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Abstract

A feasibility study was carried out on generation of hydrochloric acid and lithium hydroxide from the simulated lithium
chloride solution using EX3B model bipolar membrane electrodialysis (BMED). The influence of a series of process param-
eters, such as feed concentration, initial acid and base concentration in device component, feed solution volume, and
current density were investigated. In addition, the maximum achievable concentrations of HCl and LiOH, the average
current efficiency, and specific energy consumption were also studied and compared in this paper to the existing litera-
ture. Higher LiCl concentrations in the feed solution were found to be beneficial in increasing the final concentrations
of HCl and LiOH, as well as improving current efficiency while decreasing specific energy consumption. However, when
its concentration was less than 4 g/L, the membrane stack voltage curve of BMED increased rapidly, attributed to the
higher solution resistance. Also low initial concentration of acid and base employed in device component can improve
the current efficiency. Increasing of the initial concentration of acid and base solution lowered energy consumption.
Moreover, a high current density could rapidly increase HCl and LiOH concentration and enhance water movements of
BMED process, but reduced the current efficiency. The maximum achievable concentration of HCl and LiOH generated
from 130 g/L LiCl solution were close to 3.24 mol/L and 3.57 mol/L, respectively. In summary, the present study confirmed
the feasible application for the generation of HCl and LiOH from simulated lithium chloride solution with BMED.

Keywords Lithium chloride, Bipolar membrane electrodialysis - Lithium hydroxide - Water movement - Average current
efficiency - Specific energy consumption

1 Introduction

Lithium is the lightest metal and the least dense solid
element in nature. In recently years, lithium and its com-
pounds have a much-diversified industrial applications
owe to their special physical and chemical properties.
Lithium hydroxide, in particular, is one of the most impor-
tant lithium feeds, which constitutes a raw material in

many commercial applications, including well-known
lithium-ion batteries [3, 17], lubricating greases [2], chemi-
cal reagents, ceramics and glasses [4]. Owing to the rapid
development of the economy and industrialization, it is
estimated that the global demand for lithium hydroxide
will be 546,400 tons in 2025, and the CAGR will be about
55.28%. Lithium hydroxide is mostly produced from brines
or lithium-containing ores. It is difficult to produce battery
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grade lithium hydroxide via brine resources straightaway.
It often requires to convert lithium carbonate to lithium
hydroxide using a causticization method [24]. Unfortu-
nately, the cost of causticization method is greatly influ-
enced by the price of lithium carbonate and the upfront
capital cost of the required is relatively high. The limestone
roasting method, as a traditional preparation process, also
has some disadvantages of high energy consumption and
heavy environmental pollution. On other side, the roast-
ing method [1, 12] employs a large number of chemicals,
which potentially can introduce other impurities into
final products. More recently, battery manufacturers such
as Tesla, BYD, BAIC and Daimler have put forward higher
requirements on the quality of battery grade lithium
hydroxide [33].

Driven by the market demanding, many researchers
have made continuous efforts toward improving the
quality of lithium hydroxide and reducing energy con-
sumption. Electrodialysis (ED) is emerging as one of the
most promising technologies has been investigated as
an alternative since 2003s [10, 24]. However, no industrial
application has been found so far due to its high capital
costs and technical obstacles. In the last a few years, bipo-
lar membrane electrodialysis technique was developed
and has attracted intensive research attention due to its
environmental benignity and energy efficiency [32].

