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Abstract. This article considers the possibility of processing sodium sulfate (Na.SO.) solutions generated in various indus-
trial processes into valuable products - sulfuric acid (H.SO4) and sodium hydroxide (NaOH) using the electrodialysis method.
The problem of processing sodium sulphate solutions is relevant due to their significant volume and high content of inorganic
impurities, while traditional methods of purification are energy-intensive and economically inexpedient. The authors have
analysed the existing methods of obtaining and processing sodium sulphate solutions by electrodialysis using MC-40, MA-41
and MB-21 membranes and Ralex BM membranes. In purpose of electrodialysis the schemes of 3-chamber and 6-section elec-
trodialyzers using cation- and anion-exchange membranes of MC-40, MA-41 (RF) and EDC1R, EAC1R (PRC) grades were
applied. The scheme of bench installation of a multichamber electrodialyzer using EDAM and EDCM membrane brands was
considered. The conditions of experiments on 3 installations according to the method of probabilistic-deterministic planning of
experiments by Malyshev V.P. The dependences for the first installation were obtained: the degree of conversion on the con-
centration of Na;SOs, the duration of the process on the cathodic density and the content of MgSO4 impurity. Dependences of
energy consumption on concentration of initial solution and current density at 3 installations allow to judge about expediency
of electrodialysis process.
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1. Introduction main drawbacks of the process include low productivity and
significant gas evolution in the cell compartments.

Publication [10] presents a process flow diagram for the
treatment of Na,SO4-10H,0 precipitate via electrodialysis.
This precipitate forms at temperatures of 8-10°C. The tech-
nological scheme includes the following equipment: a three-
compartment electrolyzer, with a PbO; anode and a stainless-
steel cathode; circulation pumps; and solution storage tanks.
The initial concentrations of the solutions were: sodium
sulfate — 120 g/l, NaOH -5 g/l, and H»SOs—7g/l. Upon

In the industrial cycle of ore and concentrate processing,
which involves the extensive use of reagents such as H,SO4
and NaOH, a low-concentration sodium sulfate solution is
generated as a waste or by-product. The purification of such
dilute solutions is considered economically unfeasible and
energy-intensive. One of the methods for converting sodium
sulfate into concentrated alkali and acid is through mem-
brane-based electrodialysis processes [1-8] driven by an
electric current.

In article [9], the process of electrodialysis of a Na;SO4
solution using MC-40, MA-41, and MB-2I membranes is
studied, with the aim of producing concentrated solutions of
alkali and acid. The sodium sulfate solution used is a by-
product of the battery scrap recycling process. The authors
conducted experiments using model solutions of Na;SO4
(0.5 mol/l), H,SO. (0.005 mol/l), and NaOH (0.01 mol/l),
and presented several cell configurations employing ion-
exchange membranes. The best results were achieved using a
three-compartment, non-flow-type electrodialyzer equipped
with cation- and anion-exchange membranes. The resulting
concentrations of the products were 0.34 mol/l for NaOH and
0.23 mol/l for H,SO4, with specific energy consumptions of
0.84 kwWh/mol for NaOH and 1.10 kwh/mol for H,SO4. The

completion of the process, the resulting concentrations
reached 150 g/l for NaOH and 182 g/l for HSO4, under a
current density of 2 A/dm? and a processing time of 5 hours.
The system demonstrated a productivity of approximately
1 kg/(m?>h) and a specific energy consumption of
7.5 kWh/kg. The authors note the following drawbacks of the
process: significant gas evolution, the need for preliminary
purification of the solutions from impurities, and a limitation
on current density-exceeding 3 A/dm? is undesirable due to
the potential deterioration of process parameters.

Research [11] describes the conversion of sodium sulfate
into H,SO, and NaOH using Ralex BM membranes. The
investigation focused on the effects of current density and the
concentrations of acid and alkali on membrane transport
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efficiency. The system's productivity increased proportional-
ly with current density and decreased as Na,SO4 conversion
progressed. The current density in the experiments ranged
from 200 to 1000 A/m?, while the concentrations of acid and
alkali varied from 0.5 to 4 N. The setup employed platinized
electrodes, with a solution circulation rate of 2.5 I/h.

2. Materials and methods

Sodium sulfate solutions were prepared using analytical
grade Na,SO. reagent in accordance with GOST 195-77
[12]. The chemical composition of the substance used is
presented in Table 1.

