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H I G H L I G H T S  

• Li2CO3 crystals were recovered by membrane crystallization. 
• Feed temperature dominates the Li2CO3 crystal formation. 
• NaCl and KCl delay the formation of crystals.  
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A B S T R A C T   

In this work, membrane crystallization (MCr) process was employed for recovery of lithium carbonate (Li2CO3) 
crystals from synthetic brine solutions. First, the effect of the main operating conditions in MCr, including feed 
temperature (40, 50, and 60 ◦C) and flowrate (0.81, 1, and 1.3 L/min) was investigated on the crystallization of 
Li2CO3 in a binary solution. Next, the effect of main inorganic salts in the brine solutions (i.e., NaCl, KCl, and 
LiCl) and the mixture of them on the MCr performance and crystallization of Li2CO3 were investigated. In-line 
microscope, light microscope, scanning electron microscope, and X-ray diffraction test were used to observe 
the crystallization and characterize the obtained crystals. The obtained results revealed that feed temperature is 
the main parameter to dominate the nucleation and crystal formation and growth. Thus, the higher the feed 
temperature, the faster the crystal formation and the larger the crystals. The average crystal size increased from 
9.59 to 30.51 μm, when the feed temperature increased from 40 to 60 ◦C, respectively. However, smaller crystals 
were observed with adding NaCl and KCl to the solution. Moreover, none of the operating parameters nor the 
salts additives did affect the crystals shape and the obtained Li2CO3 crystals possess needle-like shape.   

1. Introduction 

Massive amount of minerals is available in the high salinity liquid 
resources, also known as brine, such as geothermal water, reject stream 
in the seawater desalination (RO brine), salt lakes, and produced water 
from oil and gas exploration [1,2]. These sources contain considerable 
amount of various metallic and non-metallic elements [3,4]. Among the 
available minerals in the brine resources, however, lithium (Li) has 
recently received enormous interest. For example, during the last two 
decades, the demand for Li has increased almost 10 folds. This has led to 
about 300 % increase in the Li price, just during the years 2020 to 2021 
[5]. All these are due to exponential rising demand of Li in various in
dustrial sectors [6,7]. The main Li consumer is the lithium-batteries 

industry for electronic devices and heavy-duty vehicles [6]. It is pre
dicted that an exponential growth up to 4.5 million tons per year by 
2100 will be expected for the Li market to support these fast-growing 
sectors in the modern industry [8]. Among various available Li salts 
(e.g., LiCl, LiOH, LiHCO3, etc.), lithium carbonate (Li2CO3) is highly 
demanded in the commercial scale due to its wide applications in 
commercial products, such Li-ion batteries, pharmaceutical products, 
etc. [9,10]. 

Lithium salt production includes three main steps, i.e., pretreatment 
and inorganic impurities removal, brine concentration and Li extraction. 
Various techniques have been introduced to pretreat and concentrate Li- 
contain brine resources. For example, in the solar evaporation ponds, 
brine is pumped to a series of large evaporation ponds, and they undergo 
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months-long sun evaporation1. After removing competing ions and 
other impurities, and reaching appropriate concentration in the evapo
ration ponds, LiCl-rich solution is delivered to a recovery plant [11]. 
Chemical precipitation, solvent extraction, and electrochemical tech
niques have also been investigated for the Li extraction step. For 
example, in chemical precipitation, materials such as Lime and sodium 
carbonate (Na2CO3) are added to the concentrated brine to remove 
Mg2+ and Ca2+ [12]. Another option includes electrochemical tech
niques which mainly realize the embedding and removal of Li in a 
proper electrode material by controlling the potential, so as to achieve 
the purpose of Li extraction from brine [13]. However, these techniques 
are suffered from major challenges such as low efficiency, chemicals 
contaminations, production and demand constraints, and environ
mental concerns [13–15]. Other modern approaches, such as membrane 
technology, therefore, could gain more attention due to numerous ad
vantages, which have extensively been discussed in the literature 
[16–18]. Nanofiltration (NF), for example, is a chemical-free separation 
process, which can separate monovalent and divalent salts from brine 
and then concentrate it to make a Li-rich solution. However, it suffers 
from high operating pressure and low recovery value [19]. Forward 
osmosis can also enrich the brine up to relatively high concentrations. 
However, it cannot separate interfering salts and a proper and efficient 
draw solution as well as the membrane fouling are still challenging 
[20,21]. Other membrane tools, such as the supported liquid membrane 
and ion-sieve membranes, have also been investigated to run the sepa
ration processes for Li extraction. However, they are still far from the 
industrialization step due to expensive materials for membrane fabri
cation and scaleup issues [1,22,23]. Membrane crystallization, however, 
is an interesting and emerging technology, which can combine the 
separation and concentration steps into one, and simultaneously recover 
minerals and produce highly pure water, which can be quite interesting 
for further Li recovery and other industrial applications [24,25]. 

Membrane crystallization (MCr) is a non-isothermal separation 
process which offers numerous advantages over pressure-driven mem
brane processes and traditional precipitation. For example, MCr pos
sesses less fouling/scaling tendency, needs very low operating pressure, 
can process feed streams with high concentration of solutes, and is 
almost a chemical-free recovery process. The high quality permeate 
stream generated by MCr can be further used in various industrial ap
plications [26,27]. Moreover, one of the distinguishing features of MCr 
in comparison to conventional crystallization methods is in its ability to 
separate the nucleation process from the crystal growth process [28]. In 
particular, the rate of nucleation on the membrane surface can be one to 
two orders of magnitude greater than that of the bulk due to the elevated 
supersaturation on the membrane surface in contrast to the relatively 
lower level seen in the bulk [29]. All these have made MCr as an 
interesting and promising unit operation for recovery of a wide range of 
materials and minerals, such as phosphorous (P) [30] and inorganic ions 
(e.g., Na, K, Ag, Mg, B, etc.) in form of minerals [31–36]. MCr has also 
been investigated for Li-brine enrichment, however, it is still quite new 
to Li recovery from brine and efforts were focused on using MCr for 
removing inorganic impurities from the brine and producing a LiCl-rich 
solution [37–39]. Despite all these advantages and efforts, the imple
mentation of this technology on a commercial scale has not been 
completely realized. The primary challenges in this way include energy 
efficiency, membrane material and its longevity, sustained performance 
over extended periods, and crystal quality, all towards efficient scale-up 
methodologies. There are some extensive studies for dealing with these 
issues, as MCr and MD are very similar in principles [40–42]. However, 
the crystal quality and effects of MCr parameters and impurity presence 
in MCr for Li2CO3 recovery purpose has remained an issue. It is 
important to acknowledge that previously mentioned conventional 
methods used for pretreating brine to eliminate competing ions are not 
anticipated to exhibit ideal selectivity towards the passage of Li. This is 
particularly true when considering the initial high concentration of 
other monovalent ions. Consequently, it is expected that the feed stream 

of MCr will contain a significant presence of these other ions as well. 
This phenomenon can occur within a significant range for some salts, 
including NaCl, KCl, etc. [43]. 