BMED is an electrodialysis method in combination with
a bipolar membrane, which can enhance ionic mobilities
under the direct current and limit the transmembrane
migration of ions by ion selective exchange membrane.
It is widely applied in the food, chemical industry and
effluent treatment. Fruitful research has been performed
using BMED to separate ions from neutral solution and
convert them into acid and base [8, 25]. Moreover, the
production of sodium hydroxide through BMED from
reverse osmosis concentrate [9, 35], glyphosate neutrali-
zation liquor [27, 34], brominated butyl rubber waste-
water [32] and other industrial wastewater [14, 31] have
been reported, the results showed that it could be used
as a promising and environmentally friendly technique to
regeneration sodium hydroxide. The desalination rate of
BMED for industrial NH,CI wastewater was 92%, and HCI
and NH;-H,O concentrations obtained from the simu-
lated NH,Cl solution was up to 1.58 M and 1.3 M, respec-
tively[16]. These reports presented that BMED technique
played an extremely important role in generation of
inorganic acids and bases and the treatment of industrial
high-salinity brine. However, reports about the production
of HCl and LiOH from Lithium ore leaching solution such
as lithium chloride solutions have not been found so far.
Therefore, the focus of the research work in this paper was
to explore whether BMED technology could be applied in
industry as an alternative to traditional technique for the
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production of lithium hydroxide from lithium ore leaching
solution, and to observe the energy consumption and the
factors affecting it.

In the present work, simulated LiCl solution was treated
by a EX3B model BMED device for the generation of hydro-
chloric acid and lithium hydroxide. The effects of process
conditions were investigated. Moreover, the water move-
ment in each compartment and the mechanism of affect-
ing the maximum concentration of HCl and LiOH were
discussed. The present study focused on analyzing the
process phenomena and differences of HCl and LiOH gen-
erated from simulated LiCl solution, aiming for verifying
the potential application of BMED for the regeneration of
LiOH for the production lithium ion battery.

2 Experimental methods
2.1 Reagents and membranes

Hydrochloric acid (Greagent, 36%-38%), Lithium hydrox-
ide monohydrate (LiOH, solid, 2 99.5%), lithium chloride
(solid, = 99.5%), sodium sulfate (Adamas-beta®, =99.5%).
Sodium hydroxide (Adamas-beta®, = 98%), silver nitrate
(Adamas-beta®, = 99%), phenolphthalein (IND, Greagent)
and potassium chromate (Sigma-Aldrich, > 99.5%) were
used in the experiment. the reagents of Lithium hydrox-
ide monohydrate and lithium chloride were produced by
Tianqi lithium Co., Ltd, Other reagents were purchased
from Shanghai Titan Scientific Co., Ltd.

The ions membranes used in the present experiments
were BPM-1 (bipolar membranes, ASTOM Co. Ltd, Japan),
CM-4 (cation membranes, ASTOM Co. Ltd, Japan) and
AM-4 (anion membranes, ASTOM Co. Ltd, Japan). All of
the membranes were purchased from Hangzhou Lanran
Environmental Technology Co., Ltd (Hangzhou, China). The
properties of three kinds of membranes were presented
inTables 1 and 2.

A lab-scale bipolar membrane electrodialysis apparatus
(EX3B) was provided by Hangzhou Lanran Environmental
Technology Co., Ltd, China. And it was installed according
to the BPM-AM-CM-BPM configuration (including acid,
base and feed compartments) in the experiment shown in
Fig. 1. The membrane stack is comprised of (a) electrodes,

Table 1 The properties of three kinds of membranes

Mem- Area Thickness lon Water Transport
brane resist- (mm) capacity content number
ance (Q (meqg/g) (%) (%)
cm?)
AM-4 1.9 0.15 19-25  26-35 =95%
CM-4 23 0.18 1.2-1.7  18-29 >90%
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Table 2 The properties of bipolar membrane

Membrane  Water split- Thickness Burst Efficiency
ting voltage (mm) strength (%)
(V) (x10° pa)
Bipolar 1-1.2 0.28-0.34 8-10 99%
membrane
(BP-1)

which are made of titanium electrode coated with ruthe-
nium and iridium, (b) membranes, each membrane had
an effective area of 55 cm? and there are 10 membrane
triples in a membrane stack. The spacer channel width
was 0.75 mm. The BMED system was connected to an DC
power. Driven by three peristaltic pumps, the acid solution
(0.05 mol/L HCI, 700 mL), base solution (0.05 mol/L LiOH,
700 mL) and feed solution (70-130 g LiCl/L, 700 mL) and
electrode rinse solution (0.5 mol/L Na,SO,, 700 mL) were
circulated in three-compartments system, respectively.
Unless otherwise noted, the initial volume of each com-
partment was 700 mL and the current density was 60 mA/
cm?,

In this experiment, lithium chloride solution was
pumped to a membrane stack as the feed, Li* and CI~ ions
in feed compartment migrated through cation membrane
into base compartment and anion membranes into acid
compartment under a DC voltage, respectively, and then
lithium ion and chloride ions combined with hydroxide
ions and hydrogen ions generated from water splitting to
produce LiOH and HCl, respectively.

