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[T I N

Abstract: Traditional lithium hydroxide production techniques, like lithium sulfate and lithium
carbonate causticizing methods, suffer from drawbacks including high specific energy consumption,
time-consuming processes, and low recovery rates. The conversion of lithium chloride to lithium
hydroxide using bipolar membrane electrodialysis is straightforward; however, the influence of
operational parameters on bipolar membrane electrodialysis performance have not been investigated.
Herein, the impact of the current density (20 mA/ cm?~80 mA /cm?), feed concentration (0.5 M~2.5 M),
initial feed pH (2.5, 3.5 and 4.5), and the volume ratio of the feed and base solution (1:1, 2:1 and 3:1)
on the current efficiency and specific energy consumption in the bipolar membrane electrodialysis
was systematically investigated. The bipolar membrane electrodialysis process showed promising
results under optimal conditions with a current density of 50 mA /cm? and an initial lithium chloride
concentration of 1.5 M. This process achieved a current efficiency of 75.86% with a specific energy
consumption of 3.65 kwh/kg lithium hydroxide while also demonstrating a lithium hydroxide
recovery rate exceeding 90% with a purity of about 95%. This work will provide valuable guidance for
hands on implementation of bipolar membrane electrodialysis technology in the production of LiOH.

Keywords: bipolar membrane electrodialysis; lithium hydroxide production; ion migration; process
optimization; high purity

1. Introduction

Ternary lithium-ion batteries have been developing rapidly because of their high
energy density, portability, and environmental security [1-4]. The demand for lithium
hydroxide (LiOH), as an important raw material for the production of ternary lithium-
ion battery cathodes, is also growing rapidly [5,6]. Lithium hydroxide is often produced
through the causticizing of lithium sulfate and lithium carbonate [7,8]. The lithium sulfate
process produces sodium sulfate as a by-product, which necessitates the separation of
sodium sulfate decahydrate [9,10] under cryogenic freezing conditions, thus making the
method more energy-intensive. Additionally, an excess of sodium hydroxide can have a
detrimental impact on the quality of the lithium hydroxide. Also, the low solubility of
the lithium carbonate leads to a low lithium hydroxide recovery rate and environmen-
tally harmful calcium carbonate waste [11]. Therefore, there is an urgent need for a new
technological route to produce lithium hydroxide.

The ion exchange membrane is a type of membrane-like ion exchange resin [12,13],
which can be categorized into a cation exchange membrane, anion exchange membrane,
and special ion exchange membrane. Its main characteristic is the selective permeation of
specific ions, and the underlying principle can be explained by theories such as Donnan
equilibrium [14-17]. The bipolar membrane is a special ion exchange membrane with
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a sandwich-like structure, and it can dissociate water at low potentials. Bipolar mem-
brane electrodialysis (BMED), which combines conventional electrodialysis technology
and bipolar membranes [18-21], is an electrochemical method developed by utilizing the
features of ion exchange membranes and the hydrolysis dissociation characteristics of
bipolar membranes to achieve the separation and purification of salt solutions, and to
generate the corresponding acids and bases. In recent years, with advances in membrane
materials, there has been growing interest in utilizing BMED technology for producing
lithium hydroxide [22-26]. The preparation of LiOH via BMED offers outstanding advan-
tages over other technologies: it eliminates the need for additional reagents, prevents the
generation of by-products, simplifies the process, and promotes environmental friendliness,
with a specific energy consumption of only about 7 kwh/kg LiOH and a cost of about
2.941 USD/kg LiOH [16,27,28]. Jiang et al. [11,29] demonstrated the production of LiOH
by treating lithium carbonate in brine from a salt lake using BMED. However, since lithium
carbonate can only dissolve 0.13 g/mL of water at room temperature, resulting in a lithium
hydroxide concentration of less than 0.1 M, optimizing the BMED process parameters
becomes necessary. Additionally, the BMED process generates significant amounts of
flammable hydrogen gas, leading to high specific energy consumption. Replacing lithium
carbonate with lithium chloride as the feed component for lithium hydroxide production
may offer a solution. Qiu et al. [30] observed that CIMS/ACS-type monovalent anion
and cation exchange membranes exhibit superior separation performance for calcium and
magnesium ions in a 0.3 M lithium chloride solution, resulting in higher purity lithium
hydroxide products at specific current densities. However, the impact of a lithium chloride
solution concentration on BMED performance was not separately investigated, and ion
leakage due to homonymous ion migration was ignored. Therefore, there is an urgent need
to lower the specific energy consumption and optimize operational parameters for lithium
hydroxide production via BMED.