In this work, the effect of major operating parameters including feed 
temperature and flowrate, on MCr performance as well as the crystal
lization of Li2CO3 crystals was investigated, experimentally. Moreover, 
the effect of impurities including individual salts (NaCl, KCl, and LiCl) 
and their mixture in the brine solution on MCr performance and Li2CO3 
crystallization was explored. The objectives of this work include:  

• Investigating the application of the MCr process for crystallization of 
Li2CO3 under various operating conditions  

• Investigating the effect of brine composition on the crystallization of 
Li2CO3. 

The quality of crystals is a crucial determinant of the economic 
viability of MCr systems, given that the sales of these crystals contribute 
significantly to the overall income. Results of this work could potentially 
provide valuable insights into the optimization of the MCr process for 
high quality Li2CO3 crystals recovery. 

2. Materials and methods 

2.1. Feed solutions 

To run the experiments, 3 L of the feed solution was produced by 
dissolving lithium carbonate (Li2CO3) (7.5 g/L) in distilled water. So
dium chloride (NaCl) (5.8, 17.5, and 29.2 g/L), potassium chloride (KCl) 
(0.5, 1.5, and 2.5 g/L), and lithium chloride (LiCl) (2.11 g/L) were used 
as additives in the brine solution with various concentrations similar and 
close to the real RO brine solutions [44]. Moreover, a brine solution with 
mix of salts (containing 5.8 g/L of NaCl, 0.5 g/L of KCl, and 2.11 g/L of 
LiCl) was also used for MCr experiments. The concentration of Li2CO3 
was considered high enough to shorten the membrane distillation part 
and enable the system to recover enough crystals for sampling and 
analyzing. All chemical reagents were used without further purification. 

2.2. MCr setup and process 

A lab-made hollow fiber module made of 21 capillary polypropylene 
(PP) membranes (0.2 μm pore size, 1.8 mm inner diameter, 450 μm 
thickness, 73 % porosity; MEMBRANA), was used for the experiments. 
Hollow fiber module design can provide the maximum packing density 
and effective surface area in comparison with other module designs, 
making them a favorable module design in industry and commerce [45], 
and thus, the obtained results from the lab-scale experiments can be 
used for scaling-up studies. Therefore, in this work, we used the hollow 
fiber module design for MCr experiments. 

Fig. 1 shows the general scheme of the lab-scale MCr setup. Five 
thermocouples were used for monitoring temperature, four for the inlet 
and outlet temperatures of the feed and permeate channels, and one for 
monitoring the temperature of the feed/crystallization tank. Heating 
(Grant) and cooling (Julabo 200F) systems were used to maintain the 
temperature of the feed and permeate streams, respectively. A peristaltic 
pump (1.7 to 2900 mL/min; Masterflex L/S) was used for recirculation 
of the hot and cold streams under the same flowrates. 

For the first set of experiments, three different feed temperatures (i. 
e., 40, 50, and 60 ± 1 ◦C) under constant flowrate, and three different 
flowrates (i.e., 0.81, 1, and 1.3 L/min; corresponding to linear velocities 
of 0.069, 0.085, and 0.111 m/s, respectively) under constant feed 
temperature, were investigated. The permeate weight was measured 
using a digital balance (A&D, FZ-3000i; d = 0.01 g) during the tests. 
After each run, the membrane system was well washed through recir
culation of cold and hot deionized water, respectively, each run for 1 h. 
The permeate flux of the membrane module was also measured using 
distilled water before and after experiments, to check the effect of 
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possible scaling on the membrane surface. 
The permeate flux in the MCr process can be expressed as follows 

[46]: 

J =
Δm

A × t
(1)  

where Δm, A, and t are the collected permeate mass (kg), membrane 
surface (m2), and the interval time (h), respectively. The water recovery 
factor for the brine solution can be defined as follows: 

RF(%) =
Vremoved

Vinitial
× 100 (2)  

where RF, Vremoved, and Vinitial are the water recovery factor, the removed 
permeate volume from the feed tank, and the initial volume of the feed 
tank, respectively. The logarithmic average temperature difference 
along the membrane module can also be calculated as follow: 

log Tln =

(
Tfi − Tpo

)
−
(
Tfo − Tpi

)

ln(Tfi − Tpo)
(Tfo − Tpi)

(3) 

In this equation, Tfi and Tfo represent the inlet and outlet tempera
tures of the feed stream, while Tpi, and Tpo represent the inlet and outlet 
temperatures of the permeate stream, respectively [47]. 

Moreover, it should be noted that a crystal recovery system nor a pre- 
filtration step before the membrane module were not used in the 
experimental system, as the main objective of this research was the 
investigation of MCr performance and presence of inorganic impurities 
on the crystallization of Li2CO3 during the membrane crystallization 
process. 

2.3. Crystal analysis 

During the MCr experiments, an inline microscope (ParticleView 
V19, METER TOLEDO) was utilized for the purpose of observing the 
crystal formation during the crystallization. An external optical light 
microscope (a Zeiss Axiolab 5 fitted with an Axiocam 208 color) was also 
utilized to analyze the obtained crystals. For the purpose of sampling, 
about 1 mL of the crystal-containing solution was taken from the mother 
liquid and placed in a separate container. After spreading the sample out 
on the glass plate, images were captured of the crystals. During the 
analysis of the crystal images, an open-source program, i.e., ImageJ, was 
used. Scanning electron microscopy (SEM) (EVO, Zeiss) was also used to 
provide a clear image of the obtained crystals and their morphology. 

In each of the experiments, X-ray diffraction (XRD) analysis was 
performed using a PANalytical Empyrean equipped with a Cu kappa 
alpha emitter in order to examine the structure of the crystals. Details of 
the procedures for crystals analysis can be found in the previous works 
[2,31,48]. Moreover, the crystal elongation (L/W) is defined by the ratio 
of length (L) to width (W) of crystals. The elongation ratio indicates the 
conversion in the crystal shape from a needle to a rectangular, and vice 
versa. 

To analyze the effect of operating parameters and salts presence on 
MCr performance, and crystals formation, the results at same range of 
water recovery (RF = 60 %) were investigated and compared. 

