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Abstract Bipolar membrane electrodialysis (BMED) is
considered a state-of-the-art technology for the conversion
of salts into acids and bases. However, the low concentra-
tion of base generated from a traditional BMED process
may limit the viability of this technology for a large-scale
application. Herein, we report an especially designed
multistage-batch (two/three-stage-batch) BMED process
to increase the base concentration by adjusting different
volume ratios in the acid (Vyiq), base (Vpase), and salt
compartments (V). The findings indicated that perfor-
mance of the two-stage-batch with a volume ratio of V,.q4:
Viase: Vsaie = 1:1:5 was superior in comparison to the three-
stage-batch with a volume ratio of Viq:Viase: Veare = 1:1:2.
Besides, the base concentration could be further increased
by exchanging the acid produced in the acid compartment
with fresh water in the second stage-batch process. With
the two-stage-batch BMED, the maximum concentration
of the base can be obtained up to 3.40 mol- L', which was
higher than the most reported base production by BMED.
The low energy consumption and high current efficiency
further authenticate that the designed process is reliable,
cost-effective, and more productive to convert saline water
into valuable industrial commodities.

Keywords Dbipolar membrane electrodialysis, multistage-
batch, base production, high-salinity wastewater

1 Introduction

To date, large volumes of saline wastewater is discharging
from various industries such as coal mining industry,
power generation, pulp and paper, petrochemical industry
and etc. For instance, according to the China Water
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Resources Bulletin 2018, about 75 billion tons of waste-
water is discharging every year in China, while the
industrial saline wastewater accounts for one fourth of total
volumes of wastewater. In addition, industrial saline
wastewater has high salt content that causes destruction
to the ecosystems, salinity of soils, and death of aquatic
species. Therefore, industrial saline wastewater should be
treated before released to the main stream [1]. In past
decades, various methods for treating saline wastewater are
biological treatment (salt-tolerant organisms) [2], absorp-
tion [3], ion exchanger [4], and hybrid membrane
technologies ultrafiltration and reverse osmosis) [5].
Among these methods, membrane based technology is
becoming a promising treatment that can dramatically
reduce or completely eliminate the formation of secondary
waste. Recently, novel technologies toward zero liquid
discharge (ZLD) [6,7] are emerging which can meet with
the strict legislation of wastewater disposal. The imple-
mentation of ZLD systems requires further concentration
of brine, evaporation, and crystallization process to obtain
dry salt. For instance, high-pressure reverse osmosis,
membrane distillation [8], forward osmosis, and electro-
dialysis [9,10] have been applied for the concentration of
brine to a very high salt content [2]. Nanofiltration is
widely applied for the separation of monovalent/divalent
salts and the reduction of waste discharge [7,11-15].
Multi-effect distillation, mechanical vapor compression are
the most economically viable technologies for the
concentration of salt [16,17]. Recently, bioinspired mem-
brane based separation process has also been developed for
high-efficient water treatment [18-20]. ZLD is a sustain-
able method from the viewpoint of circular economy [6].
But a major challenge for the implementing of ZLD is how
to recycle the recovered salts. The recovered salts from a
ZLD plant are usually considered as hazardous waste
because these salts contain a small fraction of organic
matters. The conventional procedures for the purification
and production of the high-purity NaCl from natural brines
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is the solar evaporation procedure where the multivalent
salts (magnesium chloride, magnesium sulfate, and
magnesium bromide) are settled out from the concentrated
brine during the movement of brine from one pond to
another. But for the recovered salts, the crystallization
method is ineffective to separate salts from the organic
matters. Moreover, the low added-value of the recovered
salt also hinder the potential valorization of salts. As a
result, the salt waste from the ZLD process is becoming a
new kind of secondary pollutant that it is urgent to be
treated.

