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Abstract: The preparation of LiyCO3 from brine with a high mass ratio of Mg/Li is a worldwide
technology problem. Membrane separation is considered as a green and efficient method.
In this paper, a comprehensive Li;COj3 preparation process, which involves electrochemical
intercalation-deintercalation, nanofiltration, reverse osmosis, evaporation, and precipitation,
was constructed. Concretely, the electrochemical intercalation-deintercalation method shows excellent
separation performance of lithium and magnesium, and the mass ratio of Mg/Li decreased from
the initial 58.5 in the brine to 0.93 in the obtained lithium-containing anolyte. Subsequently,
the purification and concentration are performed based on nanofiltration and reverse osmosis
technologies, which remove mass magnesium and enrich lithium, respectively. After further
evaporation and purification, industrial-grade LiCOj3 can be prepared directly. The direct recovery
of lithium from the high Mg/Li brine to the production of Li;COj3 can reach 68.7%, considering that
most of the solutions are cycled in the system, the total recovery of lithium will be greater than 85%.
In general, this new integrated lithium extraction system provides a new perspective for preparing
lithium carbonate from high Mg/Li brine.
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1. Introduction

The fast development of electric vehicles, storage devices, and hand-held electronic devices has
dramatically increased the demands for lithium [1-4]. Lithium carbonate is an important raw material
for preparing lithium-ion battery cathode materials [5]. In recent years, global lithium (Li) demand
has reached 180,000 tons of lithium carbonate equivalent in 2015, with forecasts as high as 1.6 M tons
by 2030 [6,7].

Nowadays, lithium resources mainly exist in solid ore (such as spodumene and lepidolite)
and brine, and over 70% of exploitable lithium in the world existed in the brine [8,9]. Compared with
the lithium extraction from these two kinds of resources, lithium extraction from brine is more effective,
simpler, and cheaper [8]. Most lithium resources in continental brines are found in a small region
in South America, often referred to as the “Lithium Triangle” [9,10]. A notable feature of brines in
the “Lithium Triangle” region is the low mass ratio of Mg/Li. In contrast, the grade of brine in other
regions is much worse. In China, the major lithium-containing brines are located in the Qinghai-Tibet
plateau [8,11], and most of the lithium-containing brines in this area are mostly magnesium sulfate
subtype [12]. A typical feature of magnesium sulfate subtype brines is the mass ratio of Mg/Li,
which has a long span (from tens to hundreds, even more than 1000) [13]. Therefore, how to effectively
realize the separation of magnesium and lithium is the key to produce Li,COj3 from high Mg/Li brines.

Multifarious methods such as solvent extraction [14], membrane separation [15-17], adsorption [18,19],
and electrochemical intercalation-deintercalation (EID) method [17,20-23] have been developed for
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lithium extraction from high Mg/Librine. Solvent extraction is an efficient separation technology; both of
the separation factors (SFri_Na, SFLi-mg) can reach hundreds or even more than one thousand [24,25].
However, the extraction reagent has a slight solubility in aqueous solution [26], which is not
suitable for treating brine directly. The ion-sieve absorption method is considered to be an effective
approach to extract lithium from the high Mg/Li ratio brines thanks to its low cost, high selectivity,
and nontoxicity [27]. However, the ion-sieve absorption method faces the following problems: (1) it is
difficult to prepare the high absorption capacity absorbent; and (2) there is a significant loss of capacity
in the desorption process when acids or oxidants are used as desorption agents. The above problems
seriously restrict its large-scale industrial application [20].

Nanofiltration (NF), as an important membrane separation technology, has been successfully
applied for separating lithium and magnesium from a high Mg/Li brine because of its selective rejection
of divalent ions and monovalent ions based on Donnan exclusion [28,29]. However, it also suffers from
the following problems: (1) This technology can only treat brine with very low sodium and potassium
content, and it usually takes 1-2 years to obtain this kind of brine [30-32]. (2) The salinity in the type of
brine after potassium removal is too high to meet the operation condition for this purpose, which needs
to be diluted with water (the amount of water used for dilution is usually several times than the brine).
This process not only needs to consume a large amount of fresh water, but also increases the amount of
water to be treated.

In our previous work, we have proved that the EID method shows an excellent lithium extraction
properties from the high mass ratio of brine [20,21,33]; the mass ratio of brine can be decreased from the
initial 58.5 in the brine to 0.93 in the obtained anolyte. Although the mass ratio of Mg/Li in the anolyte is
much lower than the original brine, the lithium concentration in the anolyte is only 1-2 g-L ™!, which is
far from the lithium concentration required to precipitate lithium carbonate. For this reason, we need
to concentrate the anolyte and remove the residual impurities (e.g., Mg?*, Ca?*, and SO4%7) in it.
Theoretically, all kinds of concentration methods (like reverse osmosis, electrodialysis, evaporation,
and so on) [34,35] and impurity removal methods (like nanofiltration, solvent extraction, and so
on) [24,28,29] can be used to treat the obtained anolyte. Notably, the total salt concentration of the
obtained anolyte is between 20 and 30 g-L.!, which is an ideal range for NF and reverse osmosis (RO)
treatment. Therefore, we proposed an integrated lithium carbonate preparation process combining
EID, NE, RO, evaporation, and precipitation processes to prepare LiyCOj3 from a high Mg/Li brine.
The aim of the main processes are as follows: (1) the EID method is used to maximize the separation of
magnesium and lithium from the brine to obtain a low Mg/Li anolyte; (2) removing the multivalent
ions (e.g., Mg2+, Ca?*, and SO,4%7) from the obtained anolyte via the NF method; (3) concentrating the
permeate flow produced by NF with the RO method; (4) further increasing the lithium concentration
by evaporation; and (5) precipitating LiCOj3; by adding Na,COs.