3. Results and discussion 

3.1. Effect of operating parameters 

3.1.1. Effect of temperature 
Fig. 2 illustrates the experimental results (i.e., permeate flux, 

Fig. 1. A general scheme of the lab-scale MCr system (1: balance, 2: permeate tank, 3: peristaltic pump, 4: cooler, 5: thermocouple, 6: hollo fiber module, 7: heater, 8: 
feed/crystallization tank, 9: inline microscope, and 10: computer for data collection). 
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conductivity of the permeate tank, conductivity of the feed/crystalli
zation tank, all versus water recovery, as well as average crystal size, 
crystal elongation, coefficient of variation, and XRD patterns) at 
different feed temperatures (40, 50, and 60 ± 1 ◦C). Fig. 3 also shows the 
SEM crystal images at different feed temperatures. 

As could be observed (Fig. 2-a), higher permeate flux was provided 
when the feed temperature increased from 40 to 60 ◦C. For example, the 
initial permeate fluxes were measured at 1.33, 1.96, and 3.32 kg/m2⋅h 
for the feed temperatures of 40, 50, and 60 ± 1 ◦C, respectively. The 
average fluxes before starting the crystallization were also measured at 
about 1.18, 1.98, and 3.01 kg/m2⋅h for the investigated feed tempera
tures (40–60 ◦C), respectively. This is in good agreement with the re
ported results in the literature regarding the effect of feed temperature 
on the permeate flux [49–51]. The higher permeate flux at higher feed 
temperatures attributes to higher vapor pressure difference, which is the 
driving force in MD. Thus, the higher the feed temperature, the higher 
the driving force, and consequently the higher the permeate flux [52]. 
The permeate flux, however, gradually, and slightly decreased after 
starting the crystallization although the logarithmic average tempera
ture difference (Eq. (3)) remained almost constant (Fig. S1-a). This can 
be attributed to the higher solute concentration on the membrane sur
face, also known as the concentration polarization [53]. Moreover, the 
permeate flux was more stable at the lowest feed temperature (40 ◦C), 

while it slightly fluctuated for the highest feed temperature (60 ± 1 ◦C). 
This can also be attributed to ease of temperature control at low tem
perature ranges, while it can fluctuate at higher ranges. 

Due to the formation of crystals and variation in the salt content of 
the feed stream, the overall trend for changing in the conductivity of the 
permeate tank is reported as the indicator of the permeate quality. 
Fig. 2-b provides the change in the conductivity of the permeate tank, 
during the MCr experiments at different feed temperatures. As could be 
observed, the conductivity of the permeate tank slightly changed for all 
experiments. However, it remained lower than 1 μS/cm, even after a 
long test with low feed temperature (40 ◦C) for >24 h. This indicates 
that the MCr system with PP membranes could perform properly for 
crystallization of Li2CO3 solutions at different feed temperatures. This is 
also in good agreement with the reported results in the literature indi
cating the high solute rejection in MD and MCr processes, even if a 
highly saline brine is introduced to the system [28,42,54]. 

Fig. 2-c shows the changes in the conductivity of the feed/crystalli
zation tank versus water recovery factor (Eq. (2)) at different feed 
temperatures (40, 50, and 60 ◦C), while flowrate was kept constant. As 
could be observed, the conductivity of the feed solution increased with 
increasing the solute concentration, and then decreased with starting the 
crystallization. However, the change in the trend of the conductivity of 
the feed solution happened at different water recovery factors. The 

Fig. 2. (a) Permeate flux, (b) conductivity of the permeate tank, (c) conductivity of feed/crystallization tank, (d) average crystal size, (e) crystals elongation, (f) 
coefficient of variation, and (g) XRD patterns for the obtained crystals, for MCr experiments at different feed temperatures (40, 50, and 60 ± 1 ◦C) and constant 
flowrate (1.3 L/min). 
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corresponding water recovery factor for starting the crystallization was 
measured at 50.5, 47.8, and 41.7 % for feed temperatures of 40, 50, and 
60 ◦C, respectively. This can be attributed to the effect of temperature on 
the solubility of Li2CO3 in water (Fig. S3-a). Although Li2CO3 is not 
highly water soluble like other lithium salts, such as LiCl, its solubility 
can slightly change with temperature. The solubility of Li2CO3 was re
ported at 11.45, 10.78, and 9.92 g/L at 40, 50, and 60 ◦C, respectively 
[55]. However, the corresponding concentrations of Li2CO3 when the 
crystallization started were calculated at different values, i.e., 15.17, 
14.37, and 12.87 g/L, at feed temperatures of 40, 50, and 60 ◦C, 
respectively. This can be explained by induction time and the required 
supersaturation for starting the nucleation. Further explanation is pro
vided in the caption of Fig. S5. 

Fig. 2-d and -e show the average crystal size and the crystals elon
gation at various feed temperatures. The crystal elongation is defined as 
the length to width ratio. This parameter indicates the transformation of 
the crystals shape from a rectangular to a needle-like one, and vice versa. 
As could be observed, the average crystal size increased with increasing 
the feed temperature (Fig. 2-d). For example, the average size for crys
tals at temperature 40 was calculated at ~9.6 μm and it increased up to 
~30.5 μm at feed temperature of 60 ◦C. The same trend could be 
observed for crystal elongation (L/W) (Fig. 2-e), however, with smaller 

change, when L/W ratio increased from 2.4 to 6.1 for the feed temper
ature increment from 40 to 60 ◦C, respectively. According to these re
sults, it can be argued that the Li2CO3 crystals mainly grow in length 
rather than in width, providing a needle-like shape when the feed 
temperature is increased (Fig. 3). Moreover, larger average crystal size 
at higher feed temperature can be attributed to both the higher permeate 
flux (Fig. 2-a) and lower solubility of the solute (Fig. S2-a). Both of these 
issues can provide faster supersaturation and therefore, faster crystal 
growth, which could provide larger crystal sizes with elongated shape. 
While the coefficient of variation (CV) of crystals for the experiments at 
different temperatures is in the range of 36–40 (Fig. 2-f), it decreased 
from 40 to 50 ◦C, and then increased for experiment at 60 ◦C. 