Herein, we adopted a better BMED system for lithium hydroxide production (Figure 1),
featuring a repeating unit sequence of a bipolar membrane (BPM), anion exchange mem-
brane (AEM), and cation exchange membrane (CEM). The BPM closest to the anode or
cathode prevented the electrode reaction of ions, which could reduce specific energy con-
sumption. We chose lithium chloride, with a higher solubility than lithium carbonate from
brine, as the feed materials for producing a highly concentrated lithium hydroxide solution.
The influences of the current density, feed solution concentration, pH, and feed-to-product
volume ratio on the BMED performance, and the variation of the current efficiency and
specific energy consumption across different factors were investigated and optimized. Loss
of resources and reduced product purity due to homonymous ions migration were moni-
tored and analyzed to reveal material transformation and transfer characteristics during
the electrolysis process. This work could lay the foundation for pilot experiments and
technological transformation.
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Figure 1. Experimental principle graph of BMED with three compartments.
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2. Experimental
2.1. Materials

Lithium chloride and sodium hydroxide were of analytical grade and were supplied by
Shanghai Aladdin Biochemical Technology Co., Ltd, Shanghai, China. The cation exchange
membrane CT-4, anion exchange membrane ATD, and the bipolar membrane BP-2 were
bought from Hangzhou Lanran Technology Co., Ltd, Hangzhou, China. The lifetime of
these purchased membranes is 2-3 years. Table 1 shows the operating parameters of the
membranes supplied by the supplier.

Table 1. Parameters of ion exchange membranes.

Characteristics CT-4 ATD BP-2
Thickness (mm) 0.10 0.16 0.28
Bursting intensity (MPa) >0.5 >1.0 >0.5
Resistance (0.5 N HCI) (Q2-cm?) 3.6 43 \
Operating temperature (°C) 25-40 25-40 25-40
Water dissociation voltage (V) \ \ 0.9-13
Operating pH 0-14 04 0-14

2.2. Measurements of BMED System

The BMED system was composed of ten sets, each consisting of the BPM, AEM, and
CEM. Two membranes in each set were separated by a special partition. The dimension
of every membrane was 75 x 195 mm and the actual size of the membrane was 55 cm?.
The electrode plate was made of nickel, and see Figure 1 for the specific configuration. The
membrane stack was composed of ten feed, acid, and base chambers, along with two elec-
trode chambers. The setup included four built-in circulating pumps, with three maintaining
a flow rate of 1.2-2.0 L/min to circulate solutions in each compartment, forming four circu-
lating circuits. Glass coils (70 x 180 mm) in the feed chamber connected to the cryostat tank
for cooling. During experiments, circulating cooling water was applied, maintaining the
electrodialysis system at a controlled temperature of 25 & 2 °C to prevent excessive heating.

The electrolysis experiment was conducted in batch process. Initially, membrane
stacks were installed correctly. Then, 800 mL of feed solution (deionization of water) was
filled into the feed cup, acid and base cup, and electrode cup. The outlet tube from each tank
was placed into the corresponding tanks. Next, the low-temperature constant temperature
cooling water circulating pump and the circulating pumps for each compartment were
activated for 20 min to remove air bubbles. After this preparation, the power was turned on.
During the experiment, measurements for voltage, current, conductivity, water temperature,
and tank level were taken every 10 min from the unit’s display panel, along with a 2 mL
sample extracted from the acid—base chamber for further analysis.