2.2 Chemical analysis and calculations
2.2.1 Chemical analysis

The Li* ions concentration was analyzed by Atomic
Absorption Spectrometry (AA-7050, Shanghai Yoke

Fig. 1 Schematic of BMED for
acid-base preparation

Instrument Co., Ltd, China). The ClI™ ions concentration
was determined by using standard silver nitrate solution
as titrant and potassium chromate as indicator. The HCI
concentration was determined by titration with stand-
ard sodium hydroxide solution using phenolphthalein
as indicator.

2.2.2 Data processing

The average current efficiency () and unit energy con-
sumption (EC) are important standards for evaluation of
the electrodialysis performance [36]. The () is the ratio
of practically obtained molar amount of acid/base to
that which should theoretically be obtained. The calcu-
lation equation is as follows (1) [29]:

2ZF|CoVo — GV

1
60NIAt M

where z is the ion valence. F is Faraday constant (96,485
C/mol). C, and G, are the concentration (mol/L) of HCl or
LiOH at time 0 and t (min), respectively. V, and V, are the
volume (L) at time 0 and time t (min). N, At and | are the
number of cell triplets (N=10), time period (min) and cur-
rent (A), respectively.

The calculation equation of unit energy consumption
( kWh/kg) as follows (2) [291]:

c JE Uldt
60M(C,V, — GoVp)

(2)

where tis the time (min). Uis the stack voltage (V) at time t
(min). M stands for the molar mass (g/mol) of HCl or LiOH,
pumping energy consumption has not been considered.

The liner velocities of acid, base, and feed solution in
the compartments are 3.3 cm/s and its calculation equa-
tion as follows (3)[16]:
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where V (cm/s) is the liner velocities, W(cm) and d(cm)
stand for width of flow section area (5 cm) and spacer
channel width (0.75 mm), respectively. Q (L/h) is the flow
rate of acid, base or feed solution (45 L/h).

3 Results and discussion

3.1 Effect of initial LiCl concentration in feed
compartment

In order to examine the influence of the feed concen-
tration, three different concentrations including 70 g/L,
100 g/L and 130 g/L were employed.

Figure 2 presents the variation of stack voltage and
Cl~ concentration at the constant-current density of
60 mA/cm?. It can be observed clearly that the voltage
curve of the membrane stack presented three trends as
time goes on: falling stage, steady stage, and rising stage.
This phenomenon was considered to be closely related
to the total resistance of membrane stack at a constant
current in BMED system (including the resistance of mem-
branes and solution). At the beginning stage, the voltage
curve dropped gradually indicated that the solution resist-
ance decreased in compartment due to the H,O molecules
at the interphase layer of the BPM were split into H" and
OH~ ions, and ions migration from feed solution into acid
and base compartments through the anion membrane
and cation membrane, respectively. As the experiment
progresses, the membrane stack voltage roughly con-
stant for a period of time because the total stack resist-
ance remained unchanged. However, the membrane stack
voltage curve increased sharply at the later stage of the
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Fig. 2 Variation of stack voltage and Cl- concentration
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experiments, this phenomenon can be explained by the
depletion of LiCl in feed compartment (the content of
ions dropped to an extremely low level), which lead to the
high resistance of the membrane stack. So the changes of
membrane stack voltage were closely associated with the
increases of acid and base concentration in the beginning
of the experiment and the ions depletion in feed solution
at the later stage of experiments.

