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Abstract: A large amount of mine water is generated during coal production, which not only damages
the surface environment and ecology but also wastes groundwater resources in the mining area,
exacerbating regional water scarcity. In this work, a novel zero liquid discharge technology com-
bining selectrodialysis (SED) and bipolar membrane electrodialysis (BMED) was developed for the
resourceful treatment of low-salinity mineralized wastewater. The SED stack had demonstrated to be
workable for the elimination of multivalent ions. The BMED stack converts brine into acid and base.
After SED, a high pure crude salt (~98%) was attained. Furthermore, under the conditions of a current
density of 20 mA/cm2, a flow velocity of 20 L/h, and an initial acid/base concentration of 0.10 mol/L,
the maximum concentrations of acid and base were found to be 0.75 mol/L and 0.765 mol/L, re-
spectively, for a feed conductivity of 55 mS/cm. The cost of the entire electrodialysis stage was
evaluated to be USD 1.38/kg of NaOH. Therefore, this combined UF-RO-SED-BMED process may be
an effective strategy for the sustainable treatment of low-salinity mineralized wastewater.

Keywords: selectrodialysis; bipolar membrane electrodialysis; mineralized wastewater; recovery;
influence factors

1. Introduction

Nowadays, water scarcity is becoming increasingly serious due to the rapid develop-
ment of the global population and economy [1]. The western region of China is rich in coal
resources but lacks water resources. Most of the mining areas in this region are located
in arid and semi-arid regions due to the prevailing climatic conditions, and the available
freshwater resources are relatively scarce. However, a significant amount of mine water is
generated and discharged during the coal production process to ensure safe mining. This
mine water generally contains chloride ions, sulfate ions, calcium and magnesium ions, etc.
The direct discharge of mine water not only causes the waste of groundwater resources in
the mine area and aggravates the tension of water for living in the area but also pollutes the
surface environment and ecology around the mine area. According to statistics, the total
water resources of Chinese coal mines were about 6.89 billion m3 in 2018, but the average
utilization rate was only 35% [2]. Especially for the northwest region (Xinjiang, Qinghai,
Gansu, Ningxia, Inner Mongolia, and Shaanxi), the water resources account for only 5.84%
of the total national water resources. Moreover, turbid mine water occupies 60% of the
water gushing from key state-owned coal mines in northern China, and highly mineralized
mine water accounts for about 30% [3]. Therefore, desalination of mineralized mine water
is crucial in solving freshwater shortage and water pollution problems.

To date, most of the miscellaneous mineralized brine and miscellaneous brine con-
centrated water involved in the industrial wastewater treatment process are treated by
evaporation, and some of them are chemically dosed and then resourced. This method
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requires the consumption of a large number of pharmaceuticals, which is complicated and
cumbersome, with great difficulty in controlling the number of pharmaceuticals added,
high impact of residual pharmaceuticals on the subsequent treatment, low efficiency of
equipment treatment, as well as great difficulty in further separation due to the addition of
pharmaceuticals. In recent years, more and more research has been conducted on impurity
removal of miscellaneous salt concentrated water and resource treatment of mixed salt
solution after impurity removal, but there are still many issues to be solved in the process
of brine treatment, such as low impurity removal efficiency, high chemical consumption,
poor precision separation of miscellaneous salt and low utilization rate of separated salt.
Thus, from the perspective of ecological, environmental protection and resource recovery,
the resourceization of mineralized brine is imperative.

ED is typically recognized as a mature membrane separation technology with low
energy consumption, low cost, and low pollution, which has been widely used to treat
brackish water [4]. Moreover, with the development of membrane technology, some specific
functional membranes are gradually matured and commercialized, such as monovalent
selective exchange membranes and bipolar membranes. Based on these functional mem-
branes, a series of electrodialysis technologies for specific separation targets have been
derived, such as selective electrodialysis and bipolar membrane electrodialysis. Moreover,
electromembrane processes have been extensively applied to the separation of waste salts,
seawater desalination, and organic acid/base production [5]. Selectrodialysis (SED) applies
alternating stacks of monovalent ion exchange membranes (monovalent cation exchange
membranes and monovalent anion exchange membranes), which are typically built by
separated spacers to form multiple compartments. Driven by electric potential, the ions
in the dilution chamber could move via the monovalent ion exchange membrane to the
concentration chamber to achieve the separation of divalent ions [6]. Zhang et al. [7] have
studied the separation efficiency of monovalent/multivalent anions from RO concentrate
by using SED. Moreover, they found that reducing the current density has a positive effect
on the separation efficiency of monovalent/polyvalent anions. Nie et al. [8] demonstrated
that selectrodialysis (SED) is technically and financially achievable to isolate lithium from
salt lake brine with a high Mg/Li ratio. In summary, these investigations have proven that
selectrodialysis (SED) is workable and useful for isolating multivalent ions.