Bipolar membrane electrodialysis (BMED) is a very
promising process for the valorization of salt waste [21].
By taking the advantages of the accelerated water splitting
in the BMED, this technology allows the concurrent
conversion of the salt (such as NaCl) into the correspond-
ing acid (HCI) and base (NaOH). Many industries use acid-
base in their processes which also lead to the formation of
saline wastewater such as NaCl, if the generated salt is split
again into acid-base successfully, it may develop a circular
economy with the maximum recovery of valuable
components [5,22]. However, the concentrations of acid
and base produced by a typical BMED are not very high
(max base conc. 3.6 mol-L™") which restrict the adapt-
ability of the BMED technology. Referring to the recently
published data about BMED, Ghyselbrecht et al. [23]
performed a BMED experiment using saline water (NaCl
and KCl), and reported a concentration of base 2 mol- L™
with a high purity. Similarly, Reig et al. [24] reported the
BMED generation of HCl and NaOH concentration up to
1.99 and 2.14 mol- L', respectively. Ibafiez et al. [25] used
the BMED with softened reverse osmosis brine as feed in a
bench-scale setup. The produced HCl and NaOH con-
centrations were around 0.8 and 1.0 mol-L ', respectively
[25]. Xue et al. [26] treated the sodium acetate residue
using a BMED technology and a 0.556 mol-L™" of NaOH
was reported. Recently, Herrero-Gonzalez et al. [27]
reported the BMED production of HCl and NaOH up to
ca. 3.3 and ca. 3.6 mol- L™, respectively. They concluded
that concentrations were almost 50% higher than any other
reported in the literature. The specific energy consump-
tions were in the range 0f 21.8-43.5 kWh kg ' of HCL. But
the specify energy consumption for base generation was
not considered. In the market, the price of base (NaOH) is
much higher than the price of acid such as HCI in the
practical case. To increase the concentration of base and
decrease the energy consumption for base generation is the
foremost thing for the BMED process.

The main reason that restricts the concentration of base
or acid in BMED process is the transport of water
molecules through the ion exchange membrane via
electro-osmosis and concentration-gradient osmosis. The
electro-osmosis is caused by the electro-migration of
hydrated ions from salt compartment to the acid or base
compartment diluting the acid or base concentration. This
factor is more pronounced for the generation of higher

concentration of base and acid. In the latter period of
BEMD experiments, the osmotic-pressure difference
between the acid/base compartment and salt compartment
will accelerate the transport of water molecules from the
salt compartment into the acid or base compartment [7].
Previous studies on BMED were mainly focused on the
optimization of operating parameters such as current
density, voltage drop, temperature, and flow velocity.
These experiments were performed on batch or single-
stage BMED for the conversion of salt into acid and base,
in which the concentration gradient is relatively high.
Unfortunately, the multi-stage cascade, a widely adopted
strategy in the electrodialysis [28,29], has been rarely
reported in the BMED process.

In this research, the main objective is to investigate the
feasibility of multistage-batch BMED experiment includ-
ing two-stage-batch and three-stage-batch for highly
concentrated base generation. We studied the effect of
change in salt compartment solution or both acid and salt
compartment in multi stage batch (two/three stage) for
volume ratio Vyciq: Vase: Vsare = 1:1:5 and Vicia: Voase: Valt =
1:1:2, aiming to obtain high base concentration. The
optimized current density of 50 mA-cm™ was applied
during the experimental process. Results indicate that two
stage with a volume ratio of V,¢iq:Vpase: Veare = 1:1:5 with
changing both acid and salt compartment solution show
high concentration of base (3.4 mol-L™") with a low energy
consumption of (1.54-1.9 kW-h™") in first and second
stages.

2 Experimental
2.1 Materials

The ion exchange membranes and bipolar membranes used
for BMED were CM-2 (a cation exchange membrane
(CEM)), AM-1 (an anion exchange membrane (AEM))
and BP-1E (a bipolar membrane), which were all
purchased from ASTOM Corp, Japan; the physiochemical
properties are illustrated in Table 1. All the chemicals are
AR grade and purchased from Sinopharm Chemical
Reagent. Deionized water was used.