When the membrane voltage of the BMED system rises
rapidly, the samples of feed solution in feed compartment
were taken out and the ClI™ ions concentration was ana-
lyzed. It can be observed from Fig. 2 that the LiCl concen-
tration contained in feed compartment dropped to less
than 4 g/L, which was consistent with the "inflection point"
of membrane stack voltage. That indicated that when the
LiCl concentration contained in feed compartment was
less than 4 g/L, the BMED system is no longer suitable for
treatment because the lower ionic content could lead to
the higher solution resistance, which resulted in the higher
energy consumption of BMED system. The low-concen-
tration LiCl solution can be further concentrated by other
membrane equipment to achieve reuse purposes. while
the concentrated solution obtained could also be used to
produce HCl and LiOH with BMED.

The concentration of HCl and LiOH solution with differ-
ent feed concentrations were compared, and the results
were shown in Fig. 3. It was found that the HCl and LiOH
concentration increased generally as time elapsed. As it
can be seen, when the feed solution containing LiCl of
70 g/L, 100 g/L, and 130 g/L after continuously running
for 80, 120 and, 180 min, the HCl and LiOH concentration
were 1.41 mol/L, 1.83 mol/L, 2.24 mol/L and 1.26 mol/L,
1.71 mol/L, 2.06 mol/L, respectively. The HCl solution
obtained in acid compartment could meet the require-
ments of the ion exchange resin regeneration [38, 39]
and the cleaning of reverse osmosis membrane [18, 20,

| (Base)

0
, | (Acia)

—a— 70g/L-LiCl

1} —e— 100/L-LiCl
—A— 130g/L-LiCl

0 " 1 " 1 " 1

0 60 120 180

Concentration of HCI and LiOH (mol/L)

Time (min)

Fig.3 Acid and base concentration curves at different initial feed
concentrations
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Fig. 4 Variation of solution volume in feed, acid and base compart-
ments

21]. Moreover, the HCl solution can also be used for more
applications by evaporation or other methods, and the
LiOH solution obtained can be used to produce battery-
grade lithium hydroxide monohydrate (LiOH-H,0O) prod-
ucts by evaporation and recrystallization. Figure 3 shows
that the concentration of HCl and LiOH at the initial stage
increased faster than that at the later stage, which was
caused by the decrease of ionic content and water elec-
tricity penetration [28]. The decrease of ionic content in
feed compartment would inevitably result in less Li* and
CI” ions migrating from feed compartment to the adja-
cent compartments. Furthermore, CI~ and Li* ions in the
form of hydration ions migrated from feed compartment
into the adjacent compartment through the anion mem-
brane and cation membrane, respectively, which resulted
in the increase of acid and base solution volume (the vol-
ume variation was shown in Fig. 4). Therefore, the growth
rate of HCl and LiOH concentration were delayed. These
results meant that increasing the concentration of LiCl in
feed compartment was helpful to obtain higher acid and
base concentrations.

Figure 4 shows the variation of solution volume in
feed, acid, and base compartments with different feed
concentrations. The solution volume in the feed compart-
ment decreased linearly while the acid and base volume
increased linearly as time elapsed. The reduced volume
of solution in feed compartment was roughly equal to
the sum of the volumetric increment of solution in acid
and base compartment, which was consistent with the
research results of Lizuka [7]. It can be observed from Fig. 4
that there was a significant difference in the slope of lin-
earized curves, indicating that the change rate of solution
volume in feed, acid and base compartments decreased
with the increase of the initial feed concentration. The vol-
ume variation of solution in acid, base and feed compart-
ments was mainly due to water movements driven by the

concentration diffusion and electro-osmosis (counter-ions
migration) [11, 19]. The electro-osmosis influence on water
migration was dominant, which could drive the counter-
ions in the form of hydrated ions to migrate into the acid
and base compartments. Therefore, the volume of feed
compartment displayed a decreasing trend while that of
acid and base compartments increasing. Furthermore, it
was also observed that the volume of base compartment
increased faster than the volume of the acid compartment.
This phenomenon was closely related to the number of
ions transferred across the membranes, which is higher in
the cation membrane.