Bipolar membrane electrodialysis (BMED) is also often used for the treatment of salt
water. It combines traditional electrodialysis with a bipolar membrane and can separate
salt water into corresponding acids and bases without adding any chemicals [9]. Water
molecules in the bipolar membrane (BM) are dissociated into H+ and OH− at both poles
of the bipolar membrane. Then, H+ and OH− migrate across the bipolar membrane by
electric field forces to form the corresponding acid and base solutions [10,11]. Hence, BMED
can be used for acid-base production as well as for resource regeneration from the waste
stream, thereby reducing or even completely eliminating waste emissions. There are a
number of reports on the sustainable production of chemicals based on BMED. For example,
Chen et al. [12] reported the production of high-purity LiOH (99.75%) from high-purity
Li2SO4 solution by using BMED. Liu et al. [13] achieved the isolation of phenol as well
as Na2SO4 from industrial effluents by BMED and transformed inorganic salts to NaOH
as well as Na2SO4. Melnikov et al. [14] used a two-stage scheme of bipolar membrane
electrodialysis and electrodialysis to prepare concentrated sulfuric acid, achieving a high
electrolyte concentration at low energy consumption. There are also reports on the applica-
tion of BMED for the production of acids and bases from NaCl-rich brines. Du et al. [15]
evaluated the economics of HCl and NaOH production from reverse osmosis effluent
(brackish reverse osmosis brine) using the BMED process. Sanhita et al. [16] covered the
utilization of nano-filtered SWRO brine for BMED to minimize the interaction of divalent
cations to produce pure HCl and NaOH. Nevertheless, almost all research has concentrated
on synthetic solutions and seawater reverse osmosis saline water, and there is no organized
research for resource treatment of low-salinity mineralized brine or wastewater through
the BMED process.
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Therefore, in this study, a combined technology consisting of UF, RO, SED, and
BMED is proposed for the concentration and purification of low-salinity mineralized
wastewater, as well as for the production of acids and bases. The UF + RO filters and
concentrates the wastewater, while SED achieves the separation of single and multivalent
cations in the concentrated wastewater. Finally, bipolar membrane electrodialysis converts
the purified brine into the corresponding acids and bases, with the aim of achieving zero
liquid discharge and resourceful treatment. The optimum operating parameters for the
entire process, including initial salt content, current density, flow rate, and initial HCl
and NaOH content, were systematically studied. As seen in Figure 1, the low-salinity
mineralized wastewater was primarily pretreated through ultrafiltration (UF) to remove
insoluble impurities such as colloids and suspended particles from the water. Next, the
UF output water was enriched by reverse osmosis (RO) procedure, and a large amount of
purified water obtained can be used for operation water in the electrodialysis process and
cleaning of membrane stack. In order to remove Mg2+ and Ca2+ from the wastewater to
obtain a high-purity salt-containing solution, a selective electrodialysis (SED) process was
used to treat the solution. The SED concentrate solution with enriched Na2SO4/NaCl was
utilized in the BMED procedure to recover NaOH as well as H2SO4/HCl. In addition, the
SED dilution was treated by the RO process again, and the concentrated solution enriched
with Mg2+ and Ca2+ can be precipitated by recovered NaOH. The recovered acid can be
used for cleaning coal in the mining area. Subsequently, the effect of initial salt content,
current density, flow rate, and initial acid and alkali content in the BMED process were
studied. A small amount of alkali and mixed acid were also used to adjust the pH and
cleaning ultrafiltration device, RO device.
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2. Experimental
2.1. Materials

Hollow fiber ultrafiltration membrane was purchased from ZUANXIN, Guangdong,
China. The RO membrane for the RO unit was purchased from Vontron Technology Co.,
Ltd., Guizhou, China. Cation exchange membrane (membrane type: CAM) and anion
exchange membrane (membrane type: AAM) were purchased from LANRAN, Hangzhou,
China. Monovalent-selective ion-exchange membrane (membrane type: CSO) and bipolar
membrane (membrane type: BPM) were from ASTOM (Tokyo, Japan). The main properties
of the commercial membranes are given in Table 1. All reagents utilized for the experiment
(such as HCl, KCl, Na2SO4, MgSO4, NaCl, CaCl2, NaOH, and Na2SO4) were of analytical
grade. The low-salinity mineralized wastewater was collected from a coal mine in western
China (conductivity, 3 mS/cm; total dissolved solids (TDS), 20.27 mg/L). The composition
of the mineralized wastewater is presented in Table 2.

Table 1. Main properties of the membranes.

Membrane
Type

Thickness
(mm)

Burst
Strength
(MPa)

Area
Resistance
(Ω cm2)

Transport
Number
(%)

Temp (◦C)

CAM 0.20–0.34 0.6 6–8 – 25–40
AAM 0.34–0.38 >0.6 5–7 – 25–40
BPM 0.28 >1.0 – – 25–40
CSO 0.1 0.15 2.3 97 –

Table 2. Main components of mineralized wastewater.