2.2 BMED apparatus

The BMED setup, principle and digital photograph is
shown in Fig. 1. Figure 1(a) shows the BMED setup that
consists of different units such as power supply, membrane
stack, pumps and different compartments. Figure 1(b)
shows the BMED stack in detail, which consists of a set of
membranes, i.e., five CM-2, four BP-1E, and four AM-1
membranes, forming four acid compartments, four base
compartments, and four feed compartments, respectively.
The membrane with an effective area 189 cm® was
separated using a spacer (0.75 mm) in the BMED stack.
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Table 1 The main properties of the membranes used for the experiments ¥

i i i Burst
Thickness Tensile Area Functional Reinforcing Water splitting ~ Water splitting
Membrane Jm strength resistance ou membrane strength voltase/V efficienc
/MPa /(Q-em?) group matrix /MPa & Y
AM-1 0.11-0.16 =0.20 1.2-2.0 R4NT PS-DVB + PVC - - -
CM-2 0.11-0.16 =0.15 2.0-4.5 R-SO; PS-DVB + PVC - - -
BP-1E 0.22 - - - - =0.40 1.2 >0.98
a) The data was obtained from the manufacturer. PS, polystyrene; DVB, divinylbenzene; PVC, polyvinyl chloride.
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Fig. 1 (a) Schematic BMED setup containing (1) a direct current power supply, (2) a membrane stack with four cell pairs, (3) acid
chamber, (4) base chamber, (5) rinse solution, (6) feed chamber, and (7) peristaltic pumps; (b) schematic diagram of the BMED cell
configuration assemble with CEM, bipolar membrane and AEM; (c) the digital photo of BMED system.

Three different solutions were used in experiment, (a) feed
solution (NaCl, 3.5 wt-%), (b) electrode rinse solution
(NaySOy, 0.3 mol-L™", 500 mL), and (c¢) deionized water
(400 mL) as initial solution for acid and base compart-
ments. The flow rates of various streams were controlled
by the peristaltic pumps (BT600L with 2 x YT15 pump
head, Baoding Lead Fluid Technology Co. Ltd., China) at

flow rate of 400 mL-min'. The digital photo of BMED
system is shown in Fig. 1(c).

2.3 Experimental design

A high concentration of base solution was produced
through multistage-batch BMED process as shown in
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Fig. 2. Four operation modes were designed and
investigated, including (a) three-stage-batch BMED with
changing salt solution, (b) two-stage-batch BMED with
changing salt solution, and (c) two-stage-batch BMED
with changing salt and acid solutions. The volume ratio
between acid, base and salt solutions (V,cia: Viase: Vsalt) Was
set as 1:1:2 in mode (a), while that was set as 1:1:5 in
modes (b) and (c). In the multistage-batch BMED process,
each batch was operated at constant-current mode at a
current density of 50 mA-cm? (9.45 A). During each
batch operation, the conductivity of the feed compartment
was monitored by a conductivity meter (DDS-307,
Shanghai INESA & Scientific Instrument Co., Ltd.,
China). The experiment was stopped once the conductivity
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of the feed solution decreased to 10 mS-cm™. Samples
were taken in different interval of time from acid and base
compartment to measure the concentration of NaOH and
HCI by titration.

2.4 Data calculation and evaluation

Current efficiency (y, %) and energy consumption
(E, kWh-kg™") are the important parameters to evaluate
the performance of BMED process and were calculated
from the concentration of acid and base produced during
the BMED process. Volume change was also considered
during calculating current efficiency and energy consump-
tion. The current efficiency # is given by Eq. (1):
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Fig. 2 Schemes for multistage-batch BMED design: (a) three-stage-batch BMED with changing salt solution (V,ciq: Voase: Vsare = 1:1:2);
(b) two-stage-batch BMED with changing salt solution (V,ciq: Vpase: Vsare = 1:1:5); (c) two-stage-batch BMED with changing salt and acid

solutions (Vacia:Voase: Vearr = 1:1:5).
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(CVi— CoVo)F

x 100%, (1)
f NIdt

]’]:

where C, and C, are the concentrations of acid or base
solution at time ¢ and O respectively, V, and V, are the
volumes of acid or base solutions at time ¢ and 0
respectively, F is the faraday constant (96485 C-mol™),
and / is the current applied during the BMED process (I =
9.45 A).