For the electrodialysis experiments, 1 M lithium chloride solution (pH = 3.5) was added
to the feed tank to explore the impact of current density (from 20 to 80 mA /cm?) on ion
migration rate, current efficiency, specific energy consumption, and so on during the BMED
experiments. After obtaining the optimized current density of 50 mA /cm?, the experiments
were carried out with varying initial lithium chloride concentration (0.5~2.5 M) in the
same pH environment to analyze the capability of BMED. The effects on current efficiency,
specific energy consumption, and so on were analyzed. Finally, to determine the effect of
initial feed pH on the capability of BMED, the solution was adjusted to different values
(2.5, 3.5 and 4.5) using hydrochloric acid under the optimized conditions of 50 mA /cm?
and 1.5 M.

2.3. Analyses and Calculations

The HCI concentration in acid room and LiOH concentration in base room were
measured by acid-base titration, employing NaOH and HClI at 0.1 M standard solution,
respectively. Phenolphthalein and methyl red-bromocresol green served as indicators for
each titration. The lithium-ion content was determined using inductively coupled plasma
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emission spectroscopy (ICP-OES). The equation for calculating the concentration of LiOH
or HCl is provided below [31]:
CeVe
t = —— 1
et = 1)

where c; (mol/L) represents the concentration of hydrochloric acid or lithium hydroxide at
t (min); c. (mL) is the concentration of the standard titration solution, mol/L; v. denotes
the used volume of the standard titration solution; and v¢ (mL) is the volume of HCI or
LiOH samples at a certain time.

Specific energy consumption for the production of LiOH during the experiment has
been computed according to the given equation [32]:

t
- Jo Uldt ®
(CtVt - C()VO)M
where E (kwh/kg) is the specific energy consumption of the experimental process; U (V)
is the given voltage; I (A) is the current through the membranes; ¢y (mol/L) is the initial
concentration of the LiOH sample in the base chamber; vj (L) is the initial volume of the
LiOH sample solution in the base chamber; and the molar mass of LiOH is M = 24 g/mol.
The current efficiency for LIOH production in the experimental procedure was calcu-
lated using the equation as follows [33]:

z(cevy — cgvp)F

— - 3
1 N [ 1dt ®
where 1 is the current efficiency of the experimental procedure; z represents the valence
(z =1 for LiOH); F means Faraday’s constant (F = 96500 C/mol); and N represents the
number of groups in the membrane stack (N = 10).
The recovery rate of LIOH was obtained by the following equation (4):

CtVi

R 4)

CiVi
where ¢; (mol/L) is the initial LiCl concentration; v; (L) is the initial lithium chloride
solution volume.
The migration rate of Li* is calculated using the following equation [28]:

_ GtV — CoVo

Mr T AXtEX60

()
where M; (mmol/(m?-s)) is the ion migration rate; A indicates the actual working area of
each membrane (A = 0.0055 m?).

3. Results and Discussion
3.1. Effect of Current Density

In the experiment, we monitored the conductivity changes in the feed chamber and
continued supplying power to the membrane stack until it reached its lowest point. Then,
throughout the electrodialysis process, we analyzed the variations in the current efficiency
and specific energy consumption at the monitoring points to identify the locations of
their sudden changes, as depicted in Figure 2a,b. By identifying the specific time points
corresponding to each current density (20, 40, 50, 60, 80 mA /cm?) at 130 min, 70 min,
50 min, 50 min, and 50 min, respectively, we selected a “reference point” to evaluate the
lithium-ion migration rate, LiOH recovery rate, specific energy consumption, and current
efficiency during the BMED technique. Furthermore, the influence of varying current
densities on the performance of the BMED was determined.
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Figure 2. (a) Changes of current efficiency; (b) Changes of specific energy consumption in the current
density condition experiment.

