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Abstract

Electrodialysis with the bipolar membrane is a process that allows recovery acid and
base from corresponding salt. Produced acid and base is possible to reuse back in the
source of the waste salt technology. Due to this fact, it is possible to decline the OPEX
and also decrease the environmental impact of many chemical technologies. The
present thesis focuses on the recovery of acid and base from the solution of a strong
electrolyte salt. During the experimental part, five different stack configurations were
measured and compared with each other. Based on the data obtained, the basic
migration effects in the membrane stack were described. The effects of current density
and product concentration (acid and hydroxide) on the purity and quantity of both acid
and base produced was studied in the three-compartment configuration. Obtained data
were analyzed and used to make a statistical prediction model. Furthermore, the volt-
ampere characteristics of the bipolar membrane were determined and correlated
between the co-ion migration through the bipolar membrane and the value of the first
plateau of U-I curve. The results show that the coordinate values of the first plateau
can preliminarily predict the quality of the products of electrodialysis with the bipolar
membrane.

Abstrakt

Elektrodialyza s bipolarnimi membranami umozriuje vyrabét z odpadnich roztokl soli
odpovidajici zfedénou kyselinu a hydroxid. Tyto produkty je nasledné mozné zaclenit
zpét do zdrojové technologie a alespon ¢astecné snizit provozni naklady a ekologickou
zatéz fady realizovanych procest. Predkladana disertatni prace se zabyva
experimentalnim studiem tohoto procesu zaméfenym na vyuziti heterogennich
bipolarnich a monopolarnich membran pfi zpracovani soli silnych elektrolytd. V ramci
experimentalni ¢asti prace bylo proméfeno a porovnano pét riznych konfiguraci
svazku elektrodialyzaCni jednotky s bipolarni membranou. Na zakladé provedenych
mérfeni byly poté popsany vnitfni migraéni déje. Pro tfikomorovou konfiguraci svazku
byl detailné studovan vliv koncentrace produktl a proudové hustoty na mnoZstvi a
Cistotu produkované kyseliny a hydroxidu. S vyuzitim ziskanych experimentalnich dat
byl navrzen statisticky regresni model procesu, ktery umoziuje predikci
predpokladaného mnozstvi a Ccistoty vyrabénych produktll pro kombinace jak
koncentraci kyseliny a hydroxidu, tak i proudové hustoty. Dale byly proméreny
voltampérové charakteristiky bipolarnich membran a hledany jejich vazby na procesni
charakteristiky elektrodialyzy s bipolarni membranou. Bylo prokazéno, Ze poloha
prvniho inflexniho bodu na U-I kfivce v symetrickém i asymetrickém usporadani je
mirou praniku koiontd vrstvami BPM a Ize ji vyuzit pro prvotni kvalitativni odhad
znedisténi produktd EDBPM pfi provozu realného membranového svazku.
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Introduction

Worldwide, large amounts of inorganic salts are discharged into the recipient every
year as a part of wastewater. Nowadays, many legislative regulations and decrees try
to limit the amount of the wastewater, both on the production side and the treatment
process side (discharging limits). Due to this fact, new separation processes are
playing a more important role in the wastewater treatment plant.

One of the modern approaches is the use of various modifications of electrodialysis
with ion-exchange membranes. Electrodialysis is an electrochemical separation
process by which ionic species are transported from one solution to another by
crossing one or more selective permeability membranes, under the influence of an
electrical current. Among the newly developed ion-exchange membranes also belongs
to a bipolar membrane (BPM). In its simplest form, BPM is a cation-exchange
membrane laminated together with an anion-exchange membrane, through an
intermediate layer. The intermediate layer is the most important part of the membrane,
which allows the electro-dissociation of water. The products are H* and OH~ ions. [3]
Based on the specific configuration of anion, cation exchange membrane, and bipolar
membrane into the stack, it is possible to produce acid and hydroxide from
corresponding inorganic or organic salt. [4 — 6]

The requirements for a bipolar membrane in practical applications are low electrical
resistance, high water dissociation rates, low co-ion transport rate, high ion-
selectivities, and good chemical and thermal stability in strong acids and bases.
Heterogeneous ion-exchange membranes generally have a higher electrical
resistance due to the longer pathway of the mobile ion in the heterogeneous membrane
structure and the higher probability of leakage of co-ions through water-filled gaps in
the membrane matrix which results in lower permselectivity. On the other hand, the
cost of heterogeneous membrane structures is substantially lower (2—4 times) in
comparison with homogeneous BPMs. Due to this fact, the BPMs can be used in
electro-membrane processes where the purity of the acids and bases does not play a
significant role, and the use of homogeneous BPMs is limited due to their high cost.
Simultaneously, a larger membrane area can be used in the industrial set up with
heterogeneous membranes allowing for mild operating conditions which reduce
membrane fouling and increase useful membrane life.