The energy consumption (kWh-kg™) is calculated
according to Eq. (2):

E— f ce]l pall’S dr
CV—CoVo)M

_ f (Ustack - Uelectrode compartments)l dr (2)
(CV,=CoVo)M ’

where Ucy pairs 18 the voltage drop across the four cell
pairs, U, 1s the voltage drop across the membrane
stack, Ugectrode compartments 18 the total voltage drop of
cathode and anode compartments, which can be calculated
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by the previous method [28], and M is the molar weight of
acid or base.

3 Results and discussion

3.1 Three-stage-batch BMED with changing salt solution

Three-stage-batch BMED was carried to produce high
concentration of base solution. Here, the desalinated feed
solution was discharged after each stage, and a new feed
solution was feed in the salt compartment in next stage. In
the three-stage-batch BMED process, the volume ratio
between acid, base and salt solutions (Vciq: Voase: Vsalt) Was
set as 1:1:2. A constant-current density of 50 mA-cm?
was applied for BMED stack.

Figure 3 shows the BMED performances as a function of
time. In each stage, the conductivity of salt solution can be
decreased to 10 mS-cm™ as shown in Fig. 3(a). However,
the conductivity of salt solution increases first, and then
decreases as a function of time. The reason can be ascribed
to the acid leakage from the acid compartment to the salt
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Fig. 3 BMED performance in three-stage-batch BMED with changing salt solution: (a) conductivity of salt solution, (b) membrane

stack voltage, (c) acid concentration, and (d) base concentration (note: Vciq: Voase: V-

salt = IR 2)
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compartment [30-32]. As the stage advances, the voltage
across the membrane stack exhibits a decreasing trend
since that the concentration of the produced acid and base
increases gradually as can be seen in Figs. 3(c) and 3(d).
After three-stage-batch BMED, the acid concentration can
reach to 0.5, 1.2, and 1.89 mol-L' in first, second, and
third stages, respectively; while the base concentration can
reach to 0.69, 1.55, and 2.41 mol-L™', respectively.
Besides, the energy consumption and current efficiency
were calculated as shown in Table 2. It can be seen that the
energy consumption in first stage is similar to that in
second stage. However, the energy consumption in third
stage is higher than that in the first two stages. The reason
is that the running time of the third stage is longer, resulting

in an increase in f Ucell pairs/d?. As a consequence, the

energy consumption increases as the stage advances. The
current efficiency decreases as the stage advances, which is
caused by the longer running time according to the Eq. (1).
For instance, the current efficiency for NaOH decreases
from 66.05% to 38.79% rapidly as the stage advances.

3.2 Two-stage-batch BMED with changing salt solution

As mentioned above, three-stage-batch BMED was carried
to produce high concentration of base solution. However,
the concentration of the produced base is not high enough.
Previous report has indicated that high volume ratio of
dilute to concentrate in electrodialysis process can produce
highly concentrated solution [28,31]. Therefore, the
volume ratio between acid, base and salt solutions (V,ciq:
Viase: Vsair) Wwas changed to 1:1:5 compared with the above
section. In addition, two-stage-batch BMED was designed.
Specifically, the desalinated feed solution was discharged
after the first stage, and a new feed solution was feed in the
salt compartment in the second stage. A constant-current
density of 50 mA -cm * was applied for BMED stack.
Figure 4 shows the two-stage-batch BMED perfor-
mance. In both stages, the conductivity of salt solution was
decreased to 10 mS-cm™ as shown in Fig. 4(a). The
running time of the second stage (100 min) is longer than
that of the first stage (80 min). The voltage across the
membrane stack was stable at the range of 8-12 V. In the
first stage, the acid and base concentrations can reach to
1.09 and 2.30 mol-L™", respectively. Both values are
higher than that in the three-stage-batch BMED process;
the reason is that the Vcig: Vpase: Vsaie Was changed as 1:1:5
in two-stage-batch BMED. Herein, the acid concentration