Figure 5 shows that the variation of pH and conductivity
of feed solution with different initial LiCl concentration.
It can be observed that the conductivity of feed solution
decreased gradually to 0 at the end of the experiments,
which indicated that the ions in the feed solution were
almost depleted as time elapsed. However, lower con-
centration of LiCl solution was not conducive to the con-
centration increase of HCl and LiOH. It was also proved
that the simulated LiCl solution can realize the goal of
the generation of hydrochloric acid and lithium hydrox-
ide monohydrate and desalination simultaneously by
BMED. Figure 5a indicated that the initial LiCl solution was
always weakly alkaline. While the pH dropped sharply in
feed solution might be due to the higher H* ions leak-
age though the anion membrane at the beginning of the
experiment, According to the literature [5, 23, 37] protons
can be easily transported across anion membrane from
acid compartment into adjacent feed compartment by the
so-called tunnel mechanism. When the process ended, the
increase in the pH value of feed solution might be ascribed
to the concentration polarization phenomenon, because
the LiCl concentration contained in the feed compartment
was too low at that period [13].
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= oF ——100g/L-LiCl
=

3F —A— 130g/L-LiCl
E
9
2
g
2
Z
S
=
=
=
8 0 kL R R | L1 R B
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Fig.5 Variation of the conductivity (b) and pH (a) with feed con-
centration
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Fig. 6 Efficiency and energy consumption curves of HCl and LiOH

Figure 6 demonstrated the influence of the feed con-
centration on the current efficiency () and unit energy
consumption (EC) when the current density was 60 mA/
cm?. It was found that the higher initial concentration of
LiCl was beneficial to increase y and reduce EC. Accord-
ing to the literature, the EC was 5.5 kWh/kg for the acid
(H,SO,) and 4.8 kWh/kg for the base (NaOH) with the
initial concentration of 75 g Na,SO,/L at the constant
current density of 60 mA/cm?[29], and the EC of 60 g/L
NH,Cl was treated by BMED was 9.1 kWh/kg for NH;-H,O
and 8.5 kWh/kg for HCl when current density was 48 mA/

mZ2[16], while EC of the acid (HCI) and base (LiOH) with
the initial concentration of 70 g LiCl/L demonstrated in
Fig. 6 were 2.2 and 3.7 kWh/kg, respectively, which are
much lower than those reported in the literature [16,
29]. At a current density of 30 mA/cm?, the n of 100 g/L
NaCl was about 65% for the base (NaOH) and 84% for
the acid (HCI) with initial acid and base concentration
of 0.05 M [22], which were lower than the 5 values in
Fig. 6. One possible explanation for these results stems
from the fact that the dissolution of lithium chloride in
water was an exothermic reaction and the present room
temperatures are above 28 °C during the summer sea-
son. The higher temperature of the initial LiCl solution
in salt compartment led to the lower EC and higher 7 in
the BMED process. Although the influence of tempera-
ture on electrodialysis performance is complex because
the mass transfer process involved, these phenomena
indicated that the mobility of ions in adjacent compart-
ment increases with the increase of temperature prob-
ably, which had a significant impact on the decrease in
the resistance of the membrane stack. Additionally, the
EC and 5 were also associated with other factors, such as
operating conditions and characteristics of membranes
(BM, AEM, and CEM) [25, 30].
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3.2 Influences of initial concentration of HCI
and LiOH

In order to have a lower resistance in membrane stack,
HCl and LiOH were added to the acid and base compart-
ments to investigate the effect of initial concentration
on generation of HCl and LiOH when the current den-
sity was 60 mA/cm?, and results are shown in Fig. 7. The
HCl and LiOH concentration increased slightly with the
increase of initial concentration of acid and base, while
the growth of HCl and LiOH concentration was inhibited
by the higher initial concentration of acid and base com-
partments. Which might be resulted from the leakage
of H* and OH™ ions through the ions membrane. At the
beginning of the experiment, more H* and OH™ ions in
the initial acid and base compartments resulted in more
ions leakage. After that, the concentration gradient of
feed and acid/base compartments increased gradually
as the feed concentration decreased and the acid/base
concentration increased, which resulted in the high driv-
ing force for the ion’s reverse diffusion according to Fick's
first law. Furthermore, this can also be explained that the
higher initial concentration of HCl and LiOH could lead
to the increase of transfer resistance from feed compart-
ment into acid or base compartment, which could inhibit
the increase of HCl and LiOH. Therefore, increasing initial
concentration of acid and base maybe not a good way to
improve the yield of HCl and LiOH generated from LiCl
solution by BMED.

