As seen in Fig. 2D, after reaching
a concentration of 114 mg-eq/dm? in the anolyte, its
concentration decreases to 84 mg-eq/dm?, while the
total content of unoxidized chlorides decreases to
12 mg-eq/dm?. This phenomenon can only be
explained by chlorine loss due to degassing in the
form of Cl, and CIO,. The formation of Cl, occurs
according to reaction (6), while the formation of Cl10O,
is possible according to reaction (12):

C12+2C102‘—>2C1‘+2C102T (12)

Similar results were obtained during the
electrolysis of the concentrate from RO water
desalination (Fig. 3), where the chloride concentration
reached 4 g/dm? (111.4 mg-eq/dm?).

The highest concentration of oxidized chlorine
compounds was achieved during electrolysis at the
lowest applied current density, 1.67 A/dm?. After
1 hour, the concentration of oxidized chlorine
compounds in terms of active chlorine reached
188 mg-eq/dm?, with approximately 50 mg-eq of
chlorides oxidized. This further confirms that the
solution contains a mixture of oxidized chlorine
compounds, the formation of which is described by
equations (6)—(12).

With an increase in current density to
8.33 A/dm? (Fig. 3C), the maximum concentration
of oxidized chlorine compounds reached only
106 mg-eq/dm?. This concentration of active chlorine
was achieved in 30 minutes, whereas at a current
density of 1.67 A/dm?, the maximum concentration
of active chlorine was reached in one and a half
hours. It should be noted that with an increase in
current density, the rate of chloride oxidation increases,
which is entirely logical. At the same time, the degree
of chloride removal at a current density of
1.67 A/dm? after two hours of electrolysis reaches
51.5%, while at a current density of 4.17 A/dm?, it
reaches 74.9%, with a simultaneous decrease in chloride
content from 111.4 mg-eq/dm? to 28 mg-eq/dm?.

The decrease in the maximum concentration of
oxidized chlorine compounds in the anolyte with
increasing anodic current density is explained by an
increase in the degassing rate of the solution, leading
to the removal of active chlorine (Cl,) and chlorine
dioxide (ClO,), which are formed according to
reactions (6) and (12), respectively. It is precisely the
loss of chlorine in the form of CI, and CIO, gases
that explains the sharp decrease in the yield of oxidized
chlorine compounds in terms of active chlorine over
the electrolysis time. If at a current density of
1.67 A/dm?, during the first hour, the ratio of active
chlorine to oxidized chlorides decreased from 8.21:1
to 5.01:1, then in the next half hour, it dropped to
3.76:1 and further decreased over two hours to 2:1,
and after 2.5 hours to 1.4:1. This indicates that at the
initial stage of electrolysis, a relatively significant
amount of hypochlorites, chlorites, and chlorates with
a high oxidation state of chlorine was formed in the
solution. Subsequently, the relative amount of oxidized
chlorine compounds in the solution decreased due to
the release of gaseous Cl, and CIO,. With an increase
in current density, this trend intensified due to the
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acceleration of chlorine oxidation processes. Thus, at
a current density of 4.17 A/dm?, the ratio of active
chlorine to the initial amount of chlorides decreased
from 4.2:1 to 1.24:1, and at a current density of
8.33 A/dm?, from 2.7:1 to 1:1.

The relative loss of chlorine in the form of Cl,
and ClO, can be judged by the change in the pH of
the medium in the anolyte. According to reactions
(7), (8), and (9), hydroxide anions bind
when interacting with active chlorine to form
CIO™, ClO,, and CIO; ions, respectively. At the
same time, the amount of hydroxides transferred during
diffusion through the anion-exchange membrane is
equivalent to the amount of active chlorine formed.
In cases where active chlorine is released from the
solution in the form of gas or binds according to
reaction 6 with the formation of chlorine dioxide,
hydroxide anions accumulate in the anolyte, leading
to an increase in the pH of the medium. At low
current densities (Fig. 3), the pH increases from
7.0 to 8.49—8.94. At a current density of 8.33 A/dm?
and with significant chlorine losses due to degassing,

200

,E, %

G mg-eq/dm3

the pH increases to 11.59 in 1.3 hours.