2. Materials and Methods

2.1. Membranes

The membrane used in the EID method is a heterogeneous anionic membrane (MA-3475),
which was purchased from Beijing Anke Membrane Separation Technology & Engineering Co., LTD.
(Beijing, China agent). The heterogeneous anionic membrane selectively allows the anions to pass
through and reject the cations. The NF (NF2) and RO (RO5) membranes used for the experiment
are disc tube membranes, which were made by RisingSun Membrane Technology Co., Ltd., (Beijing,
China). Specifically, the membrane areas of the NF membrane and RO membrane are both 2.2 m?,
and the operation pH are in the range of 3-11. The permeate flux and desalination rate of NF were
42 L'-m~2h~! and 98%, respectively, which were obtained at 25 °C, operating pressure of 0.7 MPa,
and test salt concentration of MgSOj of 2 g-L.™!. Further, the permeate flux and desalination rate of
RO were 42 L-m~2-h~! and 99.5%, respectively, which were obtained at 25 °C, operating pressure of
1.55 MPa, and test salt concentration of NaCl of 2 g-L~".
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2.2. Experimental Illustration

2.2.1. Methods

LiFePO,/FePOy electrodes’ preparation: LiFePO, electrode was prepared as follows: (1) weighing
LiFePQy, polyvinylidene fluoride (PVDF), and acetylene black (C) in a mass ratio of 8:1:1; (2) dissolving
PVDF into N-methylpyrrolidone (NMP) and then adding C and LiFePO, in order; (3) coating the
above-mixed slurry on a carbon fiber sheet; and (4) drying the prepared carbon fiber sheet in a vacuum
oven at 95 °C for 12 h. The FePOj, electrode was obtained by deintercalating lithium from the LiFePOy
electrode. Concretely, an electrolytic cell is divided into an anode chamber and cathode chamber by
anion membrane, LiFePO;, electrode (anode) and nickel foam (cathode) were placed into the anode
and cathode chamber, respectively. Both of the chambers were filled with 5 g-L~! NaCl solution and
the pH value of the catholyte was controlled to 2-3 using HCL. The voltage used in electrolysis is 1.0 V,
and the electrolysis ends until the current density is less than 0.05 mA-cm™2.

EID method for lithium extraction: The device for the EID method is shown in our previous
work [20]. The device of the EID system was divided into two chambers by the anion membrane,
where LiFePO, and FePOy; is used as anode and cathode, respectively. The anode and cathode chambers
are filled with supporting electrolyte and brine, respectively. The entire working process is shown below:
(1) lithium deintercalated from LiFePOj to the supporting electrolyte (LiFePO,4 — e = Li* + FePOy);
(2) lithium existed in the brine intercalated into FePOy (Li* + FePOy4 + e = LiFePOy); and (3) the
CI” in the brine diffused into the anode chamber through the anionic membrane to maintain the
electroneutrality of the anolyte and brine, and LiCl was obtain in the anolyte.

The brine used for the lithium extraction was from West Taijnar Salt Lake (Golmud, China)
with the Mg/Li ratio of 58.8 (Table 1), and the lithium extraction process was carried out via instrument
LANHE-CT2001A (Wuhan, China). The effective size of the electrodes was 17 x 20 cm?, and the
electrodes of LiFePO, and FePO4 worked as anode and cathode, respectively. The electrode coating
density was about 85 mg (LiFePOy)-cm~2. The electrolytic cell was comprised of two chambers,
which were separated by an anion exchange membrane (MA-3475, Beijing Anke Membrane Separation
Technology Engineering Co. LTD, Beijing, China agent). The anode chamber was filled with 1.5 L of
5 g-L~! NaCl as supporting electrolyte, and the cathode chamber was filled with 1.5 L brine. The entire
electrolysis was performed with a constant current of 0.6 A until the voltage reached 0.35V, and then
worked at a constant voltage until the current dropped to 0.1 A to end the electrolysis process.

Table 1. The components of the West Taijnar Salt Lake brine (g-L1).

Element Li* Na* K* Mg?* Ca* S0,42- Cl-
West Taijnar 2.05 0.81 0.48 120.56 0.04 31.01 360.9

NF for purification: The obtained anolyte was purified by NF, the volume of the feed used in
the nanofiltration was 200 L, and the composition of the feed used was configured according to the
composition of the anolyte obtained by the EID system. The NF process was carried out at a constant
pump power of 2 KW until the operation pressure reached 8 MPa. The total volume of the collected
permeate solution was 180 L.