Furthermore, the crystallinity and phase purity of the obtained 
crystals from different experiments as well as a commercial Li2CO3 
sample (the top graph as the control), were measured using the XRD test 
(Fig. 2-g). Lithium carbonate is a monoclinic crystal and the XRD peaks 
can be appeared at 21.40◦, 23.50◦, 29.53◦, 30.60◦, 31.84◦, 34.20◦, 
36.17◦, and 37.08◦. These peaks are corresponding to (110), (200), 
(111), (− 202), (002), (− 112), (020), and (− 311) crystal planes, 
respectively [56]. As could be observed, all the peaks for obtained 
crystals at different feed temperatures are well-matched with commer
cial Li2CO3 sample. Therefore, it can be concluded that the operating 

Fig. 2. (continued). 
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temperature did not affect the quality of the obtained crystals. 
Fig. 3 shows the SEM images of the obtained crystals at different 

temperatures of 40, 50, and 60 ◦C, all at the same RF value of 60 %. As 
could be observed from the appearance, larger crystals were achieved 
with increasing the feed temperature, and this is quite well along with 
the crystal size measurement results (Fig. 2-d). This goes back to the 
effect of feed temperature on the solubility of the Li2CO3, as it was 
discussed above. The images of the Li2CO3 crystals obtained from light 
microscope are also presented in Fig. S2. 

3.1.2. Effect of flowrate 
Fig. 4 presents the experimental results (i.e., permeate flux, con

ductivity of the permeate tank, conductivity of the feed/crystallization 
tank, all versus water recovery, as well as average crystal size, crystal 
elongation, coefficient of variation, and XRD patterns) at different 
flowrates (0.81, 1, and 1.3 L/min), when the feed temperature was kept 
constant at 60 ± 1 ◦C. 

As could be observed, almost similar permeate flux was measured for 
experiments at different flowrates, while the feed temperature was kept 
constant at 60 ± 1 ◦C. The average permeate flux before starting the 
crystallization was measured at ~3 kg/m2⋅h for all experiments at 
different flowrates (0.81, 1, and 1.3 L/min). Comparing Figs. 2-a and 4-a 
revealed that the feed temperature was more effective in terms of the 
permeate flux in MCr process. This can be attributed to the effect of the 
operating parameters on the driving force of MCr process. As the MCr is 
a non-isothermal separation, the driving force (i.e., vapor pressure dif
ference across the membrane pores) is more affected by the average 
temperature difference along the membrane module (Eq. (3)), than the 
flowrate. This is in good agreement with the literature on the effect of 
flowrate and feed temperature on the permeate flux [57,58]. Moreover, 
the conductivity of the permeate tank remained <1 μS/cm for all ex
periments. Although, a very slight change with increasing trend could be 
observed with the experiment at highest flowrate (1.3 L/min), it can be 

argued that the permeate was not contaminated with the solute in the 
permeate stream. This is evidence shows that pore wetting did not occur, 
even after starting the crystallization step (Fig. 4-b). 

Fig. 4-c shows the variation in the conductivity of the feed/crystal
lization tank during the experiments at different flowrates. As could be 
observed, the conductivity of the feed solution changed when the crys
tallization started. However, unlike the experiments at different tem
peratures (Fig. 2-c), the flowrate did not affect the crystallization 
starting point significantly. The water recovery factor of the crystalli
zation point was calculated at 44.8, 42.4, and 41.7 % for flowrates of 
0.81, 1, and 1.3 L/min, respectively. This can be explained as follow. 

The above observation can be explained based on the solubility 
change in proportion of feed temperature [59]. In case of Li2CO3, the 
solubility decreases with increasing the temperature (Fig. S3-a). Thus, it 
can be expected that the crystallization happens at almost similar RF for 
all experiments at different flowrates when the feed temperature was 
kept constant (60 ± 1 ◦C). The slight difference in RF value of the 
crystallization point can also be attributed to the lower temperature 
drop in the feed tank before the crystallization is started due to faster 
recirculation of the feed solution. As could be seen in Fig. S4, the higher 
the flowrate, the higher the feed tank temperature, when the feed 
temperature is kept constant (60 ± 1 ◦C). However, after starting and 
proceeding the crystallization, higher temperature drop in the feed/ 
crystallization tank could be observed. Moreover, higher flowrate could 
provide faster transfer of solute molecules to the crystal lattice at higher 
flowrate as well as the possibility of secondary nucleation due to the 
excessive cross flow velocity [60] (i.e., 0.81, 1, and 1.3 L/min; corre
sponding to linear velocities of 0.069, 0.085, and 0.111 m/s, respec
tively). However, these effects can be marginal in comparison with the 
influence of feed temperature on crystallization. Furthermore, the 
higher flowrate can also reduce the effect of crystals accumulation and 
deposition inside the tubes and the vertical membrane module at higher 
water recovery factors, when considerable amount of crystal is 

Fig. 3. SEM images of Li2CO3 crystals at different feed temperatures of (a) 40, (b) 50, and (c) 60 ◦C, at the constant flowrate of 1.3 L/min, all at the same water 
recovery (60 %). 
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presented and circulated in the system, as observed during our experi
ments. While it is quite necessary for experiments at high RF (RF > 70 
%), no crystal recovery system was used in this work for the MCr setup. 

The average crystal size for experiments at different flowrates is 
shown in Fig. 4-d. The largest value was measured for the lowest flow
rate. With increasing the flowrate from 0.81 to 1 L/min, the average 
crystal size decreased from ~35 to ~19 μm, and then increased again up 
to ~30 μm for the highest flowrate. The effect of flowrate on the crystal 
growth and the crystal size is proportional to a limiting step. This 
limiting step can either be the ion diffusion into the crystal lattice or the 
nuclease attachment on to the crystal lattice. Considering this, the 
higher flowrate can facilitate the ion transport to the crystal lattice and 
provide faster crystal formation. However, lower flowrate can impose 
less shear and stress to the formed crystals, and consequently fewer 
collision among the crystals is expected. Therefore, while faster crystal 
formation (i.e., crystal formation at lower water recovery) can be ex
pected with increasing the flowrate, the average crystal size may not 
follow a specific trend due to the crystals breakage and deformation 
when they possess needle-like shape. Therefore, this fluctuation in the 
average crystal size can be expected for needle-like Li2CO3 crystals 
(Fig. S4) at various flowrates, as the crystals breakage does not follow a 
uniform pattern. However, it can be concluded that the higher flowrate 
is beneficial for reducing the effect of crystal deposition on the mem
brane surface and its accumulation in the system during the 

experiments. This can be more beneficial if a crystal recovery step is also 
considered in the experimental system. Moreover, comparing the results 
of the average crystal size at different temperatures (Fig. 2-d) with the 
same parameter at different flowrate (Fig. 4-d), it can be concluded that 
the feed temperature can be consider as a dominant parameter affecting 
the crystals size. 