It is known that the current efficiency of oxidized
chlorine compounds in the electrolysis process increases
with increasing chloride concentration in the solution
[15]. Therefore, we studied the processes of chloride
oxidation in a two-chamber electrolyzer at chloride
concentrations of 16 g/dm?3 These chloride
concentrations were achieved as a result of filtering
primary concentrates through a RO filter using low-
pressure membranes (Table 2). Electrolysis was
conducted in a two-chamber electrolyzer, varying
the anodic current density from 1.67 A/dm? to
16.67 A/dm? (Fig. 4).

As seen in Fig. 4, increasing the chloride
concentration in the anolyte allowed for higher
concentrations of active chlorine in the solution as a
result of electrolysis. At a current density of
1.67 A/dm?, a gradual increase in active chlorine
concentration in the anolyte up to 188 mg-eq/dm3
was observed over 9 hours. The ratio of active chlorine
to the initial amount of chlorides reached 3.56:1 in
the first hour of electrolysis, decreasing to 1.5:1 after

- 100
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Fig. 3. Dependence of active chlorine concentration (1) and chlorides (2), current efficiency of active chlorine (3), and solution
purification efficiency from chlorides (4) in the anode chamber of a two-chamber electrolyzer with an MA-41 anion-exchange
membrane on electrolysis time of the RO concentrate placed in the anode chamber, with alkalinity in the cathode chamber
of 200 mg-eq/dm?, and an initial chloride concentration in the anolyte of 111 mg-eq/dm? (4 g/dm?).

Anodic current density, A/dm? 1.67 (A); 4.17 (B); and 8.33 (C)
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2—3 hours, then to 1.24:1, and finally stabilizing in
the range of (0.84—1):1. This indicates that the
formation of chlorine compounds with oxidation states
+3 and +5 occurs relatively intensively only at the
beginning of the process, when chloride concentrations
are still relatively high. As the process continues,
oxidation primarily leads to the formation of Cl, and
ClO.

Given the slight increase in pH (from 7.0 to
8.0), it can be inferred that chlorine losses due to
degassing are minimal.

However, considering that an increase in pH at
the anode also accelerates the competing oxygen
oxidation reaction (reaction (13)), pH changes alone
make it difficult to assess chlorine losses in the form
of Cl, and CIO,.

During oxygen oxidation, acidification of the
medium occurs:
2H,0—4e —>0,+4H" (13)

Reaction (13) may be responsible for the
significant decrease in the current efficiency of active
chlorine. At a current density of 4.17 A/dm?, the

active chlorine content in the anolyte reached
274 mg-eq/dm?, with a residual chloride concentration
of 180 mg-eq/dm?. In this case, the ratio of active
chlorine to the initial amount of chlorides is 0.95:1.
The residual pH of the medium is 9.01. Evidently, in
this case, the chlorine oxidation processes stop at the
formation of Cl, and CIO~. At the same time, partial
loss of Cl, occurs due to its degassing. At a current
density of 8.33 A/dm? and 16.67 A/dm?, the intensity
of chlorine degassing increases as the contribution of
oxygen oxidation processes (reaction (13)) in the anode
increases. All this leads to significant losses of active
chlorine. Thus, the ratio of active chlorine to chlorides
after 1—2 hours is only 0.2:1. That is, no more than
1/5 of the chlorides remain in solution after oxidation.
The main reason for this is the decrease in the pH of
the medium at high current densities due to reaction
8. The pH of the medium at a current density of
8.33 A/dm? reaches 8.21, while at a current density
of 16.67 A/dm?, the pH is 8.01. If we consider that at
least 1/5 of the oxidized chlorides, amounting to
210 mg-eq/dm?, were lost due to degassing, the
expected pH increase should be around 0.69, meaning
from 7.00 to 7.69.
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Fig. 4. Dependence of active chlorine concentration (1) and chlorides (2), current efficiency of active chlorine (3),

