
X
IV

 C
on

fe
re

nc
e 

E
nv

ir
on

m
en

ta
l

nr 10/2013 • tom 67 • 1015

Electromembrane processes in treatment of mixed 
industrial wastewater – an introductory research
Hanna JAROSZEK, Mariusz NOWAK, Bożenna PISARSKA – Inorganic Chemistry Division „IChN”  
in Gliwice of Fertilizers Research Institute, Gliwice, Poland

Please cite as: CHEMIK 2013, 67, 10, 1011–1018

Introduction
Waste salt solutions are generated in industrial processes 

mostly during inal neutralization process. Recovery of inorganic 
acid/base from corresponding salt can be obtained by electro-
membrane methods: electro-electrodialysis (EED), membrane 
electrolysis or electrodialysis with a bipolar membrane (EDBM) [1]. 
Recovered solutions are pure enough to return them into main 
process stream, forming integrated (coupled) system. Sodium 
sulfate inds application in paper, textile and glass industry, sodium 
bicarbonate production and for home laundry detergents. But, 
its waste solutions are simply severed, as their cost and energy 
consuming puriication is considered noneconomic. Since most of 
processes generating waste Na2SO

4 
solutions use both H2SO

4
 and 

NaOH, IChN developed a method of recovering them from waste 
salt solution [2]. Such coupled system is particularly suitable for 
spent lead-acid battery processing [3].

Waste sodium sulfate solutions containing organic compounds 
are generated i.e. during the production of polyethyleneimine and 
cyclohexanone. It is well known that biological treatment –the last stage 
of on-site efluent treatment– successfully removes most of organic 
compounds. However, it is insuficient for inorganic compounds. 
Common practice of linking all plant wastewaters directed to sewage 
treatment plant often means releasing unchanged load of inorganic 
compounds into surface water. Legally permissible concentration of 
Na+ and SO

4
2- ions in wastewater is 800 and 500 mg/l, respectively 

[4]. What is more, high content of sodium sulfate in the wastewater 
stream prevents biological activity so demineralization step should 
precede biological treatment. Most commonly used for this purpose 
membrane methods, such as reversed osmosis or nanoiltration 
[5] are hampered by the presence of organic compounds, leading 
to membranes fouling. Other known methods: precipitation of 
sulfates with barium (followed by reversed osmosis or ion exchange) 
or salting with organic solvent [6] are inacceptable in principles 
of green (sustainable) chemistry. Electromembrane methods are 
powerful tool for separation of charged compounds from a solution 
and environmental friendly alternative for many technologies [7, 8].

The objective of this work was to assess the possibility 
to demineralize waste sodium sulfate solution containing organic 
compounds, with simultaneous production of H2SO

4
 and NaOH 

that can be returned into main process stream. Demineralization of 
wastewater should make it suitable for biological treatment without 
exceeding inorganic compound requirements in wastewater. The 
electro-electrodialysis process was chosen as particularly suitable for 
such treatment.

Methods

Electro-electrodialysis process
Treatment of waste sodium sulfate solution incorporate electro-

electrodialysis in three-chamber apparatus. The unit cell is shown 
schematically in Figure 1.

Waste salt solution is introduced to the middle chamber of 
electrolyzer (dilution chamber). Driven by electric force, SO

4
2- ions 

permeate through anion exchange membrane to anode chamber. 
Here, protons (as H

3
O+ ions) compensate negative charge of SO

4
2- 

ions, forming sulfuric acid. At the anode, an oxidation of water occurs, 
generating oxygen gas. Na+ ions from waste salt migrate through 
cathode and permeate through cation exchange membrane. In the 
cathode chamber sodium hydroxide is formed and hydrogen gas is 
generated on cathode. Diluate coming out from dilution chamber 
has lowered concentration of sodium sulfate.

Fig. 1. The idea of electro-electrodialytic treatment of waste 
Na2SO

4
 solution MA- anion exchange membrane, MK – cation 

exchange membrane, A – anode chamber, R – dilute chamber, 
K – cathode chamber

To evaluate inluence of organic compounds on EED process, 
experiments were conducted on model solution, without organic 
compounds simultaneously.

Laboratory installation
The scheme of laboratory installation is shown in Figure 2. 

Electrodialyzer chamber were made of poly(methyl methacrylate), 
volume 100 cm3 each. Active surface of each membrane and electrode 
was 1 dm2. Electrodes were made of platinized (about 10 µm thick) 
perforated titanium sheet. As active surface of anode, platinum is 
resistant to sulfuric acid and elementary oxygen. As active surface 
of the cathode, platinum is resistant to sodium hydroxide, prevents 
hydrogen embrittlement of Ti and has low hydrogen overpotential. 
Distance between electrodes was 12 mm.