Table 1. Composition of initial sodium sulfate

Name of indicator
Mass fraction of sodium sulfur dioxide Na,SOs,
%, not less than
Mass fraction of water-insoluble substances, %,
not more than

Pure for analysis
98

0.003
Shall withstand the tests

Acidity outlined in s. 3.4.
Mass fraction of alkali Na,CO;, %, not more 0.05
than )
Mass fraction of thiosulfates (S,03), %, not

0.02
more than
Mass fraction of chlorides (Cl), %, not more 0.00
than 005
Mass fraction of iron (Fe), %, not more than 0.0005
Mass fraction of arsenic (As), %, not more than 0.00002
Mass fraction of heavy non-ferrous metals (Pb), 0.0005

%, not more than

In the present work, experiments were conducted on three
setups differing in design and solution circulation schemes,
in order to compare key performance indicators.

For electrodialysis of sodium sulfate solutions with MgSO4
admixture to obtain H,SO. and NaOH, an installation in the
form of rectangular plates and frames made of Plexiglas was
made. The electrodialysis process was carried out in a three-
compartment apparatus (Figure 1) using MC-40 and MA-41
ion-exchange membranes [13, 14]. According to the manufac-
turers' specifications, the average electrical resistance of both
membrane types is in the range of 10.0-11.0 Q-cm?.

Figure 1. Electrodialyzer 3-section

The initial sodium sulfate solution, with a concentration
of 20-80 g/l and supplemented with MgSQO4, was fed into the
central (working) compartment of the apparatus. The catho-
Iyte and anolyte were prepared as follows:

— catholyte, distilled water with the addition of 2 ml of
30% NaOH solution;

—anolyte, distilled water with the addition of 2 ml of
300 g/l H2SO4 solution.

A platinized electrode served as the anode, with dimen-
sions of 50x100x2 mm and an anode surface area of
37.5 cm?; the cathode was made of stainless steel, sized
55x100x1 mm with a surface area of 41.25 cm?.

Experiments were conducted varying the following pa-
rameters:

— current intensity from 0.4 to 1.0 A;

— electrodialysis duration from 2 to 8 hours;

— MgSOQ, impurity concentrations of 2, 4, 6 and 8 g/l.

Figure 2 shows an improved design of a three-
compartment electrodialyzer with solution circulation and
pressurized tanks. The total solution volume, including the
pressurized tanks, was 600 ml.

Figure 2. Electrodialysis plant with continuous circulation of
solutions

Electrodialysis was performed using ion-exchange mem-
branes EDC1R and EACLR (PRC) [15, 16]. According to the
manufacturers' data, the electrical resistance of these mem-
branes averages 4.5-5.5 Q-cm? The setup consists of six
compartments arranged in the following order: cathode —
cation-exchange membrane (CEM) — anion-exchange mem-
brane (AEM) — anode — AEM — CEM - cathode. The dis-
tance between compartments is 10 mm. A platinized plati-
num (Pt) anode is installed in the central compartment, while
iron (Fe) and titanium (Ti) cathodes are placed in the outer
compartments.

Electrodialysis of sodium sulfate solutions on the pilot-
scale setup was carried out in continuous circulation mode
with simultaneous concentration of alkali and acid solutions
(Figure 3). The volumes of H,SO4, NaOH, and Na;SO4 solu-
tions were each 2 L. EDAM and EDCM [17] ion-exchange
membranes with a specific electrical resistance of 2.5-3 Q-cm?
were used. A platinized electrode served as the anode, while a
stainless-steel electrode was employed as the cathode.

In the last two setups, the circulation rate of electrolytes
was controlled by adjusting the power supply voltage to the
membrane pumps and by the electrolyte level in the pressur-
ized tanks. The densities of the Na;SO4, H2SO4, and NaOH
solutions were measured using a D6 Excellence digital densi-
tometer.
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Figure 3. Bench installation for electrodialysis of NazSOa solutions

Electrodialysis experiments with sodium sulfate solutions
were conducted following the probabilistic-deterministic exper-
imental design method developed by V.P. Malyshev [18-20].

3. Results and discussion

The conditions of experiments on electrodialysis of sodium
sulfate with magnesium sulfate admixture in a 3-chamber elec-
trodialyzer, and the results of experiments are given in Table 2.
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Table 2. Conditions of experiments on electrodialysis of
Na2S04+MgS0s solutions

Na;SO4, | MgSO,, Current Duration,

N gll g/l intensity, A hour Yo exp
1 20 4.00 0.60 4 63.92
2 20 4.00 0.40 2 16.01
3 20 4.00 1.00 8 93.05
4 20 4.00 0.80 6 66.7
5 40 2.00 0.60 2 34.66
6 40 2.00 0.40 8 53.1
7 40 2.00 1.00 6 53.42
8 40 2.00 0.80 4 50.67
9 60 8.00 0.60 2 13.53
10 60 8.00 0.40 8 35.55
11 60 8.00 1.00 6 48.43
12 60 8.00 0.80 4 24.61
13 80 6.00 0.60 2 22.97
14 80 6.00 0.40 8 32.35
15 80 6.00 1.00 6 39.22
16 80 6.00 0.80 4 16.48

Figure 4 presents the dependencies of the conversion de-
gree of the solution on the initial Na,SO4 concentration,
cathodic current density (ranging from 50 to 125 A/m?),
electrodialysis duration and MgSO4 impurity content.