is much lower than the base concentration, which can be
ascribed to the acid leakage from the acid compartment to
the salt compartment due to the lower proton blocking
performance of the used AM-1. Compared with "OH ions,
the protons have smaller in size and higher in ion mobility.
The leakage of H* across the anion-exchange membrane is
more pronounced compared with the leakage of "OH ions
across the cation-exchange membrane. This phenomenon
was consistent with numerous studies that the acid
concentration is lower than the alkali concentration for
the BMED process [33-36]. In the second stage, the
concentration of acid and base can be increased to 2.30 and
2.91 mol-L™, respectively. Both values are higher than
that in the third stage as mentioned above. Besides, the
energy consumption and current efficiency for NaOH
increases and decreases as the stage advances respectively
as shown in Table 3. The reason can be ascribed to the
longer running time with relatively less amount of
produced NaOH according to Eqgs. (1) and (2). While for
HCI, on the contrary, the energy consumption and current
efficiency decreases and increases as the stage advances,
respectively. The reason may be that the acid leakage in the
second stage is lower than that in the first stage, because
the produced acid in the second stage is larger than that in
the first stage as shown in Fig. 4(c).

In overall, the BMED performance of two-stage-batch
(Vacid: Voase: Vsaie = 1:1:5) is better than that of three-stage-
batch (Vycia: Viase: Vsait = 1:1:2) in consideration of the high
concentration of the produced acid and base.

3.3 Two-stage-batch BMED with changing salt and acid
solutions

In multistage BMED process, it is hard to avoid acid
leakage because of the poor proton blocking performance
of AEMs [30]. However, the acid leakage should be
controlled to produce much higher base concentration to
meet the requirement of industrial application. Generally,
the acid leakage is caused by two driving forces including
concentration diffusion and electro-migration [31]. In
BMED process, the concentration gradient of H* ions
between the acid and salt compartment increases as a
function of time. Under a constant current operation mode,
the acid leakage caused by the electro-migration should
remain unchanged. However, the acid leakage caused by
the concentration diffusion would exhibit an increasing
trend due to the increased concentration gradient of H*
ions between the acid and salt compartment, which is

Table 2 Energy consumption and current efficiency in three-stage-batch BMED with changing salt solution

Energy consumption/(kWh-kg ')

Current efficiency/%

Vacid: Vbase: Vsalt Stage

HCl NaOH HCl NaOH

1:1:2 First 2.13 1.44 48.92 66.05
Second 1.95 1.45 45.73 56.00

Third 3.56 2.62 31.24 38.79
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Fig. 4 BMED performance in two-stage-batch BMED with changing salt solution: (a) conductivity of salt solution, (b) membrane stack
voltage, (c) acid concentration, and (d) base concentration (note: Vyeig:Voase: Veare = 1:1:5).

Table 3 Energy consumption and current efficiency in two-stage-batch BMED with changing salt solution

Energy consumption/(kWh-kg ')

Current efficiency/%

Vacid:Voase: Vs St

acid: Vbase? Fsalt 28° HCI NaOH HCI NaOH

.15 First 3.44 152 28.98 59.93
Second 243 265 34.54 28.81

disadvantageous for the base production with a much high
concentration. Hence, in two-stage-batch BMED, the
operation mode was changed as follows. The desalinated
feed solution and produced acid solution were both
discharged after the first stage, and a new feed solution
and fresh water were feed in the salt compartment and acid
compartment respectively in the second stage.

Figure 5 shows the BMED performance as a function of
time. We can see that in the second stage, the acid
concentration increases from 0 to 1.57 mol-L!, while the
base concentration increases from 2.30 to as high as 3.40
mol-L™". In this process, the acid concentration was lower
than that in the above section. Therefore, the concentration
of H' ions between the acid and salt compartment was low,
and then low acid leakage. Accordingly, the base

concentration can be increased much more compared
with the above section as shown in Fig. 5(d). Meanwhile,
the energy consumption for NaOH in the second stage can
also be decreased to 1.90 kWh-kg™ (Table 4), lower than
that in the above section (2.65 kWh-kg™). Besides, the
current efficiency for NaOH in the second stage can be
increased to 41.73% (Table 4), higher than that in the
above section (28.81%).