Figure 8 illustrates the current efficiency (y) and
energy consumption (EC) curves of BMED at different
initial concentrations. It was found that the EC of HCI
and LiOH has no significant increase as the increase
of initial acid and base concentration, but a slight
decrease. The reason for this was that a higher initial
concentration of acid and base will inevitably lead to

2.0
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—&— 0.5 mol/L
—0— (.25 mol/
—&— 0.05 mol/LL
1 . 1 . 1

1.0
0.5

0.0

Concentration of HCI and LiOH (mol/L)
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Fig.7 Effect of initial acid and base concentration on generation of
HCl and LiOH
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Fig.8 The efficiency () and energy consumption (EC) of HCl and
LiOH at different initial concentration

a decrease in the membrane stack resistance since the
increase of initial conductivity in acid and base solu-
tion. However, with the initial concentration of acid and
base compartment increasing further, the ratio of mem-
brane stack resistance to the total resistance decreased
greatly. Therefore, the EC of acid and base decreased in
a much smaller magnitude in BMED system. In terms of
the 5 curve, which had been reduced from 70 to 60%
for the acid (HCI) and 61% to 47% for the base (LiOH)
by increasing the initial concentration of acid and base
solution from 0.05 mol/L to 0.5 mol/L after running
120 min. This was caused by the fact that the growth
rate of HCl and LiOH concentration was inhibited by the
higher initial concentration of acid and base in device
component.

Concentration (mol/L)

90

120 150 180

Time (min)

Volume of acid and base (mL)

3.3 Effects of current density

The current density of acid and base regeneration is
an important influence factor in the BMED. The influ-
ence of different current densities on the concentra-
tions of HCl and LiOH were examined when the initial
concentration was 100 g LiCI/L. It was found from Fig. 9
that the concentration of HCl and LiOH increased with
the current density, and this growth pattern coincides
with the NH,Cl system in literature [16], This is logical
because the velocity of water dissociation by BPM has
a dominant role in the concentration of HCl and LiOH.
The velocity of water molecules were split into H* and
OH™ were accelerated with the increase of current den-
sity due to the Second Wien effect [6], a larger amount
of CI™ and Li* in feed compartment were transferred to
the adjacent compartment combined with protons and
hydroxide ions to generate HCl and LiOH, respectively.
Therefore, a higher concentration of HCl and LiOH was
obtained at a higher current density. In addition, it can
also be observed that the increase in current density
was favored to shorten the operating time. This means
that appropriately increasing the current density could
effectively improve the performance of the BMED pro-
cess, which can shorten the operation time and reduce
ion’s reverse diffusion at the end of the experiments. As
for LiOH concentration, there was a slight decrease at
the end of experiment when the current density was
80 mA/cm? (compared to 60 mA/cm?), Furthermore, the
concentration of LiOH exhibited a slower increment at
the later stage of the experiment, which resulted from
the leakage of OH™ from base compartment into acid
compartment. However, the molar concentration of
HCI produced was always slightly lower than the cor-
responding concentration of LiOH. This was attributed
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Fig. 9 Variation of HCl and LiOH concentration (left) and solution volume in feed, acid and base compartments under different current den-
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Fig. 10 The efficiency and energy consumption of HCl and LiOH at
different current density

to the fact that H* has greater inherent mobility than
OH~, which resulted in more H* with a smaller radius of
hydrated ions, leaking from the acid compartment to the
feed compartment [15, 26]. In addition, current density
had a greater impact on water migration. As shown in
Fig. 9 (right), the degree of water migration increased as
the current density increased. Therefore, when a larger
current density was applied, desalinated solution of a
smaller volume and a larger volume of acid and base
solution can be obtained within the same experimental
time.