and solution purification efficiency from chlorides (4) in the anode chamber of a two-chamber electrolyzer with an MA-41

anion-exchange membrane on the electrolysis time of the concentrate after RO (|Cl"]=480 mg-eq/dm?), which is placed in the
anode chamber, with alkalinity in the cathode chamber of 200 mg-eq/dm?. Anodic current density, A/dm? 1.67 (A); 4.17 (B);
8.33 (C); 16.67 (D); pH: pH_initial=7.00, pH_final=8.00 (A); pH_initial=7.02, pH_final=9.01 (B); pH_initial=7.10,
pH_final=8.21 (C); pH_initial=7.05, pH_final=8.01 (D)
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In reality, in this case, the pH increases from
7.00 to 8.01. This may be due to a larger volume of
lost chlorine or over-equivalent diffusion of hydroxides
through the anion-exchange membrane due to the
high alkali concentration in the cathodic region.

The advantage of the two-chamber electrolyzer
with an anion-exchange membrane is its effective
operation in the presence of hardness ions. The effect
of hardness ions on the efficiency of electrochemical
oxidation of chlorides can be assessed based on the
results presented in Fig. 5.

As seen in Fig. 5, the chloride concentration in
this case was at 15 g/dm?, which corresponds to its
content in the concentrate after two-stage filtration.
Judging by the active chlorine concentrations in these
solutions, at NaCl to CaCl, equivalent ratios of 70:30
and 50:50, the electrolysis results are similar to those
obtained using a pure NaCl solution. Thus, at these
ratios, calcium ions do not affect the chloride oxidation
processes. However, at a NaCl:CaCl, ratio of 30:70,
the efficiency of chloride oxidation increases. The
current efficiency of active chlorine during the
experiment did not drop below 34%, whereas in a
pure NaCl solution, this indicator decreased from
58% to 20%.

Additionally, over 8 hours, the active chlorine
concentration in the solution increased to
280 mg-eq/dm?, with a chloride removal rate of 75%.
In a pure sodium chloride solution, under the same
conditions and at 1.67 A/dm?, the active chlorine
concentration in the anolyte did not exceed
188 mg-eq/dm?, with a chloride removal rate of 45%.

Thus, the presence of calcium ions not only
does not reduce the efficiency of electrochemical
chloride oxidation but actually enhances it, possibly
due to the higher stability of calcium hypochlorites,
chlorites, and chlorates compared to their sodium
counterparts.

The decomposition and degassing ability of
oxidized chlorine compounds can be assessed based
on the decrease in active chlorine concentration over
storage time.

At a solution pH of 7.81, approximately 30% of
oxidized chlorine compounds (in terms of active
chlorine) decompose over 30 days. At pH 11.10, the
decomposition process is somewhat slower, with
the decomposition degree reaching 20% over the
same period. The intensity of active chlorine degassing
decreases as its concentration in the solution
decreases. At an active chlorine concentration of
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Fig. 5. Dependence of active chlorine concentration (1) and chlorides (2), current efficiency of active chlorine (3), and water

purification efficiency from chlorides (4) in the anode chamber of a two-chamber electrolyzer with an MA-41 anion-exchange

membrane on electrolysis time at a chloride concentration of [Cl"]=440 mg-eq/dm?, alkalinity in the cathode chamber of
200 mg-eq/dm?, an anodic current density of 1.67 A/dm?. NaCl:CaCl,: 70:30 (A); 50:50 (B); and 30:70 (C)
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58 mg-eq/dm?, after 5 days, 7.54 mg-eq/dm?® was
lost at pH 7.81 (1.5 mg-eq/dm? per day), while over
the next 25 days, 9.9 mg-eq/dm?3 was lost
(0.4 mg-eq/dm?® per day). At pH 11.10, the active
chlorine losses over 5 days were 7.0 mg-eq/dm3
(1.4 mg-eq/dm? per day), and over 25 days, the losses
amounted to 4.6 mg-eq/dm’ (0.2 mg-eq/dm? per day).
These parameters of the oxidized chlorine compound
formation process from chlorides should be considered
when processing chlorine-containing concentrates from
RO water desalination.