As depicted in Figure 3a—d, the potential difference gradient in the membrane stack
increased with the rise in the current density, leading to an enhanced driving force for
ions migration. Consequently, the average migration rate of the Li* was significantly
accelerated as the current density increased. Specifically, it rose from 15.79 mmol/m?/s
at 20 mA/cm? to 43.9 mmol/m?/s at 80 mA/cm?. Moreover, the final recovery rate
of the LiOH also improved, reaching 90.5% at 80 mA/cm?. The improvement can be
attributed to the higher potential difference, resulting in a more complete conversion of
the feed lithium chloride. When at 50 mA /cm?, the recovery rate of the LIOH at the next
monitoring point also exceeded 90%. Current efficiency and specific energy consumption
were essential indicators for assessing how the BMED performed. As depicted in Figure 3c,
the specific energy consumption of the BMED progressively increased with the rise of the
current density. This is because higher current densities demand more energy to remove the
stacking resistance of the BMED, resulting in an increase in the specific energy consumption
during the experiment. The current efficiency initially rose with an increase in the current
density and then slightly decreased. While, with low current densities, the feed conversion
of the electrodialysis took longer, resulting in an increased quantity of the electric charge
and relatively low current efficiency in the BMED procedure. However, when the current
density exceeded 50 mA /cm?, further increases determined the increase in the quantity
of the electric charge. Later in the experiment, because of the low content of ions within
the feed room, there was a delayed migration of ions which led to “barren” conditions and
ultimately a decrease in the current efficiency once again.
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Figure 3. The impact of current density on the electrodialysis performance of bipolar membranes:
(a) migration rate of Li*; (b) lithium hydroxide recovery rate; (c) specific energy consumption;
(d) current efficiency; (e) content of Li* in the acid room; and (f) content of C1~ in the base room.

Figure 3e indicates that due to the incomplete selective permeability of the cation and
anion exchange membranes, some homonymous ion migration or diffusion of the Li* into
the acid chamber occurred, driven by concentration differences. The results show that when
the current density was lower, the lithium chloride conversion time was prolonged, and
under the influence of decreasing potential difference as well as concentration difference,
more Li* leakage into the acid chamber, and the loss rate (in 20 mA /cm?) was as high as
2%. Similarly, Figure 3f reveals that more C1~ underwent homonymous ion migration and
concentration diffusion into the base compartment at a lower current density, reducing the
purity of the lithium hydroxide product. In summary, it is concluded that high current
densities raise energy costs but lower BMED stack equipment costs, whereas low current
density can lead to poor product quality. Therefore, it is necessary to balance the energy
and equipment cost by selecting a current density of 50 mA /cm?. This choice helps reduce
the membrane stack price while controlling the leakage of ions, thereby improving the
recovery rate and purity of the lithium hydroxide.

The conductivity of the feed solution is a crucial factor for the function of the BMED.
At the beginning of the BMED, the lithium ions and chloride ions migrated into the base
and acid chambers, respectively. Meanwhile, the conversion of the lithium chloride into
LiOH and HCl could decrease the conductivity of the feed solution. As a result, the gradual
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generation of LiOH and HCl leads to a diminishment in the resistance within the system,
causing a rise in the current and corresponding power. Figure 4 illustrates how the feed
solution conductivity affects power, voltage, resistance and specific energy consumption
during BMED at 50 mA /cm?. When the conductivity dropped to 73.9 mS/cm, the power
reached its maximum value of 91.8 W, as the current reached its set value. Subsequently,
the concentration of the LiOH and HCl increased until the system resistance stabilized at
approximately 8.8 & 0.1 Q). This stabilization caused the membrane stack voltage to drop
to its minimum value; therefore, the power fell back and the specific energy consumption
decreased, remaining within 3.5~4 kwh/kg LiOH. However, when the conductivity of
the feed solution decreased by about 30 mS/cm, it led to increased system resistance,
membrane stack voltage, and power. If the conductivity of the feed solution was reduced to
9.25 mS/cm, the resistance of the system increased rapidly. As a result, the voltage rose to
the upper limit of 35 V, causing a current limiting phenomenon in the system. The current
rapidly decreased, resulting in a quick decrease in the power. This led to a limited lithium
chloride conversion and a rapid increase in the specific energy consumption. That is why
we recommend that you stop the experiment when power starts to increase rapidly before
reaching the current limit, in order to ensure optimal electrodialysis performance.
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Figure 4. Effect of conductivity of lithium chloride solution during electrodialysis at 50 mA / cm?of 1M
lithium chloride solution: (a) resistance; (b) voltage; (c) power; and (d) specific energy consumption.