Electrodialysis was performed at cathode current densi-
ties, dg, ranging from 50 to 125 A/m?. According to the
presented graphs, the degree of Na;SO4 conversion increases
with both the current density and the duration of the process.
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Figure 4. Dependence of the Na2SO4 conversion degree on various factors: (a) — initial Na2SO4 concentration; (b) — cathodic current
density; (c) — electrodialysis duration; (d) — MgSO4 impurity concentration

Figure 5 illustrates the dependence of the current strength
on the duration of electrodialysis.

The gradual decrease in current strength at the end of the
sodium sulfate electrodialysis process under a constant volt-
age is due to the reduction in salt concentration in the central
compartment, which in turn leads to a decrease in the solu-
tion’s electrical conductivity.

Figure 6 shows the dependence of specific energy con-
sumption during electrodialysis of sodium sulfate solution on
the initial Na;SQO4 concentration, cathode current density, and
MgSO. impurity content. Figure 6a shows that at high initial
sodium sulfate concentrations (60-80 g/l), the specific energy
consumption for electrodialysis is approximately 5 kWh per
1 kg of Na,SO..
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With an increase in current density (Figure 6b), energy
consumption increases accordingly.
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Figure 5. Dependence of current strength on the duration of
Na2S04 solution electrodialysis
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Figure 6. Dependence of specific energy consumption during

electrodialysis on various factors: (a) — initial Na2SO4 concentra-
tion; (b) — current density; (c) — MgSO4 impurity concentration

In the circulation setup, a dependence (Figure 7) was es-
tablished between energy consumption per unit mass of salt
and an average current density at the platinized anode of
60 A/m2. At sodium sulfate concentrations ranging from 60
to 150 g/l, energy consumption was found to be in the range
of 4-7kW-h/kg.

Reducing the salt concentration in the solution entering
the electrodialysis leads to a significant increase in energy
consumption from 7 to 34 kW-h/kg. In the apparatus the
distance between the cathode and anode was 3 cm. The in-
crease in energy consumption was attributed to the rise in
electrical losses along the circuit: platinized anode — H,SO.
solution — anion-exchange membrane — Na,SO4 solution —
cation-exchange membrane — NaOH solution — steel cathode.
Depending on the temperature and composition of the solu-
tions in the electrodialysis cell compartments, the total elec-
trical resistance of the system ranged from 2.8 to 10.9 Q.
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Figure 7. Dependence of specific energy consumption per 1 kg
of Na2S0O4 on the initial sodium sulfate concentration

For comparison of electrodialysis performance, experi-
ments were conducted on a pilot-scale setup equipped with
10 pairs of ion-exchange membranes. The conditions of the
sodium sulfate electrodialysis experiments, as well as the
conversion degree values obtained on the pilot setup at dif-
ferent initial solution concentrations and current densities,
are presented in Table 3.

Table 3. Conditions of experiments

N Na;SO, Current density, | Duration, = Na,SO, con-
g/l A/m? min version rate, %

1 86.3 17.02 600 8.7

2 78.8 14.15 1140 13.73

3 66.7 13.16 1080 7.20

4 61.9 23.10 300 5.53

5 79.6 118.57 240 36.53

6 50.5 60.24 300 22.92

7 39.0 89.64 300 42.33
NaOH circulation ' H,SO, circulation Na;SO,

N volume, L volume, L circulation volume, L

1 14.2 14.6 13.9

2 71.86 75.45 69.1

3 67.19 65.92 65.68

4 21.48 19.46 19.23

5 17.68 12.77 12.98

6 23.97 19.90 23.91

7 20.94 21.51 22.17

At duration of electrodialysis from 4 to 19 hours, con-
sumption of initial solution of sodium sulfate (Na,SO4) 13.9-
69.1 liters and current density 13.2-118.6 A/m? the degree of
conversion of sodium sulfate was 5.5-42.33%. The energy
consumption for the electrochemical process was 0.95-2.11
kW:-h per 1 kg of Na,SO..