Fig. 4-e shows the elongation of crystals at different flowrate values. 
As could be observed, the overall trend of elongation values is similar to 
the average crystal size, i.e., it first decreased from 5.45 to 4.62 when the 
flowrate increased from 0.81 to 1 L/min, and then increased up to 6.14 
when the flowrate increased up to 1.3 L/min. This indicates that higher 
flowrate could produce more needle-like crystals. Moreover, it also in
dicates that the feed temperature was more effective than that of the 
flowrate on the crystals shape and their elongation ratio. In terms of CV, 
the trend is different, i.e., it first increased and then decreased with 
increasing the flowrate. Comparing the changes in values of Figs. 2-f and 
4-f can also provide another evidence for higher effect of feed temper
ature on the obtained crystals compared to the flowrate. However, these 
results are not in agreement with some arguments in the literature. For 
example, Chen et al. [61] investigated the effect of feed temperatures 
(60, 65, and 68 ◦C) and flowrates (0.35, 0.7, and 0.88 L/min) on the MCr 
response with a continuous mode for crystallization of RO brine. The 
authors reported that flowrate was more effective on MCr response in 
terms of the permeate flux and crystal size in comparison with feed 

Fig. 4. (a) Permeate flux, (b) conductivity of permeate tank, (c) conductivity of feed tank, (d) average crystal size, (e) crystals elongation, (f) coefficient of variation, 
and (g) XRD patterns of obtained crystals, for MCr experiments at different flowrates (0.81, 1, and 1.3 L/min) and constant feed temperature (60 ± 1 ◦C). 
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temperature. This difference between the Chen’s results and the 
observed ones in this work can be attributed to the difference in the 
materials of crystals in these works, and the limited range of tempera
tures in the feed channel (ΔTf: 8 ◦C [61]) compared to the range of 
flowrates. In another work, hasty flux decline and sharp increase in the 
conductivity of the permeate tank were reported [60]. It was argued that 
the sharp flux decline could be attributed to the formation of more scale 
on the membrane surface due to enhanced secondary nucleation at high 
flowrates. Scale formation and flux decline could also lead to increase in 
the permeate conductivity, maybe due to the partial pore wetting [60]. 
However, the increase in the flowrate did not considerably affect the 
permeate conductivity nor the crystals shape and elongation in this work 
(Fig. 4-b and -d). 

Moreover, Fig. 4-g shows the XRD patterns for the obtained crystals 
from experiments at different flowrates. As could be observed, the ob
tained peaks are well-matched with the corresponding peaks of the 
commercial Li2CO3, which was used as the control. Therefore, this can 
be argued that the flowrate did not affect the quality and crystallinity of 
obtained white powder from different experiments. 

3.2. Effect of salt additives 

3.2.1. NaCl presence 
Fig. 5 shows the results of experiments for membrane distillation 

crystallization of Li2CO3 in the presence of sodium chloride (NaCl) at 
different initial concentrations (5.8, 17.5, and 29.2 g/L). In all figures, 

Fig. 4. (continued). 
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the graph for the experiment at the same temperature with an NaCl-free 
solution of Li2CO3 in pure water is also presented (in red) as the control 
for a better comparison. All experiments were carried out at constant 
operating conditions of 60 ◦C feed temperature and 1.3 L/min flowrate. 
Fig. 6 also shows the SEM images of the obtained crystals from various 
experiments. 

Fig. 5-a presents the permeate flux versus water recovery for ex
periments at different initial concentrations of NaCl (0, 5.8, 17.5, and 
29.2 g/L). The average permeate flux before starting the crystallization 
was measured at a same value of ~3 kg/m2⋅h, for different initial NaCl 
concentrations. It is worth quoting that the same membrane module was 
well-washed and used for experiments. Thus, it can be argued that the 
membrane fouling/scaling was negligible in the applied hollow fiber 
module. Obtaining a similar flux with different NaCl concentration in 
the feed solution is in good agreement with the fact that MCr is much less 
sensitive to the solute concentration in the feed stream in comparison 
with other membrane processes, such as pressure driven ones [62]. This 
is one of the advantages of MCr over other membrane technologies, 
which can process feed samples with high solute concentrations, such as 
high salinity brines [63]. Moreover, the produced water in the permeate 
tank possesses quite high purity, indicated by the conductivity of the 
permeate solution which remained below 1 μS/cm for all experiments, 

regardless of the initial salt concentration (Fig. 5-b). For all the con
ducted experiments, however, the conductivity increased very slightly 
with increasing the water recovery. This can be explained as follows. 

The pore wetting of the applied hydrophobic membrane is one of the 
most challenging obstacles of MCr [64]. The membrane wetting com
prises three distinct steps: the unwetted step (in the absence of any 
partial penetration of the fed solution into pores), the transition step 
(some pores are partially penetrated), and the complete wetting step 
(some or all the pores are fully penetrated) [65]. When wetting occurs, 
the rapid penetration of liquid through the pores of the membrane often 
happens within a few seconds, leading to a fast change in the conduc
tivity of the permeate tank [29]. As could be observed in Fig. 5-b, 
however, the conductivity of the feed tank remained very low (<1 μS/ 
cm). Therefore, the partial pore wetting can be neglected in this work. 

Fig. 5-c shows the variation in the conductivity of the feed tank/ 
crystallization for experiments at different initial NaCl concentrations in 
comparison with the control graph for the binary solution (Li2CO3 in 
pure water). As could be observed, unlike the NaCl-free feed stream, 
when NaCl is present in the solution, conductivity of the feed solution 
increases continuously even after starting the crystallization of Li2CO3, 
as NaCl concentration is still far from the required supersaturation 
condition for its crystallization [66]. Moreover, the conductivity of the 

Fig. 5. (a) Permeate flux, (b) conductivity of permeate tank, (c) conductivity of feed tank, (d) average crystal size, (e) crystals elongation, (f) coefficient of variation, 
and (g) XRD patterns, for MCr experiments containing different NaCl concentrations (0, 5.8, 17.5, and 29.2 g/L) at constant feed temperature (60 ± 1 ◦C) and 
flowrate (1.3 L/min). 
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solution is affected not only by Li2CO3, but also by NaCl. As a result, 
while Li2CO3 can precipitate, NaCl is remained dissolved in the solution 
and its concentration increases with increasing water recovery. This 
could therefore cause in increasing the overall conductivity of the feed 
solution. Moreover, although all experiments were conducted at the 
same operating conditions (60 ◦C and 1.3 L/min), the Li2CO3 crystals did 
not appear at the same water recovery factor. According to the obtained 
results, increasing in the initial concentration of NaCl could postpone 
the formation of Li2CO3 crystals. For example, the corresponding water 
recovery factors for experiments with initial NaCl concentration of 5.8, 
17.5, and 29.2 g/L were measured at ~46, ~49, and ~48 %, respec
tively. This can be explained as follows. 