3.2. Effect of Initial Lithium Chloride Concentration

The concentration of the lithium chloride solution is a significant indicator that affects
the performance of the BMED. A greater concentration of lithium chloride results in a longer
conversion time. With BMED, the current efficiency and specific energy consumption are
calculated and analyzed using different concentrations of the lithium chloride between
monitoring points. A “reference point” was selected, but the reference points selected from
the trend of growths in the current efficiency and specific energy consumption were not
exactly the same (Figure 5a,b). After comparative analysis, it was determined that the
sudden change in the specific energy consumption showed more significant fluctuations,
making it a more appropriate choice for the reference point. As a result, conditions with
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concentrations of 0.5 M, 1 M, 1.5 M, 2 M, and 2.5 M correspond to evaluation times of
50 min, 60 min, 80 min, 120 min, and 150 min, respectively. The migration rate of the Li*,
recovery rate of LiOH, specific energy consumption, and current efficiency were analyzed
and compared from the power supply moment to the reference point to evaluate the effect
of the lithium chloride concentration on the BMED performance.
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Figure 5. Changes in (a) current efficiency; (b) specific energy consumption in the experiment at
various lithium chloride concentrations.

As depicted in Figure 6a—d, the average migration rate of the Li* increased with the
rise in the lithium chloride concentration during the experiment. However, when the
lithium chloride concentration exceeded 1.5 M, a decrease in the average migration rate
was seen. This phenomenon may be the result of the heightened ionic force in the feed
solution and the greater concentration difference between the feed and product chambers.
Ultimately, due to the increased concentration of the lithium chloride at a constant current
density, complete conversion of the lithium chloride into LiOH became challenging, leading
to a decreasing trend in the recovery rate of the LiOH, which stood at 86.7% at 2.5 M. The
specific energy consumption during the experimental process decreased with the increase
of the lithium chloride concentration and then stabilized at approximately 3.7 kwh/kg
LiOH. This reduction was attributed to having created a low-resistance environment for
the BMED experiments, thereby reducing the specific energy consumption required to
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overcome the resistance. The current efficiency depended on the amount of LiOH and the
quantity of electric charge in the experiment. As the concentration of the lithium chloride
increased, the concentration of LiOH obtained in the base chamber increased, while the
resistance to ion migration in the feed chamber also increased. Consequently, a longer
conversion time is required. This led to a decrease in process current efficiency from 78.44%
at a feed lithium chloride concentration of 1 M to 68.56% at 2.5 M. In conclusion, it is not
advisable to increase the feed lithium chloride concentration as a means of reducing the
processes’ specific energy consumption.
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Figure 6. Effect of lithium chloride concentration on (a) migration rate of Li*; (b) lithium hydroxide
recovery rate; (c) specific energy consumption; (d) current efficiency; (e) content of Li* in acid room
and (f) content of C1~ in base room for BMED process.

Figure 6e shows that a higher concentration of lithium chloride caused the Li* to
diffuse along the concentration gradient towards the acid chamber in a long conversion
time, ultimately making it harder to extract the Li*, and numerous lithium ions were lost
in the acid room. Similarly, Figure 6f illustrates that the increase in the lithium chloride
concentration caused more Cl~ to leak into the base solution, resulting in more chloride
impurities in the LiOH product, significantly reducing its purity to 93.3% (in 2.5 M). In
summary, increasing the concentration of the lithium chloride solution reduced the specific
energy consumption while causing severe ion leakage. It is recommended to maintain the
initial lithium chloride concentration between 1 and 1.5 M for optimal results.