Na+

(µg/L)
Mg2+

(µg/L)
K+

(µg/L)
Ca2+

(µg/L)
Cl−
(µg/L)

SO42−

(µg/L)

Feed 7829.75 70.2 74.01 91.01 3.96 7.82

2.2. Pretreatment of Low-Salinity Mineralized Wastewater through UF + RO and UF + ED

To prevent membrane fouling from insoluble particles and potential damage to the ex-
perimental device in subsequent experiments, the raw low-salinity mineralized wastewater
underwent ultrafiltration to remove impurities such as colloids and suspended particles.
To further concentrate the low-salinity mineralized wastewater after ultrafiltration, two dif-
ferent concentration processes, electrodialysis (ED) and reverse osmosis (RO) were utilized.
The RO process was operated at a pressure of 2.10 MPa, with a raw material liquid volume
of 16.1 L, and was able to concentrate the solution to 36.34 mS/cm after 36.34 min. Three-
stage ED was used to concentrate the raw material solution to three different concentrations
(35 ± 2 mS/cm, 55 ± 2 mS/cm, 75 ± 2 mS/cm). The study investigated the effects of con-
centration factor, energy consumption, and water transport and compared the applicability
of RO and ED based on concentration factor and energy consumption. The large amount
of purified water produced in this process can be used for the electrodialysis process and
for cleaning or transporting the membrane stack. Table 3 shows the composition of the
concentrated solutions obtained from the different processes.

Table 3. The main components for different solution concentrations.

Conductivity
(mS/cm)

Na+

(mg/L)
K+

(mg/L)
Mg2+

(mg/L)
Ca2+

(mg/L)
Cl−
(mg/L)

SO42−

(mg/L)

RO 34.34 10,794.2 133.5 113.6 131.2 7011.4 13,885.3

ED
35 10,807.1 136.5 108.7 128.2 7063.1 13,953.1
55.23 17,380.8 181 177 234.9 10,890.2 23,018.1
74.63 25,458.1 284.6 264 331.9 16,614 32,830.6
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2.3. Apparatus and Experimental Procedures

To prevent the occurrence of membrane fouling induced by insoluble impurities such
as colloids and suspended particles in the feed solution, a pretreatment process of UF
was carried out in this study. Polyvinylidene fluoride ultrafiltration membrane with a
filtration pore size of 10–100 nm was used for ultrafiltration. The brackish water, after
ultrafiltration, was introduced into the reverse osmosis device. The RO device was cycled
with 3% hydrochloric acid for 20 min prior to the start of the experiment, then cycled
with deionized water. The mixed brine was enriched into the concentration cell under a
pressure of 30 bar. The clean water of the reverse osmosis process can be applied to the
electrodialysis procedure as well as to the membrane stack cleaning.

The diagram of the BMED and SED stack is shown in Figure 2. The SED stack contained
mainly three replicated cells, each consisting of an anion exchange membrane and a
monovalent cation exchange membrane in series (effective area of 187.2 cm2). Furthermore,
Adjacent membranes are divided by a 0.7 mm spacer. Every unit was separated into an
electrode chamber, a dilution chamber, and a concentration chamber. Electrode chamber
was fed with 3% Na2SO4 solution, and dilution chambers and concentration chambers
were fed with reverse osmosis concentrate and deionized water. Similarly, the BMED
stack contained mainly four replicated cells, each consisting of a BPM, AEM, and a CEM
connected in series (effective area of 187.2 cm2). Formation of feed chamber, acid chamber,
and base chamber are between two adjacent membranes. A 3% Na2SO4 solution was used
for the electrode chamber, brine solution from the concentration chamber of the SED was
used for the feed chamber, and deionized water was used for the base and acid chambers.
These membranes are divided by a 0.7 mm spacer. The volume of each compartment is
1 L. In addition, the solution rate in all chambers is set to 20 L/h. Before the experiment,
the liquid in every chamber was cycled for roughly 20 min to get rid of bubbles on the
membrane surface. In particular, the ED stack and BMED stack were both operated by
adopting batch mode.
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2.4. Analytical Methods

The solution conductivity was analyzed by a conductivity meter. The concentrations of
Na+, K+, Ca2+, Mg2+, SO4

2−, and Cl− were measured by ICP-MS, respectively. The content
of major cations during the experiment was determined by ion chromatography. The
concentration of OH- was measured by titration with methyl orange as an indicator. The
concentration of H+ was measured by titration utilizing phenolphthalein as an indicator.
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2.5. Data Analysis

The current efficiency η (%) was defined as Equation (1) [17].