The effect of adding inorganic salts into the Li2CO3 solution can be 
explained according to common-ion effect or salting-out effect. The first 

term describes the reduction in solubility of an ionic precipitate caused 
by the addition of a soluble molecule that shares an ion with the pre
cipitate to the solution [67]. However, the solubility of a salt (such as 
Li2CO3 in this case) can occasionally be increased by introducing an ion 
other than those that are already present in the solution (such as NaCl in 
this case). This is known as the uncommon-ion effect, also known as the 
diverse-ion effect, which can cause salting-in phenomenon [68]. This 
can happen because inter-ion attraction within the solution can play a 
significant role when the total ion concentration rises [69]. Thus, the 
ions are less readily accessible for the crystallization process due to this 
alternative equilibrium. This is in good agreement with the literature 
indicating the effect of NaCl on the solubility of Li2CO3 in water. It is 
experimentally observed and proved that the addition of NaCl can in
crease the solubility of Li2CO3 at various temperatures (Fig. S6-a) [55]. 

Fig. 5. (continued). 
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For this reason, the Li2CO3 crystals appeared at higher water recovery 
with adding NaCl to the feed solution. These results can be useful for 
further development of MCr for Li2CO3 recovery, either it is used for 
stepwise fractional brine processing or processing the NF-pretreated 
brine. In both cases, a complete removal of inorganic impurities 
cannot be achieved. For example, the maximum Na+ rejection of com
mercial NF membranes that are specifically developed for brine treat
ment was reported in the range of 20–30 % [44]. Higher removal (%) of 
inorganic impurities was reported in the literature using a fractional 
MCr process, while simple brine solutions have been considered [38]. 
However, these impurities, such as NaCl can remain in the brine, appear 
at high concentrations and affect the Li2CO3 crystallization at high RF 
values (RF > 90 %). 

The average crystal size of Li2CO3 is shown in Fig. 5-d. As could be 
observed, adding NaCl to the lithium solution led to decrease in the 
crystal size. For example, for the solution containing lithium carbonate 
and 5.8 g/L NaCl, the average crystal size decreased from ~30 μm to 
~19 μm, in comparison with the NaCl-free solution. Slightly more 
decrease in the average crystal size was observed with further increase 
in NaCl concentration up to 17.5 g/L. However, with more increase in 
the initial NaCl concentration the average crystal size increased slightly. 
These results are in good agreement with the effect of the presence of 
NaCl on the solubility of Li2CO3 [55]. Thus, it can be argued that the 
presence of NaCl showed a similar effect of lowering temperature. 
Moreover, this decrease in the crystal size in the presence of NaCl, which 
is considered as an impurity in the crystallization of Li2CO3, can also be 
attributed to the change in the nucleation interfaces. The presence of an 
impurity, such as an inorganic salt, can act as a supplemental nucleation 
site. With increasing the NaCl concentration, the available nucleation 
sites increase as well. Moreover, the presence of NaCl in the solution can 
provide Cl− ion which can compete with CO3

2− and increase the solu
bility of Li salt in the solution [55,70]. All these could then produce 
smaller crystals rather than bigger ones. 

Although the similar trend was observed, the elongation ratio 
changed slightly with increasing the initial NaCl concentration in the 
feed solution. With comparison of Figs. 2-e and 5-e, it can be argued that 
the feed temperature increment showed more effect on the crystals’ 
elongation. The CV was also calculated in the range of 30–45 (Fig. 5-f) 
for the obtained Li2CO3 crystals at different NaCl concentrations (Fig. 6). 

Fig. 5-g shows the XRD patterns for the control samples (the top and 
bottom graphs show the pattern for the commercial Li2CO3 and the 
commercial NaCl, respectively) and the obtained white powder samples 
from MCr experiments in the presence of different initial NaCl concen
trations. As could be observed, the obtained patterns for the powders 
from the experiments are quite fit with the control pattern for Li2CO3 
and no peaks related to NaCl was observed. This could be expected and 
is in good agreement with the solubility trend of NaCl in water (Fig. S3- 
b). Fig. 6 also provides the SEM images of the obtained crystals from MCr 
experiments in the presence of NaCl with different initial concentra
tions. NaCl crystals possess a very defined cubic shape [63,71], and no 
cubic shape crystals which represent the presence of NaCl crystals were 
observed in any of the SEM images nor the microscopic images from 
various samples. 

3.2.2. KCl presence 
The results of MCr experiments for Li2CO3 solution in the presence of 

potassium chloride (KCl) at different initial concentrations (0.5, 1.5, and 
2.5 g/L) are shown in Fig. 8. In all figures, the graph for the experiment 
at the same temperature with a binary solution of Li2CO3 in pure water is 
also presented (in red) as the control for a better comparison. All ex
periments were carried out at constant operating conditions of 60 ◦C 
feed temperature and 1.3 L/min flowrate. Fig. 9 also shows the images of 
the obtained crystals from various experiments. 

As could be observed in Fig. 7-a, the trend for the permeate flux is 
almost the same for all experiments, including the MCr test with a binary 
Li2CO3 solution and the same solution in the presence of KCl at different 

Fig. 6. SEM images of Li2CO3 crystals obtained from the feed solution with different NaCl content (5.8, 17.5, and 29.2 g/L), all at the same water recovery factor 
(60 %). 
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concentrations. The average permeate flux before starting crystalliza
tion for Li2CO3 solution and the feed sample containing KCl at different 
concentrations were measured at ~3 kg/m2⋅h. Moreover, the conduc
tivity of the permeate tank remained below 1 μS/cm (Fig. 7-b), which 
indicates a proper performance for MCr and the used hollow fiber PP 
membrane. 

According to the obtained results, the crystals appeared at different 
water recovery factors with increasing in the KCl concentration in the 
solution. For example, for the binary solution of Li2CO3 in water at 
60 ◦C, the crystals appeared at water recovery of 41.7 %, while with 
increasing the KCl concentration in the solution from 0.5 to 2.5 g/L, the 
crystals appeared at 43.2, 44.1, and 45.7 %, respectively. This could 
make a change in the conductivity trend of the feed solution (Fig. 7-c), as 
well. This observation is in good agreement with the effect of adding KCl 
on the solubility of Li2CO3 in water. In fact, the addition of KCl to a 
solution of lithium carbonate can increase the solubility of Li2CO3 in 
water (Fig. S6-b) [55]. Similarly with the case of NaCl addition to the 
feed solution, this can also be attributed to the salting-in effect of KCl in 
the Li2CO3 solution [72], which can affect the overall crystallization 
process via delaying the nucleation step [10]. 