Conclusions

It has been shown that the low-pressure reverse
osmosis membrane Filmtec 30-1812-50 provides
74—95% water purification efficiency from chlorides
at an initial concentration of 1000 mg/dm?® and
70—86% at an initial chloride concentration of
4000 mg/dm3. When using two-stage filtration, a
permeate recovery rate of 82% can be achieved, with
a chloride concentration in the concentrate reaching
15—17 g/dm?.

The electrolysis processes of model solutions of
reverse osmosis desalination concentrates were studied
in two-chamber electrolyzers with an MA-41 anion-
exchange membrane. It was found that, in addition
to active chlorine, other oxidized chlorine compounds
with higher oxidation states are formed during
electrolysis. The intensity of the process increases
with higher anode current density and increased
chloride concentration in the water.

The dependencies of the concentration of
oxidized chlorine compounds in anolytes during
electrodialysis of chloride solutions in open two-
chamber electrolyzers were determined based on the
electrolysis conditions and duration. It was shown
that the limitation of active chlorine concentration
occurs due to its losses through the degassing of Cl,
and CIO,.
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OLIHIOBAHHA E®EKTUBHOCTI CUHTE3Y
OKUCHEHUX CIIOJYK XJIOPY METOJIOM
EJEKTPOJIAJI3Y 3 KOHIIEHTPATIB
MEMBPAHHOI'O 3HECOJIEHHA

M. TI'omeas, 5. Kpuxcanoscoka, T. Illadaiii, 1. Maxapenxo,
O. Iiywko, A. Ocmanenko

Y 1pomy IOCTiIKEHHI PO3IJISHYTO MEPepoOIeHHST KOH-
LIEHTPATIB 3BOPOTHOOCMOTUYHOTO 3HECOJICHHSI, 10 MICTSTh
HATpilf XJIOpUI, Kalbliil rimpokKapOOHAT Ta MarHiil Timpo-
KapOOHAaT. 3HECOJeHHSI BOIM 3MiMCHIOBAIM Y JIBa €TAlM 3 BU-
KOPUCTAHHSIM KaCeTHOTO 3BOPOTHOOCMOTMYHOTO MeMOpaHHO-
ro enemenTta Filmtec TW 30-1812-50. Ilpu 3HecosieHHi 3
Koe(illieHTOM BUJIydeHHsI mepmeary 66% Ha mepliomy erarri
CEJIEKTUBHICTh MeMOpaHU IIOAO XJOPHUIIB CTaHOBHWJIA BiI
74% no 95%. Ha mpyromy etami omepxXaHWii KOHIIEHTPAT
([CI"]=110 mr-ekB/am?) 10AaTKOBO 3HECOJIIOBAIM 3a JIOMOMO-
roio Tiei k MeMOpanu. [Ipu KoedillieHTI BIIydeHHs TIepMeary
74% cenektuBHicTh MeMOpanu craHoBuia 70%. JIBoeramHa
dinprpanis mo3BoJaMIA 3MEHIIUTA 00’€M KOHUEHTpary 3 34%
1o 8,2 % Bin nmouatkoBoro 06’emy Bonu. [lix yac enekTposisy
MOJEJIbHUX PO3YMHIB KOHIEHTPATIB 3BOPOTHOOCMOTUYHOTO
3HECOJIEHHSI BUKOPMCTOBYBABCSI JBOKAMEPHMUIA €JIEKTPOJIi3ep 3
aHiOH-00MiHHOI0O MeMOpaHol MA-41. ¥V aHOmHY KaMmepy
MmoaaBajyd PO3YMH HATPi XJOPHUOY, TOAi SIK KATOAHY
3aMOBHIOBAJIM JIYXHUM PO3YMHOM i3 KOHIIEHTpAaIi€lo
200 mr-exB/mm>. EjekTposii3 mpoOBOAMJIM TPHU TYCTUHI CTPyMY
B Mexax Bin 0,83 no 16,7 A/aM?, BUKOPUCTOBYIOYM PO3YMHU 3
KOHILeHTpalieo xaopuaiB Bin 59 mo 480 mr-eks/am’. Bcra-
HOBJICHO, 110 iHTEHCHBHICTh OKMCHEHHS XJIOPHIIiB 3pocTajia 3i
30i/IbIIIEHHSIM TYCTUHU CTPYMY Ha aHOMi Ta KOHIIEHTpALIil XJIO-
pumiB y po3unHi. BogHouac 3i 3MeHILEHHSIM KOHLEHTpallii
XJIOPUJIIB Y PO3UMHI CITOCTEPIiraaocs 3HUXKEHHSI BUXOJLY 3a CTPY-
MOM OKHCHEHHUX CroyiyK Xjopy. KoHIleHTpallisi OKUCHEHUX
CIOJIYK B aHOJIITI BIIKPUTOIO €JIEKTpOoJi3epa He MepeBulllyBaia
180 mr-ekB/am* yepe3 3HauHi Brpatu Cl, ta ClO, BHacmigoK
nerasatiii.