η =
Z(C tVt − C0V0)

NIt
× 100% (1)

Here, C0 and Ct (mol/L) are the concentration of Na2SO4 or NaOH at time 0 and t,
respectively; V0 and Vt (L) are the solution volume in the concentrate tank or base tank
at time 0 and t, respectively; F = 96,485 C/mol; N is the number of cell pairs (SED, N = 3,
BMED, N = 4); I (A) is the current applied.

The energy consumption E (kWh/m3) can be defined as Equation (2).

E =
∫ t

0

Ut Idt

CtVt M
(2)

where Ut (V) is the membrane stack voltage at time t; Ct (mol/L) and Vt (L) express the
NaOH content and the solution volume at time t in the base chamber, respectively; M is the
molar mass of NaOH (40 g/mol).

The water transport (WT, %) and water recovery rate R (%) were defined as Equa-
tions (3) and (4) [18].

WT =
V0 − Vt

V0
(3)

R = 1 − WT (4)

where V0 and Vt (L) represent the solution volume in the dilute chamber at time 0 and
t, respectively.

The separation effects of Na+/Mg2+ and Na+/Ca2+ were evaluated by “separation
coefficient” (SNa/i) of Nie et al. [19].

SNa/i =
C
(
Na+

)
c•C(i)D.0

C
(
Na+

)
D.0•C(i)c

(5)

where C(Na+)C (mg/L) means the eventual content of Na+ in the concentrate compartment;
C(Na+)D,0 (mg/L) represents the initial concentration of Na+ in the dilute compartment;
C(i)C (mg/L) is the final content of i ions (Mg2+ as well as Ca2+) in the concentrate chamber;
C(i)D,0 (mg/L) is the initial concentration of i ions in the dilute compartment.

3. Results and Discussion
3.1. Three-Stage ED Process for Salt Concentration
3.1.1. The Influence of Current Density in First-Stage ED Process

In this section, The ED concentration process was carried out at different current
densities (5, 10, and 15 mA/cm2), and 10 L of wastewater was added to the dilution
chamber. Then, 400 mL of deionized water was added to the concentration chamber. When
the conductivity of the dilute solution was reduced to 1 mS/cm, the experiment terminated.
The conductivity of the concentrated solution would reach 35 mS/cm (TDS, 32.13 g/L).
Figure 3a demonstrates the time evolution of stack voltage during ED at different current
densities. It could be observed that the voltage drop increased with the increase of current
density during the whole experiment, which conformed to Ohm’s law. At the same time,
the desalination time decreased with the increase of current density during the whole
experiment. Because the driving force for ion migration during electrodialysis was the
electric field force, the higher the voltage, the faster the ion migration rate. Additionally,
the concentrate conductivity curves considerably rose as the current density raised, as can
be seen in Figure 3b. As the experiment proceeded, the voltage of the membrane stack
increased rapidly, which was attributed to the migration of the massive ions from the dilute
chamber to the neighboring chamber, and the resistance of the dilute chamber increased.
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Figure 3c illustrates the influence of current density on the concentration factor and
water transport. It could be noticed that the concentration factor remained consistent at
various current densities. However, it is worth noting that water transport was influenced
remarkably. Water transfer decreased with an increment of the current density. This
occurrence is caused by the electro-osmosis and duration of the experiment. Because high
current density can reduce the operation time, thereby reducing the transport of water [18].
As shown in Figure 3d, energy consumption increased with the increment of current density.
This phenomenon suggested that more energy will be spent to enhance ion migration with
higher current density [20].

3.1.2. The Influence of Current Density in Second-Stage and Third-Stage ED Process

Owing to the restriction of the first-stage ED mode, the second and third-stage ED
processes were added to improve the concentration further. In this section, the initial
volume of the second-stage ED concentrated solution was chosen to be 200 mL (the same as
the third-stage ED), and the volume of the dilute solution changed from 10 L to 600 mL. The
initial volume of the third-stage ED dilute solution was 400 mL. Figure 4a shows the effect of
different current densities on the voltage drop of the membrane stack during the secondary
ED concentration. The voltage drop remained stable for a period of time and finally
increased. Furthermore, the concentration conductivity curve increased significantly with
increasing current density, as shown in Figure 4b. Meanwhile, due to the high concentration
gradient between adjacent chambers, the conductivity of the concentrate solution rises
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slowly in the later stage of the experiment. Finally, the conductivity of the concentrated
solution in the second stage ED process reaches 55.23 mS/cm (TDS, 51.77 g/L).
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Figure 4c shows the changes in concentration factor and water transport at different
current densities. Maximum water transport of 83.6% was found at 15 mA/cm2 and above
10 mA/cm2. Higher current densities led to higher voltages. A serious electro-osmosis
was observed at a higher voltage drop. Nevertheless, the water transport exhibited a lesser
figure of 79.5% when the current density rose to 20 mA/cm2. This phenomenon can be
interpreted as increasing the voltage shortening and the permeation manipulation time
in the latter phase of the experiment [21]. As shown in Figure 4d, the current efficiency
values were similar at different current densities; the same trend was observed for energy
consumption as in Section 3.1.1.