Figure 8 shows the dependence of energy consumption for
electrodialysis on the initial concentration of sodium sulfate.
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Figure 8. Dependence of energy consumption for electrodialy-
sis on initial concentration of sodium sulfate

For predicting the required duration of the electrodialysis
process of sodium sulfate solutions to achieve the desired
degree of conversion, a dependence of the degree of conver-
sion on the current density was established. Based on the
data from Table 3, the values of current density and degree of
conversion were recalculated using interpolation. Figure 9
presents the dependence of the degree of conversion of
Na;SO4 on the current density at an electrodialysis duration
of 1 hour and an average salt concentration of 65 g/L.
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Current density, A/m?

Figure 9. Dependence of conversion rate on current density

Figure 9 clearly demonstrates that an increase in current
density leads to a consistent increase in the degree of conver-
sion of sodium sulfate during the electrodialysis process.

4, Conclusions

A series of experiments by the method of planning exper-
iments with solutions of Na,SQa, in the presence of magnesi-
um sulfate impurity MgSQ, at concentrations from 2 to 8 g/l
was carried out. During the electrodialysis process, the pos-
sibility of magnesium precipitation as a hydrated precipitate
was identified, along with the simultaneous production of
target products — alkali and acid.

A series of experiments was conducted using the experi-
mental design method with sodium sulfate (Na;SOs) solu-
tions of varying concentrations. The methodology was re-
fined, and dependencies of the key electrodialysis parameters
were obtained under steady-state conditions without solution
circulation. This enabled the development of an approach for
predicting the process duration required to achieve complete
conversion of the initial solution, as well as determining the
calculated number of electrodialysis stages needed for opera-
tion of the unit in continuous flow mode.

The main performance indicators of the sodium sulfate
electrodialysis process, determined based on solution density
and controlled according to Faraday’s law, are the degree of

conversion and the specific energy consumption per unit
mass of Na;SOa.

Dependences of sodium sulfate conversion degree on ini-
tial solution concentration, current density during electrodi-
alysis and process duration are described by polynomials of
the second degree.