Since the emergence of BPMs is readily available as commercial products, a large
number of electrodialysis with bipolar membrane (EDBPM) applications have been
studied in a laboratory or pilot plant scale [7-10]. However, large-scale industrial plants
remain relatively rare. The main reasons for the inadequate use of EDBM relate to
shortcomings in the BPMs, which can result in a short useful membrane life, lower
output product concentrations, and higher product contamination. Because the basic
potential of EDBM applications is assumed to be a part of complex treatment systems,
a thorough analysis of such systems is also still missing.

The author of this Ph.D. thesis participated in the project (TACR TH01031077) solving
the implementation of electrodialysis with bipolar membrane to the already existing
treating process in the 0.z GEAM DIAMO s.p. in Dolni Rozinka, Czech Republic, where
large amounts of salt streams (mainly Na,S0,) were produced as a byproduct of the
alkaline leaching of uranium ore. This work is focused on the basic research of selected



parts of the electrodialysis process with the heterogeneous bipolar membrane. The
model material is an aqueous solution of sodium sulfate.

1 Aims of the thesis

Based on a detailed literature search and the author's experimental experience, the
presented doctoral thesis is focused on the basic research of electrodialysis with the
heterogeneous bipolar membrane. The research was carried out mainly in the areas
of :

1) effects of the membrane stack configuration (2,3, and 4 compartment
configuration) on the quality and quantity of produced acid and hydroxide; the
study and description of migration transports in the electrodialysis stack,
evaluation of the effect of each migration mechanism,

2) adetailed study of the effect of products concentration (both acid and hydroxide)
and current density on the purity of products in the three-compartment
configuration of electrodialysis with the bipolar membrane,

3) the correlation between the volt-ampere characterization of bipolar membrane
and process characterization parameters of electrodialysis with the bipolar
membrane.

1.1 Studied configurations

All configurations were designed to get a concentration of acid and hydroxide products
as high as possible. Also, the purity of products was an important parameter for
process optimization. The basic stack configuration is the three-compartment
configuration (Fig. 1). This configuration is built upon regularly recurring cation
exchange membrane (CEM), anion exchange membrane (AEM), and BPM. The
configuration allows the production of both acid and base. In the two-compartment
configuration (Fig. 2), only one “pure” product is obtained; the second one is always
contaminated with the feed salt. [11]
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Fig. 1 Three-compartment configuration
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Fig. 2 Two-compartment configurations with anion or cation exchange membrane

Four compartment configurations are used only in some special cases. In this study,
three different four-compartment configurations were designed (Fig. 3).
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Fig. 3 Four compartment configurations

Fig. 3 A) shows the four-compartment configuration, which has one more AEM in
comparison with the basic three-compartment configuration. The main idea of
integrating this extra AEM into the stack was to prevent the migration of H* through
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the stack (red arrow in Fig 3A). The duplicated AEM works as a barrier for H* ions and
due to this fact, the concentration of produced hydroxide should be higher compared
to the basic three-compartment configuration.

Fig. 3 B) presents another four-compartment configuration, which includes one more
CEM. This CEM helps to create one extra process stream containing NaOH. This
sacrificed NaOH solution acts only as a barrier for migration of H* ions. As a result,
the concentration of produced hydroxide should be higher in comparison with the
three-compartment configuration.

Fig. 3 C) describes the four-compartment configuration in which again one more AEM
is placed. Nevertheless, in comparison with the configuration mentioned above and
described in Fig. 3A), this configuration combines in one stack the standard
electrodialysis and EDBPM. An extra AEM doesn't create the barrier as it was
described in the previous case but creates a supported process stream, where NaOH
IS concentrated.

2 Experimental

2.1 Membranes and model waters

Membranes used in the experiments included cation-exchange (CEM) heterogeneous
membrane Ralex CM(H)-PP (Mega, Czech Republic), anion-exchange (AEM)
heterogeneous membrane Ralex AM(H)-PP (Mega, Czech Republic), and
heterogeneous BPM Ralex BM 3.1 (MemBrain, Czech Republic). Experiments were
performed using model wastewater containing sodium sulfate at concentrations from
10 to 32 g/l. The solutions were prepared from analytical reagent grade powder
received from Ing. Petr Svec — PENTA s.r.o., CZ and RO water. Chemicals used for
analytical titration measurements were prepared from standardized 0,1M HCl and
0,1M NaOH solution from Lach-Ner s.r.o., CZ.