The performance of the three-stage ED is shown in Table 4. Compared with the
conductivity of the concentrated solution process of 55.23 mS/cm in the second stage ED,
the third stage ED process reached higher conductivity of 74.63 mS/cm (TDS, 75.58 g/L).
Furthermore, the concentration factors and water transport changes in the third stage also
exhibited the same trends as the first-stage and the second-stage ED. The concentration
factor value was lower than the previous ED processes due to the reduced solution volume
in the dilution chamber. Meanwhile, the current efficiency values were similar for different
current densities, but the energy consumption in this section was significantly higher
than in the two previous stages (including first-stage and second-stage ED). One potential
explanation was that the processing time became longer under a higher saline concentration
and thus increased the energy consumption. Meanwhile, water transfer and back diffusion
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not only limited the final concentration but also increased the energy consumption of the
whole process.

Table 4. Concentration factor, water transport, energy consumption, and current efficiency of the
third-stage ED concentration.

Operation Mode Current Density (mA/cm2) CFED WT (%) E (kWh/m3) CE (%)

Third-stage ED
15 1.48 56 81.95 20.41
20 1.46 58.5 87.52 19.83
25 1.51 50 99.79 20.69

3.1.3. Performance of RO and ED

In order to compare the concentration of RO and ED, RO was introduced to concen-
trate brackish water. In the whole experiment, the pressure of the RO device was set to
2.2 MPa, and the feed flow rate was set to 120 L/h. Considering the operating pressure
of the RO device and the limitation of water tank capacity, the feed was concentrated to a
conductivity value similar to that of the first-stage electrodialysis. The energy consumption
and concentration factor of RO and the first-stage ED concentration process are listed in
Table 5. The findings indicated that the total energy consumption of the RO process was
much lower than that of the ED process. In addition, Qiu et al. [22] concentrated brine from
17.87 mS/cm to 50 mS/cm (similar to the conductivity of second-stage ED), consuming only
7.81 kWh/m3. Christian D. et al. [23] used osmosis-assisted reverse osmosis to recover 72%
and 44% of freshwater from feed solutions with salinity of 35 g/L and 70 g/L, respectively.
Both cases resulted in the same final brine concentration of 125 g/L with an average energy
consumption of about 4 kWh/m3 and 6.37 kWh/m3. Fane et al. [24] mentioned that the
overall energy consumption of modern SWRO desalination plants lies in the range of
3.0 kWh/m3 to 3.5 kWh/m3. Although the actual energy consumption was much higher
than the minimum energy consumption in the actual process [25] (at least twice as much),
both were much lower than the energy consumption in the ED process in this experiment.

Table 5. Energy consumption and concentration factor of RO and first-stage ED process.

Concentrate Factor Energy Consumption (kWh/m3)

RO 10.9 3.52
5 mA/cm2 9.23 8.23
10 mA/cm2 9.82 13.05
15 mA/cm2 9.47 20.17

It is certain that RO can be a more effective isolation method than traditional ED for
the preconcentration of wastewater in terms of specific energy consumption. Meanwhile, it
is reported that ED is a major advantage for achieving high salt water concentration (total
dissolved solids, TDS, 150–200 g/L). Therefore, the appropriate single or coupled process
can be selected according to the actual needs of practical operation. In this experiment, the
RO process was selected as the preconcentration of wastewater.

3.2. Purification of Concentrate Wastewater through SED Process

Selective electrodialysis experiments were performed on the feed solution at different
current densities. The components of the concentrated solution after SED are shown in
Table 6. Figure 5a demonstrates the effect of current density on the SED stack, where the
voltage drops first, then is kept steady, and rises as time passes. This is in accordance
with Ohm’s Law. After the experiment began, the ions entered the concentration chamber
through the membrane, resulting in a decrease in voltage. Later on, the voltage of the SED
stack reached a stable phase during the middle stage, and this presented that the resistance
of the device remained essentially the same. However, as plenty of ions in the feed chamber
migrated to the neighboring chamber, the resistance of the feed chamber became a major
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factor in the resistance of the stack; as a result, there was a rapid increase in the resistance of
the feed chamber. The ion migration rate increased with increasing current density, which
was attributed to the high electric field driving force at high current density, resulting in a
rapid decrease in salt concentration in the diluent chamber [26] (Figure 5b).

Table 6. The main components of the feed solution and the concentrated solution after SED at
different current densities.