Under the current density of 50 mA /cm? and lithium chloride concentration of 1.5 M,
the influence of the feed chamber conductivity on the specific energy consumption during
the electrodialysis process was analyzed. As depicted in Figure 7, when the lithium chloride
begins to convert and the conductivity drops to 102.6 mS/cm, the decrease in system
resistance caused the BMED stack voltage and current to reach their set values, resulting
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in a power of 92.47 W. Subsequently, as the conductivity continued to decrease, more
ions migrated out of the feed solution to generate additional LiOH and HCl, causing the
system resistance to drop to a minimum of 8.6 = 0.05 (). This maintained the BMED stack
voltage at 23.6 == 0.1 V with a power of 64.7 £ 0.1 W. When the conductivity decreased to
approximately 20 mS/cm, there was an increase in the system resistance and stack voltage,
leading to a chain reaction that increased both the power and specific energy consumption.
Finally, when the conductivity reached 7.1 mS/cm, the resistance increased linearly, leading
to current limiting in the system and the specific energy consumption also rapidly increased.
It is evident that higher concentrations of lithium chloride (compared to those mentioned
above) result in higher product concentrations, with current limiting occurring later in
the process.
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Figure 7. Effect of conductivity of lithium chloride solution during electrodialysis at 50 mA /cm? in 1.5 M
lithium chloride solution: (a) resistance; (b) voltage; (c) power; and (d) specific energy consumption.

3.3. Effect of Initial Feed pH

Based on the supplier’s parameters, the anion exchange membrane operated within
a pH range of 0 to 4. Therefore, prior to electrodialysis, hydrochloric acid was added to
lower the pH of the feed solution to approximately “4”. It is essential to ensure that the pH
represents the concentration of H* in the solution, which can impact the migration of the
Li* during electrodialysis. To investigate the effect of the initial feed pH, a 1.5 M lithium
chloride solution was added to control the pH levels at 2.5, 3.5, and 4.5 for the BMED ex-
periments with a current density set at 50 mA /cm?. The variations in the current efficiency
and specific energy consumption between monitoring points were initially analyzed across
different pH levels. It was found that the trend of different pH values in the graph was
consistent, as shown in Figure 8, leading to the selection of 80 min as the reference point for
subsequent analysis.

As illustrated in Figure 9, the excellent conductivity at pH 2.5 provides an optimal ion
migration environment, resulting in the highest average migration rate of the Li* at pH 2.5,
reaching 36.55 mmol/m?/s. However, as the pH increased to 3.5 or 4.5, the migration rate
slightly decreased. This may be attributed to the favorable migration environment at pH 2.5.
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It was observed that the LiOH recovery rate was highest at pH 2.5, reaching a maximum of
80.4% compared to the other two pH levels. It is noted that a decrease in pH lower than
2.5 could increase the concentration of H*, which will migrate to the base chamber during
electrodialysis and reduce the purity of the lithium hydroxide production. Additionally,
under the condition, the electrodialysis system demonstrated a smaller specific energy
consumption of 4.7 kwh/kg LiOH and greater current utilization with a current efficiency
of 72.99%.
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Figure 8. Changes in (a) current efficiency; (b) specific energy consumption in the pH condition
experiment of lithium chloride solution.