Figure 10 demonstrates the influence of current density
on the 5 and EC of BMED process. It can be observed that
the lower current density was helpful to increase the 7 and
reduce EC of HCl and LiOH generated from LiCl, which was
completely opposite to the trend of different feed con-
centrations shown in Fig. 6. Furthermore, there was a tiny
difference between the 5 curves of 60 mA/cm? and 80 mA/
cm?. However, the gap increased significantly when the
current density dropped to 40 mA/m?. For example, when
the operating time was 80 min and current density were
40, 60 and 80 mA/cm?, n, and EC for LiOH were 0.8 and
2.38 kWh/kg, 0.65 and 3.31 kWh/kg, and 0.62 and 3.78
kWh/kg, respectively. To sum up, this phenomenon was
mainly related to the transmembrane migration of ions in
adjacent compartments and the dissociation of H,O mol-
ecules at the interphase layer of the BPM. The higher the
current density was, the faster the velocity of ions flux was.
When the ions adsorbed on the membrane were depleted,
it would directly cause the increase of stack resistance and
even H,0 molecules splitting. Moreover, the higher cur-
rent density was also helpful to inhibit ions unexpected
transfer, especially at the later stage of the experiments.
The energy consumption curve of HCl and LiOH increased
gradually with the increase of current density during BMED
process, which resulted from that a large part of the elec-
tricity was consumed to overcome the membrane stack
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resistance. Therefore, the appropriate high current density
should be selected for the BMED system when considering
daily acid and base output and the process cost.

3.4 Effects of feed volume and the maximum
achievable concentration of HCl and LiOH

The lower concentration of LiCl in feed compartment
would greatly affect the final concentration of HCl and
LiOH, especially at the end of the experiments when LiCl
concentration dropped to a much lower level. Therefore,
in order to further investigate the effect of initial feed solu-
tion volume on a generation of HCl and LiOH, the experi-
ments of 70 g/L LiCl were performed with the different
initial feed solution volumes of 700 mL and 2100 mL in
BMED system.

Figure 11 illustrates that the influence of different initial
volumes of LiCl solution on concentration of HCl and LiOH.
It could be seen from Fig. 11 that the concentration of HCI
and LiOH were 2.52 mol/L and 2.5 mol/L at the initial feed
volume of 2100 mL, which were much higher than that
with the initial volume of LiCl solution was 700 mL. This
was caused by the fact that the higher total mole number
of LiCl in feed compartment necessarily led to the increase
of Li* and CI™ ions from feed compartment to transmem-
brane migrate into the adjacent compartment in BMED
process. Furthermore, it was found that the concentration
curve of Veegt V acid or base = 1:1 did not completely coincide
with the curve of Vioq: Vacid or base = 3:1 in the period range
40 ~ 80 min. Which mainly due to less ion migration and
intensification of the concentration difference polarization
phenomenon when the initial feed volume was 700 mL
because the LiCl concentration in feed compartment was
too low at that period. Therefore, it may be an effective
method to increase the final concentration of HCl and
LiOH generated from LiCl solution by increasing the initial

| (Base)

—#— V(salt):V(acid) or V(base)=3:1

—&— V(salt):V(acid) or V(base)=1:1
A IR DR R |

Concentration of HCI and LiOH (mol/L)

0 60 120 180 240 300
Time (min)

Fig. 11 Variation of HCl and LiOH concentration under different
feed volumes
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Fig. 12 The influence of different feed volume on efficiency and
energy consumption

volume of feed compartment or increasing initial concen-
tration of feed compartment.

Figure 12 demonstrates the influence of initial feed
volume on the efficiency and unit energy consumption.
Increasing the initial volume of feed solution was help-
ful to improve the performance of electrodialysis process,
because it can increase efficiency and reduce energy con-
sumption of HCl and LiOH generated from LiCl solution.
It was found that when the initial feed volume increased
from 700 to 2100 mL, the current efficiency of the BMED
process had been improved from 61 to 66% for acid (HCI)
and 61% to 80% for base (LiOH), respectively, while the
unit energy consumption of LiOH had been reduced from
2.1 to 1.6 kWh/kg after run 80 min. The main reason should
be that the content of ions in feed compartment had no
significant change after run 80 min when the feed solution
volume was 2100 mL, in contrast with the feed solution
volume of 700 mL, which had a significant decrease in ions
content of feed solution when the total mole number of
LiCl in the salt solution dropped to a much lower level.
Therefore, an appropriate increase in the solution volume
of feed was helpful to generate a higher concentration of
HCl and LiOH with BMED.