Na+ (mg/L) K+ (mg/L) Mg2+ (mg/L) Ca2+ (mg/L)
a Feed 10,807.87 136.51 108.70 128.23
5 mA/cm2 8567.78 84.41 81.19 97.23
10 mA/cm2 8306.20 68.92 20.31 36.96
15 mA/cm2 9839.89 85.74 69.45 90.65
20 mA/cm2 9032.80 100.91 69.55 88.53

a The initial feed conductivity is 35 mS/cm.
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Figure 5c illustrates a comprehensive comparison of separation efficiency by the
permselectivity index SNa/i. The separation effect shows a trend of increasing and then
decreasing. The voltage drop across the membrane stack increases with the increase of
current density. High voltage will change the permeability of the monovalent ion exchange
membrane and decrease the selectivity of the monovalent ion exchange membrane, while
low voltage will prolong the experiment time and increase the permeation of multivalent
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ions. Thus, when the current density was 10 mA/cm2, the highest SNa/Mg and SNa/Ca
were observed to be 4.04 and 2.67, respectively. This indicated that the lower current
density could effectively isolate Mg2+ and Ca2+. Meanwhile, Na+/Ca2+ exhibited a higher
separation coefficient than Na+/Mg2+, which was due to the higher hydrated ionic radius
of Mg2+. Figure 5d shows the energy consumption and current efficiency of the SED
membrane stack for different current densities. The current efficiency results showed an
apparent maximum when the current density of the ED stack was 10 mA/cm2. It may
be observed that the energy consumption improves as higher current density and more
energy are available to overcome the stack resistance [8].

3.3. Production of High Purity Acid and Alkali with BMED
3.3.1. The Effect of Current Density

Current density is the main factor affecting the performance of BMED. Many researches
have shown that the formation rates of H+ and OH− at the interface of BPM are strongly
reliant on the current density acting on these membranes. The influence of current density
on stack voltage over time is shown in Figure 6a. The membrane stack voltage increased
with the increase of current density. Additionally, desalting time reduced as current density
increased (see Figure 6b). Since the BMED process was driven by the electric field, when
the voltage applied on both sides of the membrane stack was higher, the migration rate
of ions was faster under a high driving force [26]. Additionally, as time passed, the
voltage dropped, steadied, and finally rose. The ions migrated from the liquid chamber
to the alkali chamber and the acid chamber under electric field force. Meanwhile, the
generation of acid and alkali led to the reduction of BMED stacking resistance, which led to
a decrease in voltage. However, the voltage of BMED stack rose rapidly in the later stages
of the experiment due to the migration of plenty of ions. Excessive voltage could lead to
overheating of the membrane stack, thermal energy, and high temperature could destroy
the device. Therefore, it is necessary to reasonably control the desalination endpoint [27]. In
this experiment, when the conductivity in the feed chamber decreased lower than 6 mS/cm,
the desalination was ended.

The final concentrations of acid and base increased slightly with increasing current
density, as displayed in Figure 6c. This is due to the second Wien effect so that the water
dissociation is speeded up at the BPM interface with high membrane stack voltage [28,29].
In addition, although high current density increased the driving force and the rate of
water splitting, more severe ions leakage also caused lower current efficiency in the BMED
process [30] (see Figure 6d). On the contrary, energy consumption is inversely proportional
to current efficiency because more energy is consumed to convert to Joule heating at high
current densities. In this experiment, 20 mA/cm2 was considered an appropriate condition
for the BMED process.

3.3.2. Effect of Initial Salt Concentration

Figure 7 presents the influence of the feed conductivity on the BMED system. The
membrane stack voltage showed the same trend as in the previous section. The membrane
stack voltage decreased with increasing initial feed conductivity (see Figure 7a). The
high ion content led to the lower resistance of the membrane stack. Longer operating
time was also required (see Figure 7b). In addition, a steady current density implies a
constant velocity of water dissociation, and this results in a steady velocity of H+ and
OH− generation [31]. Furthermore, as shown in Figure 7c, the growth of acid and alkaline
concentrations slowed down in the final stage. This is explained by the fact that the
concentration gradient hinders the migration behavior of ions, thus weakening the mass
transfer process during bipolar membrane electrodialysis [32], as well as the migration
of a minimal amount of ions returned to the feed chamber from acid and base chambers.
This was also the reason why the final concentration of alkali decreased slightly in the
later stages.
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Figure 6. Effect of current density on (a) membrane stack voltage; (b) conductivity of feed compart-
ment; (c) the concentrations of acid and base; (d) current efficiency and energy consumption. The
feed conductivity: 35 mS/cm. Initial HCl and NaOH contents: 0 mol/L. flow velocity: 20 L/h.