2.2 Experimental unit description

Electrodialysis experimental tests were carried out using laboratory unit P EDR-Z/4x
from MemBrain s.r.o. company (see Fig. 4). This unit allows to control and regulate all
necessary electrodialysis parameters (current, flow, conductivity, pH, temperature,
etc.).

Fig. 4 P EDR-Z/4x experimental unit



Voltage-current tests were carried out using the testing cell with potentiostat unit. The
cell was designed in the four-compartment configuration. As a result, it was possible
to simulate the conditions of real EDBPM process. The cell was produced by
PlastService s.r.o. based on drawing proposal from the MemBrain company. The
potentiostatic unit used was Autolab PGSTAT 128N.

2.3 Feed and bleed mode

The main part of the experimental studies was carried out in the feed and bleed
operation mode. In this mode, it is possible to run the experiments in the steady-state.
The schematic drawing of feed and bleed mode is shown in fig. 5. The system is
operated at a constant concentration of acid, hydroxide, and salt solution.
Nevertheless, during the electrodialysis, the concentration of both produced acid and
hydroxide continuously increase, and the concentration of salt solution decreases.
Therefore, it is necessary to add the demi water continuously to acid and hydroxide
solution produced to regulate (decrease) the product concentration to the
concentration required. For feed salt solution, it is necessary to add a high
concentrated solution of salt to keep the system in a steady-state system.

Na,50,
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s
-
-

H.0

Na,S0,
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I
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[10g/1) (25 /1)
NaOH Na,S0,

Fig. 5 Feed and bleed mode set up

2.4 Design and analysis of experiments

To obtain the maximum amount of information from a least or optimal number of
experiments, the methodology of design of experiments (DoE) was used. The main
application of DOE methodology was in experiments focused on the study of the effect
of selected factors such as current density and both acid and base concentration on
maximum concentration and purity of products. A central composite design was used
for building a model for the response variable without needing to use a complete three-
level factorial experiment. The results obtained (responses) were statistically analyzed
using Fischer tests of analysis of variance (ANOVA) with software Statistica 12.0
(StatSoft). Using this approach, it was possible to identify what is an order of the effects
of factors on the responses, and are there mutual effects of factors. The experimental
data were fitted with the polynomial of the second order.



3 Results and discussion

3.1 Effect of stack configuration

Fig. 6 shows the maximum achievable concentration of sodium hydroxide in four
different stack configurations. The highest concentration of sodium hydroxide was
obtained in the four-compartment configuration BCCA (58 g/l), which was about 30%
higher compared to the value in the standard three-compartment configuration (45 g/l).
In the four-compartment configuration, BCAA has measured slightly lower hydroxide
concentration (50 g/l), while in the case of two-compartment configuration the
concentration of sodium hydroxide was approximately 40 g/l, which is similar to the
value in the three-compartment configuration. Four compartment configurations have
a positive effect on increasing the maximum achievable hydroxide concentration.
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Fig. 6 Changes of NaOH concentration and maximum achievable concentration

To explain the results measured the Fig. 7 summarizes possible transports of ions
through the membrane stack. The green color represents desirable transports; orange
+ red colors represent undesirable transports of ions through the stack. It is known that
the H* ions are quite small, and their mobility is minimal of one order higher than the
mobility of other ions. Due to this fact, H* ions pass quickly through AEM and can
easily migrate to the stream of produced NaOH, where the H* ions react with OH~
ions.
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Fig. 7 lon transport through the BCCA EDBPM stack

Fig 8 shows time changes in the concentration of protective NaOH (green color). It is
evident that with increasing concentration of acid, the concentration of hydroxide in the
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protective stream decreases. Furthermore, the results show that the decline of
hydroxide concentration is lower for low concentrations of acid, while if the
concentration of acid gets more then 38 g/l the negative slope characterizing the
decreasing of hydroxide concentration is higher, which means that under these
conditions more H™ ions pass through the AEM.
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50 o $ 0 oo
340_____________.__: @® produced NaOH
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S 10+ : 9.

e : e
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T
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time [min]

Fig. 8 Concentration of all stream in BCCA configuration

In the case of sulfuric acid, the highest concentration of produced acid was obtained
in the three-compartment configuration BCA (60 g/l), as it is shown in Fig. 9. Four
compartment configurations allowed concentration 52 g/l (BCCA) and 54 g/l (BCAA),
respectively. The sulfuric acid concentration in the two-compartment configuration was
only 15 g/l. Explanation, why the four-compartment configurations give a lower
concentration of sulfuric acid in comparison with the three-compartment configuration
should be the fact, that both duplicated membranes (CEM, AEM) don't stop the
increased migration of H* ions. As a result, there is an imbalance of ions in the acid
stream and the migration of SO; 2 ions take place.