The maximum achievable concentration of HCl and
LiOH was also considered to be the important parame-
ter to evaluate the performance of membranes in BMED
system. In addition to the limitations of the bipolar mem-
brane, for a given application, the selection of anion
exchange membranes was also the most important since
their inferior permselectivity and chemical stability com-
pared with cation ion exchange membranes.

In order to maintain a constant concentration of LiCl in
feed compartment during the experiment, a higher con-
centration of lithium chloride solution was added con-
tinuously to feed compartment to balance the decrease
of concentration and volume in the feed compartment

by a peristaltic pump. Figure 13 shows that the maximum
achievable concentration of HCl and LiOH with the ini-
tial concentration of 130 g LiCI/L at the current density
of 80 mA/cm?. It can be observed from Fig. 13 that the
growth rate of HCl and LiOH concentration at the end of
the experiment was significantly lower than that in the
initial stage, resulted from the ions reverse diffusion and
the increase of ions transfer resistance. The maximum
concentration of LiOH generated from LiCl was about
3.58 mol/L after continuously running for 360 min. How-
ever, the maximum concentration of HCl was slightly lower
than the corresponding concentration of LiOH. It was also
proved that the maximum concentration of HCl and LiOH
obtained from LiCl solution were mainly determined by
the properties of the anion ions exchange membrane
which has limited retention of protons since the so-called
proton-tunneling mechanism. Similarly, a higher concen-
tration of hydroxide ions can permeate from the base
compartment through the cation ions membrane, but to
a lesser extent. The net result is that the hydrogen ions
and hydroxide ions generated from the splitting of water
migrating from the acid or base compartment through the
ions membrane to neutralize each other in feed compart-
ment. Which resulted in the lower current utilization of
BMED process. Therefore, the selection of an appropriate
output concentration of HCl and LiOH was favor to reduce
the leakage and reverse diffusion of ions.

4 Conclusions

A lab-scale BMED system for the generation of HCl and LiOH
from simulated lithium chloride solution was presented in
the study. The influence of regents and operating param-
eters were investigated. The results indicate that the higher
initial concentration of LiCl was beneficial to increase the
concentration of HCl and LiOH and average current effi-
ciency, while decreasing the specific energy consumption

—a— LiOH

Concentration (mol/L)
~
T

—e— HCl

0 I I I I I I
0 60 120 180 240 300 360

Time(min)

Fig. 13 The maximum achievable concentration of HCl and LiOH in
BMED system
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of HCl and LiOH. The stack voltage increased rapidly when
the LiCl concentration within the feed compartment was
less than the “inflection point concentration” about 4 g/L.
when changing the initial volume of 70 g/L LiCl from 700 to
2100 mL, the concentration of HCl and LiOH increase from
1.31 mol/L and 1.26 mol/L to 2.53 mol/L and 2.52 mol/L,
respectively, while the unit energy consumption had been
reduced from 3.68 kWh/kg to 2.81 kWh/kg for the base
(LiOH) after run 80 min. Moreover, a high current density
could rapidly increase HCl and LiOH concentration and
enhance water movements of BMED process, but reduce
the current efficiency.

The higher initial concentration of acid and base was in
favored to improve the final concentration of them, but an
excessively high initial concentration was adverse to the
growth of HCl and LiOH concentration. The maximum con-
centration of HCl and LiOH were close to 3.24 mol/L and
3.57 mol/L, respectively, obtained at a constant concentra-
tion of 130 g LiCl/L and the current density of 80 mA/cm?.
The produced HCl can potentially be used for resin regen-
eration and lithium chloride conversion from lithium sulfate,
and LiOH can be treated for the production of battery-grade
LiOH. In summary, the results confirm the feasibility for the
generation of HCl and LiOH from simulated LiCl solution by
BMED and provide a favorable reference for the optimization
of process parameters.
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