As shown in Figure 7d, it can be observed that the current efficiency declined with
an increase in initial salt content. The high ion content prolonged the operation time.
The reverse migration of ions caused by the diffusion of concentration gradients also
accumulates constantly as time extends. At the same time, the high osmotic pressure on the
bipolar membrane restricted the decomposition of water into H+ and OH− [32]. Figure 7d
indicates that the energy consumption decreased when the feed conductivity increased
from 34 mS/cm to 54 mS/cm, resulting from the decrease of membrane stack resistance.
When the feed conductivity continued to increase to 74 mS/cm, The large number of salt
ions prolonged the duration of the experiment; thus, more electrical energy was spent on
Joule heating of the BMED stack.

3.3.3. Effect of Initial HCl and NaOH Contents

Figure 8a presents the variation of voltage drop with time for different initial HCl and
NaOH contents. As shown in Figure 8a, the higher the initial HCl and NaOH contents, the
lower the BMED stack voltage. It can be explained that the higher solution concentrations
introduced a larger number of ions as well as reduced the initial resistance of the membrane
stack. Then, the membrane stack voltage gradually increased because of ion migration in
the feed solutions. As presented in Figure 8b, due to the concentration gradient between ad-
jacent compartments, higher initial HCl and NaOH concentrations could slightly decelerate
the desalination rate as well as lead to prolonging the duration of the experiment. Figure 8c
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reflected that larger initial HCl and NaOH contents contributed to larger concentrations of
eventual acid and base.

Figure 7. Effect of initial salt concentration on (a) membrane stack voltage; (b) desalination rate;
(c) the concentrations of acid and base; (d) current efficiency and energy consumption. Current
density: 20 mA/cm2; initial HCl and NaOH contents: 0 mol/L. flow velocity: 20 L/h.

Figure 8d shows the changes in current efficiency and energy consumption during
BMED. The higher the initial HCl and NaOH contents, the lower the current efficiency; the
leakage of H+ ions increased with the initial HCl concentration increase, which resulted
in the decrease of current efficiency. Moreover, the high osmotic pressure inhibited the
migration of water molecules to the interfacial layer of the BPM as well as reduced the
production of H+ and OH− [33]. The energy consumption was marginally decreased when
the initial concentrations of acid or base increased due to a decline in the resistance of
the membrane stack. It could be observed that lower initial contents of HCl and NaOH
contributed to lower energy consumption, as well as higher current efficiency. The findings
indicated that the HCl/NaOH contents of 0.10 mol/L could be regarded as suitable content
for the bipolar membrane electrodialysis process during the present experiment.
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Figure 8. Effect of the initial HCl and NaOH contents on (a) membrane stack voltage; (b) conductivity
of feed compartment; (c) the concentrations of acid and base; (d) current efficiency and energy
consumption. The feed conductivity: 55 mS/cm; current density: 20 mA/cm2; flow velocity: 20 L/h.

3.3.4. Effect of Flow Velocity

As shown in Figure 9a, the membrane stack has a lower stacking voltage under higher
flow rates. A possible reason for this is due to the enhanced turbulence in the various
chambers [34], and the diffusion boundary layers were compressed as the flow velocity
increased, which resulted in a reduction of electrical resistance in the membrane stack [35].
At the same time, it can be observed from Figure 9b,c that the experimental time increased
with an increase in flow rate, and the flow rate showed a positive effect on the acid and base
production. The reason could be attributed to the concentration polarization caused by the
low flow rate that inhibited the diffusion and migration of anions and cations [36]. The acid
and base formation is mainly positively correlated with the desalination rate. It could also
be observed that the final NaOH contents were higher than the acid concentration because
the migration rate of Na+ was higher than Cl− and SO4

2− due to the higher hydration
number and smaller ionic radius of Na+. Another important reason was that H+ is easier to
diffuse back to the liquid chamber through BPM.
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Figure 9. Effect of flow velocity on (a) membrane stack voltage; (b) conductivity of feed compartment;
(c) the concentrations of acid and base; (d) current efficiency and energy consumption. The feed
conductivity: 55 mS/cm; current density: 20 mA/cm2; initial HCl and NaOH contents: 0.10 mol/L.

The variation of current efficiency and energy consumption under various flow veloci-
ties are presented in Figure 9d. In the process of BMED, the energy consumption increased
with the increase in flow rate, and the current efficiency decreased gradually. As the flow
rate increased, the level of turbulence for every chamber grew dramatically, as well as
the residence time of ions in the boundary layer was reduced. This indicates that not
adequate time is available for ions to migrate through the AEM and CEM. Some of the
ions fail to finish the migration behavior, thereby reducing current efficiency as well as
improving total energy consumption. Additionally, overly flow rate aggravated energy
consumption as well as high pressure over membranes, and this will reduce the lifetime of
the membrane. Overall, it is crucial to maintain the flow rates at a suitable margin in the
electrodialysis procedure.