604 o ® o
(Y

50 P “ s
%40 [ ]
o 8 o ® BCa
0,30+ @ BCAA
+ @ ® Bcca
© 20- g ® BC

10 :.n o0 oo

i o BCA BCAA BCCA BC
0 &
0 100 200 300 400 500 600 700

time [min]
Fig. 9 The maximum achievable concentration of sulfuric acid

Fig 10 shows the consumption of electricity for the three-compartment (CBA) and four
compartment configurations. The three-compartment configuration has the lowest
energy consumption. It is because the three-compartment configuration stack has less
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membrane in total, so the electrical resistance of the stack is lower compared to the
four-compartment configurations.
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Fig. 10 Comparison of the electrical consumption of various EDBPM configurations

3.2 Effect of concentration and current density on quantity and
quality

Fig. 11 shows the contour plot of the production of both acid and hydroxide
independence on the concentration of the products. The production of acid and
hydroxide depends mainly on the concentration of acid. The graph also shows that
lower concentration has a positive impact on the quantity of products. The difference
in product quantity at high and low concentration is significant. From this point of view,
it is better to produce both acid and hydroxide with lower concentration.

Fig 12 shows similar contour plot of production value not only in dependence on the
concentration but also on current density. It is obvious that current density has a
significant effect, dominantly in the case of production of sodium hydroxide. If it is
necessary to increase the production of acid and hydroxide, the higher current density
can help to reach this goal.

Production NaOH [g/m®.h] ProductionH,s0, [g/m".h]

15 = 0,000 157—= < 0,000
= - 450 . - 45,00
3 20+ 90,00 F 204 — 90,00
el 1350 % ' :
B , S 135,0
6 & 180,0 o 254 - 180,0
5 wli 226,0 < 225,0
“:" 2 270,0 = 30+ 270,0
£ s i | 350 5 315,0
g e . 360,0 g 351 = 360,0
S = | 405,0 .
3 . ; o 405,0
40 T=—r Y . ; ' 4500 40— T p 450,0
40 35 30 25 20 15 - 40 35 30 25 20 15 !

concentration NaCH [g/l]

concentration NaOH [g/1]

Fig. 11 Effect of concentration on the quantity of produced acid/hydroxide
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Production NaOH [g/m’.h] ProductionH_so, [g/m®.h]
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Fig. 12 Effect of current density and products concentration on produced quantity

Above described experimental results were modeled by the second-order polynomial
equation using response surface methodology. The level of the confidence was set at
95% for all responses, and the probability was expressed as p-value at the significance
level of 0.05. The regression coefficients were calculated, employing the least square
method. Still due to certain variations in both, the predicted response and the
coefficients estimates, it was made ANOVA tests of analysis of variance to show that
hypothesis was valid. The model was taken as satisfactory when the regression was
significant, and the lack of fit is non-significant for the confidence interval. As a result
of the prediction of the produced quantity of acid J,.;; and hydroxide Jny4rox, the
following equations were obtained

Jacia = 249,549 — 137,471 * Cy, 59, — 35,204  Cyaop + 84,367 - p; )
Jhydrox = 244,677 — 90,864 - Cy 50, — 24,878 p? + 61,992 - p, ?3)

where p; is current density and C; is concentration.

Another important parameter for the description of EDBPM is the quality (purity) of
produced acid and base. Fig 13 shows the results of unsteady EDBPM experiments in
the three-compartment setup. The concentration of both produced acid and hydroxide
play an important role from the point of view of purity as well as the time necessary to
reach the steady-state. It was found that it is necessary to perform tests minimally 18
-20 hour, to be sure that the final measured value is the steady-state value.
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Fig. 13 Three compartment EDBPM - changes in products purity in time

Fig 14 and Fig 15 show contour plots of purity (acid, hydroxide) dependence on the
concentration of produced acid (base) and current density. It is evident that the
produced acid has higher purity in comparison with the produced hydroxide.
Furthermore, the produced acid concentration play an important role in the purity of
hydroxide. It is mainly due to the fact, that H* ions pass easily through AEM as it was
described in Fig. 7. As a result, there should be charge imbalance and the higher
concentration of SO; 2 ions, which can pass through BPM to hydroxide stream.