To better understand processes occurring during EED, electrolyte 
solutions were circulated between applicable electrodialyzer chambers 
and vessels (2 dm3 calibrated cylinders) with low rate v = 2.5 l/h 
provided by multichannel ISMATEC pump.

An anion exchange membrane by MEGA and a cation exchange 
membrane by DuPont were used in experiments.
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Fig. 2. The scheme of laboratory installation
Circulation chambers of: 1-cathode, 2-dilution, 3-anode; 4-electro-

dialyser, 5-pump, circulating vessels: 6-anolyte, 7-treated solution, 
8-catholyte; 9-autotransformer, 10-rectiier

Measurements
During experiments, by known analytical methods were 

measured:
in anolyte: H• 2SO

4 
concentration and COD

in catholyte: NaOH concentration and COD• 
in treated solution: SO• 

4
2- and H2SO

4 
concentrations, COD and pH.

Concentration of Na2SO
4
 was determined as difference between 

measured SO
4

2- and H2SO
4
 concentration.

COD was determined by dichromate method. Volumes of 
circulating solutions were measured in ixed time intervals.

Process parameters
The initial volumes were: anolyte V

a
=1500 cm3, catholyte 

V
k
=1000 cm3, treated solution VS=1500 cm3. Process parameters were 

as follow: current I=7.5 A, current density j=7.5 A/dm2, average cell 
voltage E

z
=5.4 V. Total batch time was t=26 h, corresponding to total 

electrical charge Q=195 A·h. During the process the temperature of 
solutions increased by few degrees.

Characteristics of treated solutions

Waste sodium sulfate solution (RO)
Waste sodium sulfate solution contained inorganic compounds: 

sodium sulfate and sulfuric acid, and various organic compounds, 
characterized by the value of chemical oxygen demand (COD). The 
solution has a pungent, unpleasant odour.

Characteristics:
Na2SO

4 
168.7 g/l

H2SO
4
 6.05 g/l

COD  34 g/l
pH  4.3

Model sodium sulfate solution (RM)
Model solution of acidiied sodium sulfate without organic 

compounds was prepared with distilled water.

Characteristics:
Na2SO

4 
164.33 g/l

H2SO
4
 9.15 g/l

COD  0 g/l
pH  2.4

Results and discussion
The results of treatment process for both waste and model solution 

are summarized in Table 1.
Table 1

Comparision of electro-electrodialysis treatment of waste sodium 
sulfate (RO) and model solution (RM) – changes after Q=196 A·h

Parameter

Treated solution

Waste 

(RO)
Model 
(RM)

Tr
ea

te
d 

so
lu

tio
n

Volume. percent change -37.30 -25.30

SO
4

2- concentration. percent change -56.00 -52.50

Na2SO
4 
concentration. percent change -93.63 -88.30

H2SO
4 
concentration. percent change +668.40 +635.70

Average current eficiency of SO
4

2-. percent 36.02 35.56

Average current eficiency of Na2SO
4
. percent 44.30 42.45

C
at

ho
ly

te

Volume. percent change +43.30 +46.5

NaOH concentration. percent change +73.65 +54.55

Average current eficiency of NaOH. percent 48.46 44.31

An
ol

yt
e

Volume. percent change +3.30 +2.70

H2SO
4 
concentration. percent change +86.40 +74.55

Average current eficiency of H2SO
4
. percent 40.31 38.16

Treated sodium sulfate solution
For EED of the both waste and model solution a decrease in volume 

and in SO
4

2- and Na+ ions concentration was observed (Tab. 1). The pH 
value dropped: for RO from 4.3 to 1.5 and for RM from 2.4 to 1.4, due 
to increasing concentration of H2SO

4
. The COD value of RO solution 

decreased slightly: from 34 to 32 g/l. However, handling of COD 
value itself is misleading in this case – due to considerable decrease 
in solution’s volume, the overall decrease of the oxygen demand was 
20.9 g/l, which represents 40.9% of the initial value.