Hydrogen ions can form chains with neighboring water molecules and move faster
than other ions, leading to the rapid migration of hydrogen ions to the base chamber where
they coexist with hydroxide ions in the form of water. Figure 9e demonstrates the increase
in the volume of the base room, with the most noticeable change occurring at a pH of
2.5, which can be attributed to two factors. On the one hand, there was the migration of
hydrated lithium ions into the base chamber (a hydration number of Li* is 6 [34]). On the
other hand, hydrogen ions also moved into the same chamber, where they reacted with
hydroxide ions to produce water. The lower pH produced a greater concentration difference
between the HCl in the acid room and the LiOH in the base room. Specially, at a pH of
2.5, the HCI concentration exceeded the LiOH concentration by 0.096 M, a difference that
decreased to 0.081 M at a pH of 4.5. In summary, the selection of pH 2.5 as the experimental
condition was conducive to reducing the specific energy consumption and improving the
current efficiency, but it will also lead to a slight reduction in the LiOH concentration.
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Figure 9. Effect of pH of lithium chloride solution on the electrodialysis performance of bipolar
membranes: (a) lithium-ion migration rate; (b) Lithium hydroxide recovery rate; (c) specific energy
consumption; (d) current efficiency; (e) the change in volume of the solution in the base room;
and (f) the concentration difference between the solution in the acid room and the solution in the
base room.

3.4. Effect of the Volume Ratio of the Feed and Base Solution

The impact of the amounts of lithium chloride on the concentration of the LiOH is
shown in Figure 10. The volume ratios of the initial lithium chloride solution (1.5 M) to
product solution in the base room were set to be 1:1, 2:1, and 3:1. Figure 10a shows the effect
of the feed conductivity on the LiOH concentration under different volume ratios. The
concentration increased from 1.152 M in a 1:1 ratio to 1.991 M in a 3:1 ratio, representing
an increase of 72.8%. This enhancement is attributed to a sustained lithium-ion migration
rate result from the larger volume ratio of the feed and base solution, in contrast to the
rapid concentration drop and decreased migration rate observed in a smaller volume
ratio. Figure 10b shows that a corresponding increase in the volumetric ratio improves
the current efficiency and reduces specific energy consumption. However, at a volume
ratio of 3:1, the concentration of the lithium chloride solution decreased more slowly, and
increased inter-ionic force hindered the migration of lithium-ion. Consequently, lower
current efficiency and rapidly increasing specific energy consumption occurred in the
later stages. To minimize the specific energy consumption in the mid-test experiments, as
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(a)

suggested by our results, a graded electrodialysis system can be designed. This system
could involve removing some products, reducing concentration difference, and mitigating
ion migration resistance when electrolysis reaches a certain stage.
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Figure 10. Effect of volume ratio of the feed and base solution on BMED function: (a) Lithium
hydroxide concentration in the base room; (b) Specific energy consumption and current efficiency.

3.5. Ion Migration

After obtaining the optimized conditions through preceding experiments, BMED was
conducted using 800 mL of 1.5 mol/L lithium chloride solution with pH = 3.5 at 50 mA /cm?.
The focus was on analyzing the migration process of the lithium ions separating from
chlorine ions at each monitoring point. The ionic mobility rate of each segment was
calculated, visualizing the ionic trans-membrane process, as shown in Figure 11. The
ion migration process in the experiment can be divided into three segments. In the first
segment (0-20 min), following the establishment of a potential difference, ions migrate
to the interface of the ion exchange membrane and then are attracted to fixed groups
within the membrane through electrostatic forces. When supplying power, ions move,
generating ionic currents, producing a conductive effect, and facilitating ionic mass transfer
as they jump from one fixed group to another. In the second section (20-100 min), after the
formation of an “ionic mass transfer channel”, more anions and cations migrate across the
membrane into the acid-base chamber, driven by the potential difference and higher ionic
concentration per unit time. However, as the experiment progresses, the ionic concentration
in the feed material liquid gradually reduces, leading to a widening difference in reverse
concentration, slowing down ion migration speed, and gradually reducing the number of
ions migrated per unit time. In the final section (100-120 min) of the experiment, with low
ion content in the feed material liquid and a significant reverse concentration difference, ions
undergoing forward migration also experience simultaneous reverse diffusion. This leads
to substantial reduction in the current utilization, increasing the process of specific energy
consumption. Thus, it is advisable to promptly terminate the experiment at this stage.