Similar to quantity measurements the prediction equations for the purity of produced
acid (% acid purity) and base (% hydroxid purity) were obtained by statistical
evaluation as

% hydroxid purity = 80,577 — 30,511 - Cy, 50, + 3,077 - p, 4)
% acid purity = 90,596 — 10,816 - Cy, 5o, — 12,404 - Cyqop (5)
_2,295 b pIZ + 4,118 b pI - 5,621 - CH2504_ - CNaOH
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Fig. 14 Effect of products concentration and current density on the purity
of hydroxide

Purity H,SO, [%] Purity H SO, [%]

60,00 60,00
64,00
68,00

64,00
68,00
| 72,00 40
76,00
76,00 e
80,00 84.00
88,00

84,00
88,00 92,00

30 Z -
92,00 e e i . 96,00
96,00 35 -/ — 100,0

100,0
b current density [A/m2]

concentration NaOH [gh]

concentration NaOH [g/l]
(4]
1

154 -
450
400

50
00
250
200-

b ) : | I - o
g 8 8 & §®
concentrationH,S0, [g/l]

Fig. 15 Effect of products concentration and current density of purity of acid

3.3 Voltage-ampere characterization of bipolar membrane

The current density across a bipolar membrane was also measured as a function of
the applied potential drop. As a result, an inflection point can be observed in the
obtained current-voltage curve at a certain voltage value. This inflection point indicates
the start of the extra electro-dissociation (splitting) of water. The results should be
obtained in a few seconds (minutes). Nevertheless, the standard volt-ampere tests are
used mainly to compare different membranes in the system with the same salt solution
on both sides of BPM as shows Fig. 16 (red curves).

Na,SO/Na, S0, H,S0/NaOH
—Bhi3.1 — BM31
018« - + Fumatech « = = Fumaiech. 200

0,08 =+

=
4

current [A]
:

current density [

B0 <=

0,00 =

25 0
voltage [V]

Fig. 16 Comparison of U-l curves between heterogeneous bipolar membrane BM3.1
homogeneous bipolar membrane Fumatech in two different combinations of solutions

It is evident from Fig. 16 that heterogenous bipolar membrane gives worse result in
comparison with homogeneous one. Splitting water voltage is lower for homogeneous
(three times); also the current density in inflection point is lower, which means that
fewer co-ions can pass through the homogeneous membrane, and the final purity of
produced acid and hydroxide should be higher compared to the heterogeneous
membrane. Fig 16 also shows that the asymmetric combination of solutions (acid-
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BPM-hydroxide) causes that the classic shape of the U-I curve almost disappears. In
the case of the heterogeneous membrane, it is possible to find some inflection point
(basic plato), but homogeneous membrane doesn’t have. Because the heterogeneous
membrane has some inflection point, it was possible to make preliminary
measurements focused on the effect of concentration of acid and base on both sides
of BPM on the shape of U-I curve. The results are shown in Fig. 17. Based on this
data, inflection points were evaluated, and values of current density at inflection points
were determined.
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Fig. 17 Effect of acid and base concentration during asymmetric combination
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Fig. 18 Value of current in the inflection point

It follows from Fig. 18 that the increasing concentration of acid and hydroxide also
increases the value of current in the inflection point. As per quality, it corresponds to
previous results obtained in EDBPM unit.

4 Conclusions

The obtained data show that the membrane stack configuration has a significant effect
on the maximum achievable concentration of both the acid and the base produced.
Furthermore, the data obtained contributed to the description of the main migration
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transports in the stack. It was found that the limitation for products purity is the
selectivity of BPM, while in the case of quantity, it is the selectivity of AEM.

Three compartment configuration was used to determine the effect of the concentration
of acid and base on process parameters, mainly on the quality and quantity of products.
All experimental dependencies were modeled by the statistical regression equations
which enable to predict the quality and quantity of produced acid and hydroxide. If the
requirement for a final concentration of sulfuric acid is not higher then 15 g/I, it is much
more efficient to operate EDBPM at this concentration of acid, or lower. The optimum
concentration of hydroxide is about 30 g/l.

The experiments focused on the volt-ampere characterization of bipolar membrane
show that there is a significant difference between homogeneous and heterogeneous
bipolar membrane. Also, it was found that there is a partial correlation between the
result obtained by voltage-amper test and longtime tests using the standard EDBPM
laboratory unit. Nevertheless obtained data cannot determine the exact effect of each
ion in the solution. Due to this fact, further in-depth research on this topic is necessary.
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