Fig. 3. Change of current eficiency of SO
4

2- and Na+ ions with electric 
charge during treatment of waste sodium sulfate and model solution
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Fig. 4. Change of current eficiency of SO
4

2- and Na+ ions with their 
molar concentration during treatment of waste sodium sulfate and 

model solution. Arrows show direction of the EED progress

Concentration of sulfuric acid in treated solution indicates uneven 
current eficiency of Na+ and SO

4
2- ions. Figure 3 shows that initially 

high current eficiency of Na+ ions decreased during the process (after 
195 A·h to 0.08% for RO and to 0.14% for RM); for model solution 
the curve is more linear. For SO

4
2- ions, current eficiency is lower 

form the start (49.5% for RO, 39% for RM) and decreases slower, 
almost linearly. Figure 4 explains causes and consequences of this state. 
During process, the molar concentration of Na2SO

4
 decreased from 

1.19 to 0.08 mol/l for RO, and from 1.16 to 0.14 mol/l for RM while 
the concentration of SO

4
2- ions drops from 1.25 to about 0.6 mol/l for 

both solutions. Since the negative charge of SO
4

2- ions in the solution 
must be balanced, the difference (0.47 mol/l for RO and 0.45 mol/l for 
RM) is balanced by H

3
O+ ions. Transport of protons through the cation 

exchange membrane rise, causing a large decrease in volume of the 
treated solution and described above increase of catholyte volume.

Anolyte
The concentration of sulfuric acid in the anolyte increased 

by 86.4% during EED of RO, and slightly less in cause of the 
model solution. Anolyte volume rise slightly, by about 3%. Further 
concentration of acid is possible, but with decreasing eficiency, as can 
be seen in Figure 5. The current eficiency of H2SO

4
 decreased from 

46.3 to 27.8% for RO, and from 43.1 to 33.8% for the RM. This is 
caused most probably by low selectivity of anion exchange membrane 
used in the study. High current eficiency should be favored by initially 
higher concentration of SO

4
2- ions in the waste solution, as transport 

of ions was supported by diffusion. This state was reversed during 
the process, but the difference was not large, and transport of ions 
against concentration gradient is common in electrodialysis.

Fig. 5. Change of H2SO
4
 concentration in the anolyte with electric 

charge during treatment of waste sodium sulfate and model solution

The similarity of the results for the model and waste solution 
indicates that the presence of organic compounds have negligible 
effect on EED process (Tab. 1). However, organic compounds 
permeate to the anolyte: after Q = 195 A·h the COD value of the 
solution was 3.4 g/l.

Catholyte
The concentration of NaOH increased to maximum value of 

180.2 g/l for RO and 158.5 g/l for RM; after that it started to decrease 
(Fig. 6). Therefore it should be assumed that these are the highest 
concentrations achievable in used conditions. The decrease occurs 
due to the growing water transport through the membrane. 
Non-zero current eficiency of NaOH indicates that formation of 
hydroxide still occurs, but large amount of H

3
O+ ions transported 

together with Na+ form the dilution chamber created a described 
limit state. The volume of catholyte is increased by almost half, 
making it impossible to reach aimed concentration of 250 g/l (about 
20%). Transport of water through the membrane is associated with 
the hydratation of permeating cations; water transport characteristic 
is often given by the membranes manufacturers. For the membrane 
used in the study, in normal conditions about 41% NaOH solution 
would be obtained.

Fig. 6. Change of NaOH concentration in the catholyte with electric 
charge during treatment of waste sodium sulfate and model solution

Organic compounds permeated also into catholyte. The inal COD 
value was 6.3 g O2/l.

Analysis of Figure 4 suggests that under the described conditions 
the removal of Na+ and SO

4
2- from waste Na2SO

4
 is carried out in two 

overlapping stages:
1.  The treated solution is acidiied as the current eficiency of Na+ 

ions exceeds the current eficiency of SO
4

2- ions; the concentration 
of NaOH in the catholyte increases.

2.  The NaOH current eficiency is low, SO
4

2- and H
3
O+ ions are 

gradually removed to the anolyte or catholyte, respectively; the 
concentration of NaOH in the catholyte does not increase.
Of course, such way of process conducting will be uneconomical: 

despite the high consumption of electrical energy, obtained 
concentration of NaOH will be low.

Conclusions
Treatment of mixed organic-inorganic wastewater is an ongoing 

and complicated problem. Electromembrane processes seem to be 
an environmental friendly solution, allowing for the recovery of acids/
bases from solutions of waste salt.

Results of the preliminary study suggest that fulillment of the tasks 
set for the process, namely:

demineralization of waste Na• 2SO
4 
solution

production of sulfuric acid of concentration • ≥ 20%
production of sodium hydroxide of concentration • ≥ 20%
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in the process of electro-electrodialysis is possible. However, 
a necessary condition is selection of ion exchange membranes with 
high and similar selectivity. This will provide high and similar current 
eficiency of H2SO

4
 in the anolyte and NaOH in the catholyte. Also, 

the pH value of the solution in the dilution chamber will be close 
to neutral, and the rate of water transport through the membranes 
will be similar to   known from industrial practice. It was also found 
that organic contaminants in the solution do not have any major 
impact on the electrodialysis process, until the membrane is made of 
organic-resistant material.
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