Table 7 shows the main composition of acid and base produced. It can be seen
that the concentration of divalent cations in the alkali chamber is much lower than that
of monovalent cations, which can be ignored. The purity grade of NaOH by-products
calculated according to the Na+ concentration of the alkali solution was close to 98.66%.
This finding indicates that the single-selective membrane successfully prevents multivalent
ions from passing through the cation exchange membrane, and the single ion (Na+) is
selectively transported to the alkali chamber.
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Table 7. Main ions in the base and acid solution.

Ion Acid (mg/L) Base (mg/L)

Na+ 320.3 17,320
Mg2+ 0 0
Ca2+ 0 8.95
Cl− 10,550.1 195.3
SO4

2− 22,680 30.2
The flow rate is 20 L/h.

3.4. The Water Recovery Evaluation

In order to evaluate the feasibility of zero discharge of low-salinity mineralized wastew-
ater by mixed membrane process, the water recovery rate of the SED process (constant
current 10 mA/cm2, volume ratio 1:1) and BMED process (constant current 20 mA/cm2,
55 ± 2 mS/cm, 0.10 mol/L NaOH, HCl, 20 L/h) was analyzed. Obviously, the overall
process has a large water recovery rate, as shown in Figure 10. RO process was 93.23%, and
that of BMED was 85%. The recovered water can be recycled. Thus, it can be concluded
that the membrane-hybrid process was suitable for Zero liquid discharge of low-salinity
mineralized wastewater. Further work will be carried out to precipitate Ca2+ and Mg2+

from the SED concentrated solution by adding NaOH produced by BMED.
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3.5. Economic Evaluation

The total cost of the total process under optimal operating conditions (55 ± 2 mS/cm,
20 mA/cm2, 0.10 mol/L NaOH, HCl, 20 L/h) was estimated, as shown in Table 8. The
ED and BMED process cost consists mainly of ED and BMED using monovalent selective
membranes (see Figure 2). The life of the membrane and membrane stack was calculated as
3 years. The total process cost of the SED and BMED processes is estimated at USD 1.38/kg
NaOH. It can be observed from Table 7 that the high price of membrane occupies the main
position in the total process. Therefore, reducing the cost of the membrane or expanding
the processing scale can significantly reduce the total cost of the entire process. In addition,
the delivery and preservation of acid and alkali are actual problems for the desalination of
wastewater in remote areas, so it is appropriate and competitive to produce high-purity
acid/alkali by BMED process.



Separations 2023, 10, 269 17 of 19

Table 8. The estimation procedure of BMED and SED process cost.

SED BMED

operating conditions
repeat unit 3.00 4
current density (mA/cm2) 10.00 20
flow rate (L/h) 20.00 20
working time (h/year) 7200 7200
effective membrane area (cm2) 187.20 187.20
practical membrane area (cm2) 297.00 297.00
feed conductivity (mS/cm) 34.00 55.00
energy
energy consumption (kWh/kg) 1.00 3.51
process capacity (kg/year) 172.80 104.75
electricity charge (USD/kWh) 0.100 0.100
energy consumption for acid/base production (USD/kg) 0.100 0.351
energy consumption for peripheral equipment (USD/kg) 0.052 0.18
total energy cost (USD/kg) 0.152 0.53
capital cost
membrane life (year) 3 3
bipolar membrane price (USD/m2) 376.00 376
ion-exchange membran 165.00 165
monoselective membrane price (USD/m2) 260.00 260
membrane cost (USD) 50.49 85.24
membrane stack cost (USD) 75.74 127.86
peripheral cost (USD) 113.60 191.79
total investment cost (USD) 189.34 319.65
total fixed cost (USD/year) 63.11 106.55
total fixed cost (USD/kg) 0.365 1.02
total process cost (USD/kg) 1.38

4. Conclusions

In this work, we proposed an integrated UF-RO-SED-BMED process for the environ-
mentally-friendly treatment of low-salinity mineralized brine. The process includes salt
concentration, alkali/acid recovery, and freshwater regeneration. The RO device achieved
nearly 11 times the preconcentration of salt in wastewater, effectively removing divalent
ions such as Ca2+ and Mg2+ after SED at 10 mA/cm2.

We concluded that a high current could increase the desalination rate of the membrane
stack and acid-base production rate, but it is necessary to consider the damage of high
voltage to the equipment and ion exchange membrane. Suitable initial saline concentrations
resulted in less energy consumption. Additionally, high initial HCl and NaOH contents and
flow velocity can affect operation time, energy consumption, and current efficiency. Under
the optimal conditions, with a current density of 20 mA/cm2 and feed conductivity of
54 mS/cm, the acid and alkali concentrations were 0.75 mol/L and 0.765 mol/L, respectively.
The total process cost under optimal conditions was calculated to be USD 1.38/kg for the
electrodialysis stage. The combined UF-RO-SED-BMED process proved to be technically
feasible for resource treatment of low-salinity mineralized wastewater via a membrane-
hybrid process.
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