In overall, in two-stage-batch BMED, the high con-
centration base solution can be produced when both the
desalinated feed solution and produced acid solution were
discharged after the first stage, and a new feed solution and
fresh water were feed in the salt compartment and acid
compartment respectively in the second stage. Besides, the
operating energy consumption is relatively low.
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Fig. 5 BMED performance in two-stage-batch BMED with changing salt and acid solutions: (a) conductivity of salt solution,
(b) membrane stack voltage, (c) acid concentration, and (d) base concentration (note: Vycia:Voase: Vsare 1S 1:1:5).

Table 4 Energy consumption and current efficiency in two-stage-batch BMED with changing salt and acid solutions

Energy consumption/(kWh-kg ')

Current efficiency/%

Vaci HZ ase:Vsa St

@ base: Pl e HCI NaOH HCI NaOH

1:1:5 First 3.49 1.54 28.98 59.93
Second 2.36 1.90 36.73 41.73

3.4 Multistage-batch BMED performance evaluation

In the BMED process, high concentration of the acid and
base solution is usually expected. Researchers have
focused only on single stage BMED for acid and base
production [24,37-41], in which acid and base can be
concentrated to as high as 2.0 for acid and 2.5 mol- L™ for
base. How to further improve the concentration of the
produced acid and base solutions? Multistage-batch
BMED maybe an advanced method for producing highly
concentrated acid and base solutions. Table 5 shows the
production of maximum NaOH via BMED technology
using different feed concentration compared with this
work. The initial feed concentration in this work

(0.5 mol-L™" NaCl) was equal to the seawater salinity
(NaCl 3.5 wt-%), lower than the feed concentration of
some reported researches [24,27,37,38,40,41]. Although,
the maximum concentrations of the produced acid (2.30
mol-L™") and base (3.40 mol-L™) in this study are higher
than the reported values. This should be ascribed to the
advantageous of multistage-batch BMED as aforemen-
tioned.

4 Conclusions

In this study, multistage-batch BMED was proposed to
convert salt to highly concentrated acid and base solutions.
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Table 5 Summary of HCI and NaOH production using different concentration of NaCl as feed in BMED process

NaCl feed ‘ ' Max. HQI Max. NaQH CuI"rent Energy consumption
Concentflaltlon Mode of operation Concentreitllon Concentrzit]lon efficiency /(kWh-ke 1) Ref.
/(mol-L™7) /(mol-L ) /(mol-L ") 1%

0.5 Multistage-batch 2.30 3.40 59-41 1.54-1.9 This work
1.71, 3.42 Batch 1.99 2.14 55-88 1.7 [24]
ca. 1.00 Semi continuous 0.98 1.64 44 7344 [27]
0.02 Batch ca. 0.2 ca. 0.2 85-35 - [39]
0.6 Batch 0.22 0.29 95 - [38]
0.048-0.390 Continuous 0.05-0.30 0.04-0.30 - 0.09 [42]
ca. 1.00 Batch 0.8 1 61-80 1.94-2.51 [37]
0.65 Batch 0.7 0.4 74-50 7.6-8.2 [40]
1.2 Batch 1.6 1.7 - - [41]

Three-stage-batch BMED and two-stage-batch BMED
were designed with different Vi, iq:Vpase:Vsarr: Results
indicate that BMED performance of two-stage-batch with
Vacid:Voase:Vsaie = 1:1:5 is superior to that of three-stage-
batch with Vyeiaq: Voase: Vsate = 1:1:2. Because the maximum
concentrations of the produced acid and base in two-stage-
batch BMED are the highest, and the energy consumption
is relatively low. Additionally, in two-stage-batch BMED,
the operation mode was investigated to further improve the
concentration of the produced acid and base solutions.
During the two-stage-batch BMED process, the base
concentration can be improved further when the produced
acid in the first stage was discharged and fresh water was
used as initial solution feed into acid compartment in the
second stage-batch. Hence, high concentration of base
solution (3.40 mol-L™") can be produced by two-stage-
batch BMED with Viq:Voase: Veare = 1:1:5. Further studies
should be investigated for the optimization of membrane
type, salt concentration, current density, and so on. Also,
membrane fouling needs to be considered when treating
the industrial waste salts.
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