As mentioned earlier, the salting-in effect of KCl addition to the 
Li2CO3 solution can increase the solubility of the lithium salt in water. 
Thus, it can also affect the average crystal size as well. As could be 

observed in Fig. 7-d, the average crystal size decreased with increasing 
the KCl concentration in the solution from 0 to 2.5 g/L. For example, in 
the absence of KCl, the average crystal size was calculated at ~30 μm, 
while it decreased to ~17 μm when the initial concentration of KCl 
increased up to 2.5 g/L. Thus, this can be argued that the KCl addition to 
the feed solution possesses overall similar effect on the crystallization of 
Li2CO3 in the MCr process. 

In terms of the crystals’ elongation, although it decreased with 
adding KCl into the solution, however, it remained constant (i.e., ~4.5) 
for all initial concentrations of KCl. Moreover, comparing Figs. 5-e and 
7-e shows that KCl could affect the elongation of Li2CO3 crystals more 
than NaCl. The CV values were also calculated around 40 for the crystals 
obtained from the experiments at different KCl concentration, and with 
less fluctuation in comparison with CV values of crystals from Li2CO3 +

NaCl solution. Moreover, Fig. 7-g provides the XRD patterns of the ob
tained powders from different MCr experiments of Li2CO3-KCl solutions. 
As could be observed, all peaks are well-fitted with the peaks of the 
control sample (commercial Li2CO3), indicating no precipitation of KCl 
in the crystallization step. This could also be expected as the solubility of 
KCl and other possible salts for the Li2CO3-KCl solution (e.g., K2CO3 and 
LiCl) are much higher than Li2CO3 [73]. 

Fig. 7. (a) Permeate flux, (b) conductivity of permeate tank, (c) conductivity of feed tank, (d) average crystal size, (e) crystals elongation, (f) crystal size distribution, 
and (g) coefficient of variation, values for MCr experiments with different KCl concentrations (0, 0.5, 1.5, and 2.5 g/L) at constant feed temperature (60 ± 1 ◦C) and 
flowrate (1.3 L/min). 
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3.2.3. LiCl presence 
Fig. 8 provides the results from the MCr experiment with adding LiCl 

(2.11 g/L) into the solution. This includes the MCr permeate flux, the 
conductivity of the permeate tank, the trend for conductivity of the 
feed/crystallization tank, crystal average size, crystal elongation, coef
ficient of variation, and XRD patterns. In this part, only one concen
tration was investigated for LiCl, as high concentration of LiCl would not 
be expected when LiCl-rich solution is converted to Li2CO3 solution by 
adding proper chemicals, such as Na2CO3 [11]. 

As could be observed, the trend in the permeate flux of MCr process 
and the conductivity of the permeate tank in the presence of LiCl in the 
feed solution is similar to other experiments. The average permeate flux 
before starting crystallization was measured at ~3 kg/m2⋅h, as the same 

logarithmic average feed temperature could be achieved along the 
membrane module under the considered operating conditions (Fig. S1- 
e). However, the permeate flux slightly decrease after starting crystal
lization (Fig. 8-a). As discussed earlier, this can be attributed to the 
deposition of crystals on the membrane surface with increasing the 
water recovery factor. In terms of the permeate quality, the conductivity 
of the permeate tank again remained below 1 μS/cm (Fig. 8-b), which 
indicates that the applied membrane could perform properly, and no 
pore wetting occurred. This high solute rejection can be expected for 
MCr in the absence of pore wetting [1]. 

Fig. 8-c shows that the conductivity of the feed/crystallization tank 
increased with increasing the water recovery from the feed solution. 
However, its trend changed after starting the crystallization and 

Fig. 7. (continued). 
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decreased. According to the observations, the Li2CO3 crystals formed at 
a lower water recovery (i.e., 36.3 %) in comparison with the measured 
value for MCr experiment in the absence of inorganic salts at the same 
operating conditions (i.e., 41.7 % for the Li2CO3 solution at 60 ◦C). This 
can be due to the reduced solubility of Li2CO3 in the presence of LiCl. 
Unlike the salting-in effect of NaCl and KCl, this reduction in the solu
bility of lithium carbonate can be attributed to the common-ion effect 
(or salting-out), which can be explained as follows. 

According to the common-ion effect, the solubility of a substance 
(Li2CO3 in this case) decreases if there is also a second electrolyte pre
sent that has an ion in common with the dominant species (LiCl in this 
case). Fig. S5-c shows the effect of LiCl presence in the solution on the 
solubility of the Li2CO3. Any increase in the concentration of one or both 
components can lower the concentration of the counterion because the 
solubility product Ksp is a constant value (Eq. (S1)). As a result, the salt’s 
apparent solubility is dwindling [69]. In particular, the presence of a 
common ion can cause the equilibrium to shift in a direction that reduces 
the concentration of the common ion. Consequently, the solubility of the 
electrolyte or sparingly soluble salt decreases, or in other words, its 
dissociation is suppressed [67]. That is why the Li2CO3 crystals could 
appear in a lower RF value in the presence of LiCl, while due to the 
reverse effect of other investigated salts and increasing in the Li2CO3 
solubility, nucleation started at higher water recovery factors in the 

presence of NaCl and KCl. 
In spite of faster nucleation, the size of the Li2CO3 crystals did not 

change considerably. As could be observed in Fig. 8-d, the average 
crystal size remained almost constant for the Li2CO3-LiCl solution, while 
in terms of other salt additives (i.e., Li2CO3-NaCl and Li2CO3-KCl), this 
parameter decreased (Figs. 5-d and 7-d). On the other hand, in terms of 
the elongation, slight decrease could be observed, and it decreased from 
6.1 to 5.6 for the Li2CO3 and Li2CO3-LiCl solutions, respectively (Fig. 8- 
e). Moreover, the CV of the obtained Li2CO3 crystals in the presence of 
LiCl remained in the range of 40, which is similar to the same value for 
crystals obtained from the Li2CO3 + KCl solution (Fig. 7-f). Furthermore, 
as could be expected, the obtained XRD patterns could confirm that the 
precipitated crystals were all Li2CO3 (Fig. 8-g). 

3.2.4. Mixed salts presence 
Further to the investigation of the effect of operating parameters (i. 

e., temperature and flowrate) and the presence of common salts on the 
crystallization of Li2CO3 in binary and tertiary solutions, respectively, a 
more complex solution containing Li2CO3 and combination of other salts 
(salts concentrations were 5.8, 0.5, and 2.11 g/L for NaCl, KCl, and LiCl, 
respectively) was introduced to the MCr system and the obtained results 
are presented in Fig. 9. Fig. 10 also shows the SEM image of the obtained 
crystals from this experiment, and the SEM image of a commercial 

Fig. 8. (a) Permeate flux, (b) conductivity of permeate tank, (c) conductivity of feed tank, (d) average crystal size, (e) crystals elongation, (f) coefficient of variation, 
and (g) XRD patterns, for MCr experiments with LiCl (2.11 g/L) at constant feed temperature (60 ± 1 ◦C) and flowrate (1.3 L/min). 
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Li2CO3 sample. The MCr test was carried out at feed temperature of 
60 ◦C and flowrate of 1.3 L/min. 