3.6. Economic Analysis

The mainstream lithium sulphate causticizing method for lithium hydroxide produc-
tion not only consumes a large amount of auxiliary materials, such as sodium hydroxide,
but also requires an energy-intensive environment with low-temperature refrigeration.
However, our study found that the specific energy consumption of the BMED technology
for treating 1.5 M LiCl at 50 mA /cm? is only 3.65 kwh/kg LiOH. Calculation results re-
vealed that the processing cost of lithium sulphate causticizing is about 995 USD/t LiOH,
while the cost for the preparation of lithium hydroxide via BMED processing is 367.5 USD/t
LiOH. Therefore, it can be seen that the BMED offers significant economic superiority, as
shown in Table 2 [35].
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Figure 11. Schematic diagram of ion migration process during BMED process. B: bipolar membrane;
A: anion-exchange membrane; C: cation-exchange membrane.

Table 2. Economic feasibility of BMED compared to lithium sulphate causticizing technology.

Unit Consumption of Auxilia Unit Price of Auxilia .
\ Materiafs (t/t LiOH) v Materials (USD/t LiOrI}I,) Total (USD/t LiOH)
Sulfuric acid 1.52 34.58 52.56
Sodium Carbonate 0.025 193.64 4.841
Sodium hydroxide 1.18 262.79 310.1
Calcium carbonate 0.6 89.9 53.94
Unit specific energy consumption Unit price of energy Total (USD/t LiOH)
Electrical 3500 (KWh/t LiOH) 0.1007 (USD/KWh) 352.45
Coal 3.15 (t/t LiOH) 6.92 (USD/t LiOH) 21.798

4. Conclusions

BMED technology has great potential for producing lithium hydroxide from a salt-lake.
This paper investigated the impact of the current density, concentration of LiCl, pH, and
feed-to-product volume ratio on BMED functioning. Increasing the current density or
decreasing the initial lithium chloride concentration in the BMED process can effectively
improve the purity of the lithium hydroxide. However, a higher current density also
increased the specific energy consumption. Considering both equipment and energy costs,
a current density of 50 mA/ cm? is recommended. The initial lithium chloride concentration
significantly impacted the recovery rate, specific energy consumption, and current efficiency
of the BMED process. Greater LiCl concentration increased the resulting lithium hydroxide
concentration, reduced resistance, and lowered the specific energy consumption. However,
this also led to ion diffusion, decreasing the current efficiency. Therefore, an initial LiCl
concentration of 1.5 M is recommended for optimal synthesis. The acidic environment in the
feed solution ensures the service life of the ion exchange membrane, but the lower pH can
cause a crazy increase in the volume of the base solvent, leading to a decline in the product
content. It is essential to find a balanced pH, with 2.5 or 3.5 recommended. The optimal
condition parameters are shown in Table 3. Based on our exploration of the volume ratio
in small-scale experiments, continuous (or mid-test) electrodialysis experiments should
be timely designed with graded electrodialysis to reduce the specific energy consumption.
It is noted that the feed material lithium chloride solution will contain interfering ions
such as carbonate ions, sulfate ions, and sodium and potassium ions, which can have a
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harmful effect on the purity of the lithium hydroxide. Such that carbonate ions could form
lithium carbonate precipitate and cause membrane pore blockage during the BMED process.
Therefore, they must be thoroughly removed prior to electrodialysis and we will address
these issues in future work. The effect of the lithium hydroxide concentration and electrode
solution concentration on the electrodialysis performance of the bipolar membrane should
be considered in the scale-up experiments. Additionally, to prolong the lifetime of the
applied membrane in scale-up experiments, thicker membranes are suggested.

Table 3. Optimal conditions.

Current Density Concentration of LiCl Feed pH
50 mA/cm? 15M 250r35
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