KnwowoBi caoBa: memOpaHa; 3BOPOTHUN OCMOC;
eJICKTpOIiaji3; aKTUBHMI XJIOP; KATOJIT; aHOJIT, TYCTHHA
AHOIHOTO CTPYMY; BHXil 3a CTPYMOM.

EVALUATION OF THE EFFICIENCY OF OXIDIZED
CHLORINE COMPOUNDS SYNTHESIS BY
ELECTRODIALYSIS FROM MEMBRANE
DESALINATION CONCENTRATES

Mykola Gomelya, Yana Kryzhanovska, Tetyana Shabliy,
Iryna Makarenko, Olena Hlushko, Alina Ostapenko *

National Technical University of Ukraine «Igor Sikorsky Kyiv
Polytechnic Institute», Kyiv, Ukraine

* e-mail: alina-ostapenko@ukr.net

This study investigates the processing of reverse osmosis
desalination concentrates containing sodium chloride, calcium
bicarbonate, and magnesium bicarbonate. Water desalination was
carried out using a Filmtec TW 30-1812-50 reverse osmosis
membrane cassette in two stages. When desalinating water with a
permeate recovery rate of 66% at the first stage, the membrane’s
selectivity for chlorides ranged from 74% to 95%. In the second
stage, the obtained concentrate ([CI"]=110 mg-eq/dm?) was
further desalinated using the same membrane. At a permeate
recovery rate of 74%, the membrane’s selectivity reached 70%.
The two-stage filtration process reduced the concentrate volume
from 34% to 8.2% of the initial water volume. During the
electrolysis of model solutions of reverse osmosis desalination
concentrates, a two-chamber electrolyzer with an MA-41 anion-
exchange membrane was used. A sodium chloride solution was
placed in the anode chamber, while the cathode chamber was
filled with an alkaline solution with a concentration of 200 mg-
eq/dm’. Electrolysis processes were conducted at a current density
ranging from 0.83 to 16.7 A/dm?, using solutions with chloride
concentrations between 59 and 480 mg-eq/dm?’. It was found
that the intensity of chloride oxidation increased with higher
anode current density and higher chloride concentration in the
solution. A decrease in the current efficiency of oxidized chlorine
compounds was observed as chloride concentration in the solution
decreased. The concentration of oxidized compounds in the anolyte
of an open electrolyzer did not exceed 180 mg-eq/dm? due to
significant losses of Cl, and CIO, caused by degassing.

Keywords: membrane; reverse osmosis; electrodialysis;
active chlorine; catholyte; anolyte; anode current density; current
efficiency.
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