According to the obtained results, the same trend for the permeate 
flux (i.e., the average permeate flux of ~3 kg/m2⋅h) (Fig. 9-a) and the 
conductivity of the permeate tank (i.e., conductivity of permeate tank 
<1 μS/cm, after 9 h continuous test) (Fig. 9-b) was observed when the 
feed solution contains Li2CO3 and mixture of other salts (NaCl+KCl +
LiCl). This confirms that the MCr process could properly process a more 
complex feed solution in presence of different salts. This argument is in 
good agreement with the literature indicating MCr can process brine and 
highly saline solutions in the absence of organic compounds and sur
factant [27,74]. 

As could be expected, with using the mixed feed solution (Li2CO3 +

NaCl+KCl + LiCl) the conductivity of the feed/crystallization tank 
increased (Fig. 9-c), and the very first crystals were observed at the 
water recovery factor of 37.8 %, which is lower than that of the 

corresponding water recovery factor for the Li2CO3 solution (41.7 %) 
under the same operating conditions. The slight change in the trend of 
the conductivity (blue triangles) of the feed solution indicates the start 
of crystallization (Fig. 9-c). Moreover, this water recovery factor is lower 
than that of the observed values for other feed solutions, Li2CO3-X (X: 
NaCl or KCl). Thus, it can be argued that, although the water recovery 
factor of the crystallization points slightly increased in comparison with 
the obtained value for the Li2CO3-LiCl solution, the common-ion effect 
still dominants the nucleation and crystal formation in the mixed salt 
solution. 

In spite of starting the nucleation and crystallization at lower water 
recovery factor, the average crystal size decreased for the obtained 
crystals (Fig. 9-d). For example, in comparison with the obtained crys
tals from the Li2CO3 solution (30.5 μm), the obtained crystals from the 
mixed salts solution possess the average crystal size of 26.6 μm, which is 
smaller than the crystals from Li2CO3 + LiCl solutions, but larger than 

Fig. 8. (continued). 
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the crystals from the Li2CO3-X (X: NaCl or KCl) solutions. The elongation 
and CV values of the obtained crystals, however, increased slightly 
(Fig. 9-e and -f). Moreover, the XRD pattern (Fig. 9-g) could confirm the 
purity of the obtained Li2CO3 crystals (Fig. 10-a), as no other inorganic 
salts precipitated, even in the presence of mixed salts in the feed solu
tion. This is important as the correlation between the purity of the 
crystals and their sale price is evident. Based on the data obtained from 
Millipore-Sigma® (www.sigmaaldrich.com), it can be shown that the 
cost of the Li2CO3 crystals (Fig. 10-b) with purity levels of 99 %, 99.99 
%, and 99.999 % are $0.686, $1.992, and $3.386 per gram, respectively. 
Hence, the production of high purity crystals is necessary for the 
expansion of the MCr process on a commercial scale. In recent years, the 
researchers have also focused their efforts on the production of salts with 
excellent purity using the MCr, however, the most investigated salt was 
NaCl, which is often regarded as a cheaply accessible salt owing to its 
prevalence in brines [29]. Moreover, the future research can be focus on 
using MCr for direct Li2CO3 recovery from the complex brine solutions, 
in particular through a continuous operation and at higher RF values. 

Furthermore, to consider the possibility of scaling on the membrane 
surface, the permeate flux of the membrane module was provided using 

distilled water before and after the experiments. As could be observed in 
Fig. 9-h, there is no distinguishable difference between the permeate 
fluxes at each temperature. Thus, this shows that the considered 
cleaning procedure (first 1 h with cold water and then 1 h with hot 
water) could properly recover the membrane surface and that the 
scaling of the inorganic salts on the membrane surface was not the case 
in this work. However, further studies should be carried out to evaluate 
the membrane performance in terms of scaling and fouling when the 
system is run for higher water recovery factors (RF ≥ 90 %). 

4. Conclusions 

In this research, the effect of operating conditions and presence of 
inorganic purities on the crystallization of Li2CO3 were investigated 
during the membrane crystallization (MCr) process. This can be prom
ising for various Li end users, especially in the energy sector, due to the 
numerous advantages of the MCr process over the conventional options 
for recovery of high quality Li2CO3. Moreover, highly pure water can 
also be produced simultaneously using this technology, which can be 
recovered as the makeup water source for further processing of Li2CO3 

Fig. 9. (a) Permeate flux, (b) conductivity of permeate tank, (c) conductivity of feed tank, (d) average crystal size, (e) crystals elongation, (f) coefficient of variation, 
and (g) XRD pattern of obtained crystals, for MCr experiments of Li2CO3 solution in the presence of mixed salts (Li2CO3-NaCl-KCl-LiCl) at constant feed temperature 
(60 ± 1 ◦C) and flowrate (1.3 L/min). (h) Average permeates flux of the membrane module before and after the experiments at different temperatures (40, 50, and 
60 ◦C) and constant flowrate (1.3 L/min). 
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Fig. 9. (continued). 
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crystals. 
The obtained results revealed that feed temperature dominates the 

Li2CO3 crystal formation and characteristics, such as average size. 
Moreover, the higher the feed temperature, the higher the permeate 
flux. The presence of inorganic salts can also affect the MCr performance 
in terms of crystal formation. NaCl and KCl delayed the formation of 
crystals, mainly due to their effect on increasing the solubility of Li2CO3 
and salting-in effect. However, the presence of salts with the common- 
ion effect, such as LiCl, could contribute to faster crystallization. This 
can be important for the future research in terms of combination of MCr 
with other technologies for recovery of Li2CO3 from brine streams. 

Furthermore, there are some issues which should be addressed in the 
future works, such as continuous MCr process at high water recovery 
values, selective Li recovery from a multicomponent brine, energy 
conservation, and utilizing renewable energy sources for a sustainable 
and efficient Li recovery using the MCr process. Future studies can also 
be focused on integration of conventional technologies with MCr, either 
as a pre-treatment or post-treatment, and their performance for lithium 
recovery. Overall, it can be concluded that the MCr process can be a 
game changer for direct and continuous production of high quality 
Li2CO3 crystals from brines. 
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