The scaling up of sodium sulfate solution electrodialysis
technology is significantly limited by the high specific energy
consumption for salt processing. From this perspective, the
use of multi-chamber electrodialyzers is advisable, as they
enable an increase in the energy efficiency of the process.
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Anpatma. byn okymbIcta opTypii eHAipicTIK mporectepae TysineriH Hatpuit cyibdartel (NapSOs) epitiHainepin
INEKTPOIMATH3 JIICI apKBLIBI KYHIBI OHIMAepre — KyKipT KblnkbuieiHa (H2SO4) sxoHe Hatpuit ruapokcuaine (NaOH) kaiita
OHJIey MYMKIHZIrl KapacTelpbuiaael. Harpuii cynegarel epiTiHALIEpiH KaliTa eHIEY Maceseci OJap/blH KeIl MeJlepie
TY3UIyiMeH jkoHe OefopraHUKaJbIK KOCTIaIap/IbIH KOFaphl KYPaMbIMEH ©3€KTi, ajl JACTYPJIIl Ta3apTy 9iCTepi SHEPTHUSHBI KOl
KaKET €Teli KOHE SKOHOMMKAJBIK TYPFhIIaH THimcis. ABtopiap MK-40, MA-41 xone MB-2U, conpaii-ak Ralex BM
MeMOpaHaTapslH KOJJaHa OTBHIPBIN, HATPUI Cyab(aThl epiTiHAUIepiH 3JIEKTPOIUATN3 apKelIbl OHAIPY MEH KaiiTa eHICYdiH
KOJIJIAaHBICTAFbI dJIiCTEpiHE TaNAAy JKYPTi3/i. DIEKTPOoAHAU3 )KYPIridy YIIiH KaTHOH- XoHe aHnoHanMmacTthiprbiin MK-40, MA-
41 (P®) xome EDCIR, EACIR (KXP) wmapkansl MemOpaHamapsl KOJJAHBUIFAH 3 KaMepayibl JKOHE 6 CEKIHSIIBI
3JIeKTpoaAranu3aTop cyjibanapel naiiganansuiasl. Cornaii-ak EDAM xone EDCM mapkainsl MeMOpaHanap KOJAaHBUTFaH KOTl
KaMepaibl CTEHATIK KOHABIPFBIHBIH CYJI0achl KapacTBIPBUIABI. YII KOHZIBIPFBIAA ToXipuOenep >xyprisy maptrapsl B.IL.
MaJbImeBTiH BIKTUMAJIABIK-TIETCPMUHACTIK AKCHEPUMEHTTEPAl JKocmapiay odiciMeH KYpacTHIPhULABL. bBipiHINI KOHIBIPFHI
YIIiH Kejxeci Toyenniumikrep anblHAbl: NapSOs KOHLIEHTpAIMsAChIHAH KOHBEPCHUS JIOPEXeCi, KaTOATBIK TOK THIFBI3/IBIFBI MEH
MgSO; KocmachbiHBIH MeJepiHe OalIaHBICTBI IPOLECC Y3aKTHIFbl. bacTanmkbl epiTiHIIHIH KOHIEHTPAIMACHl MEH TOK
TBIFBI3/IBIFBIHA  OAalJIaHBICTBI SHEPTUs IIBIFBIHBIHBIH YII KOHIBIPFBI OOWBIHIIA aJbIHFAH TOYCSJAUIIKTEPl 3JIEKTPOIUaIH3
NPOLIECIHIH OPBIHABIIBIFBIH Oaranayra MYMKIHIIK Oepei.
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HcciaenoBanue MeMOpPaHHBIX MPOLECCOB IEKTPOAMAIN3A PACTBOPOB
cyJb(aTa HATPUS C pereHepanuei MeJ04Yr U KUCIOThI
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AnHoTauus. B nanHoi pabote paccMaTpuBaeTcs BO3MOKHOCTB IepepaboTku pacTBOpoB cynbdara HaTpus (NaxSO4), 006-
pasyIomUXCsl B Pa3lUYHBIX NPOMBIIUICHHBIX INPOIEccax, B IIEHHbIE MPOXYKTHI — cepHylo kucinoty (H2SOs4) m rmapoxcun
Hatpus (NaOH) ¢ ncnonb3oBaHmeM MeTona siekTpoananuia. [Ipodiaema mepepaboTku pacTBOPOB Cyib(ara HATPUS aKTyallb-
Ha B CBS3M C UX 3HAYUTEIBHBIM 00BEMOM M BBICOKHM COJICpKaHHEM HEOPTaHWYECKUX MPUMECEH, MPH 3TOM TPaJULIUOHHbIC
METOJIbl OYHUCTKH SIBJISIOTCS YHEPTOEMKHMHU M IKOHOMHYECKH HelLlelleco00pa3HbIMU. ABTOpPaMH MPOBEJECH aHaJU3 CYLIECTBY-
IOIIMX METOJMK MOJY4YEHHs U TIepepadOTKH PacTBOPOB CyJb(ara HaTPHs AIIEKTPOHAIN30M C UCIONIb30BaHneM MeMOpan MK -
40, MA-41 u MBb-211 u mem6pan Ralex BM. C uenbio npoBeieHHs SJIEKTPOIHaIN3a IPUMEHEHbBI CXEMBI 3-X KaMEepHOTo U 6-
TH CEKIIMOHHOTO 3JEKTPOJHAIN3aTOPOB C HCIOJIh30BAHMEM KaTHOHO-, aHHOHOOOMEHHBIX MeMOpaH Mmapok MK-40, MA-41
(P®) u EDCIR, EACIR (KHP). PaccmarpuBanack cxema CTEHJOBOH yCTaHOBKHM MHOTOKaMEPHOTO 3JIEKTPOAMANM3ATOpa C
ucroib3oBaHueM MemOpaH Mapku memOpan EDAM u EDCM. CocraBiieHbl yCIOBUS MPOBEACHHS DKCIIEPUMEHTOB Ha 3-X
YCTaHOBKax MO METOXy BEPOSTHOCTHO-AETEPMHHHUPOBAHHOTO IUIAHMPOBAaHUS SKkcnepuMeHToB MaubiieBa B.II1. IMomydenst
3aBUCHMOCTH /7SI IEPBOIl yCTAaHOBKH: CTEIIEHb KOHBEPCUH OT KOHIEHTpauuu Na,SOs, MpomomKUTEIBHOCTH Tpoliecca OT Ka-
TOJHOW IUIOTHOCTH M cofeprkanne npuMecu MgSOs. 3aBUCHMOCTH pacxo/ia 3HEPTUU OT KOHIIEHTPAIK Ha4aJbHOTO PacTBOpa
Y IUTOTHOCTH TOKA HA 3-X YCTAHOBKAaX IO3BOJISIOT CYAUTH O LENECO00Pa3HOCTH MIPOBEICHNUS MTPOIIECCa IEKTPOANANIN3A.

Knrwouegvie cnosa: cynopam nampus, s1eKmpoouanus, Memopantvle npoyeccol, CUOPOKCUO HAMPUs, CepHAs KUCIOMA.
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