RO for concentration: The collected permeate solution after the NF treatment was concentrated by
RO process, and only 175 L feed liquor was used in the process. The whole RO process was performed
at the room temperature and ended until the volume of permeate reached 105 L. The RO process was
also carried out at a constant pump power of 2 KW.

Evaporation and concentration: The evaporation process was carried out by an electric furnace,
and the initial volume of the solution used for the evaporation was 5 L.

Precipitation of Li;COj3: The lithium-containing solution after evaporation process was precipitated
by NayCOj3 (280 g-L. 1) at 95 °C. The addition of sodium carbonate is 1.05 times the dosage of theoretical
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amount used in the lithium precipitation reaction. When all of the Na,CO3 wass added into the LiCl
solution, the solution was stirred for 1 h to mature the lithium carbonate, and then the Li,CO3 was
filtered out. The obtained lithium carbonate was washed twice with deionized water and dried to
obtain the LiCOj3 product.

In general, the comprehensive membrane process is shown in Figure 1.
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Figure 1. Schematic diagram of the comprehensive membrane process. EID, electrochemical
intercalation-deintercalation; NF, nanofiltration; RO, reverse osmosis.

2.2.2. Analytical Methods

The concentration of Li*, Na*, K™ and Mg?*, and Ca?* in the solutions was measured by
inductively coupled plasma-optical emission spectrometry (ICP-OES, Thermo Scientific iCAP-7200,
Shanghai, China agent), and the concentration of SO42_ was measured by ion chromatography
(ICS-5000/DIONEX, Thermofisher Scientific, Shanghai, China agent). The X-ray Diffraction (XRD)
patterns were measured via a BRUKER D8 ADVANCE using Cu-Ko radiation (A = 1.54056 A).
The morphology of Li;CO3; was detected by a scanning electron microscope (SEM, JEOL JSM-6490LV,
JEOL (BEIJING) CO., LTD., Beijing, China agent).

2.2.3. Calculation

The separation factor (SF) of lithium and magnesium was calculated as Equation (1):

CLi/Cm
SF=——__"8 ey
CL/ CMg

where SF is the separation factor of Li* and Mg2+, C1; is the concentration of lithium in the obtained
solution (g-L_l), Cwmg is the concentration of magnesium in the obtained solution (g~L‘1), Cy, is the
concentration of lithium in the feed (g-L.7!), and Cl/\/[g is the concentration of magnesium retained in the
feed (g:L71).

The recovery of lithium (Rg) for the electrolytic intercalation-deintercalation system was calculated
as Equation (2):

t
—%%_Lgmxww 2
E= Vo o 2
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where Rg is the recovery of lithium in the brine, Cy is the initial concentration of lithium in the brine
(g'L71), Vy is the initial volume of the brine (L), ¢ is the sampling time (h), C; is the concentration of
lithium in brine at ¢ (g-L™!), and V; is the volume of brine at ¢ (L).

The retention ratio (R) refers to the permeability of ions, which is the main index to evaluate the
separation performance. The corresponding calculation process is shown in Equation (3).

x 100% 3)

where R represent the retention ratio and Cr and Cp are the concentrations of ions of the feed and
permeate solution (g-L_l), respectively. Vi and Vp are the volume of the feed and permeate solution (L).

2.2.4. Membrane Cleaning

The membranes need to be washed when the transmembrane pressure difference is greater than
0.35 MPa. For the membrane scaling caused by inorganic salts, 1% (wt) ethylenediamine tetraacetic
acid disodium salt (EDTA) + citric acid solution (citric acid is used to adjust the pH of the solution to
3-4) is generally used for cleaning at room temperature for about 1 h.

3. Results and Discussion

3.1. Lithium Extraction From the Brine

The primary contents of the West Taijinar used for the lithium extraction are shown in Table 1,
and the experimental results are exhibited in Figure 2. From Figure 2a, it can be seen that the
concentration of lithium reached 2.1 g-L ™! at the end of the second cycle, and the concentration of
lithium in the brine decreased from the initial 2.05 g-L ! to 0.18 g-L.!, while the total recovery of
lithium reached 90.6% at the end of the second cycle. In the same way, the decline rate of lithium in
the second cycle is slightly lower than that in the first cycle, which is mainly owing to the continuous
decline of lithium concentration in the brine.

Figure 2b shows the voltage and current curves in the first two cycles. It can be seen that the first
cycle took 13.5 h, while the second cycle only lasted 10.5 h. In addition, the constant current process
in the first cycle lasts longer than in the second cycle. Correspondingly, the voltage growth rate in
the first cycle is also slower. The above results are attributed to the fact that the lithium concentration
in the second cycle is lower than that in the first cycle, which leads to more serious polarization of
lithium extraction in the second cycle.

Figure 2c shows the cyclic voltammetry (CV) curves of LiFePOy in the brine; it can be seen
that there are a couple of obvious peaks for the deintercalation/intercalation of lithium located
at 0.337 V (vs. saturated calomel electrode (SCE)) and 0.178 V (vs. SCE), which correspond to the
deintercalation of lithium from LiFePOy (LiFePOy4 — e = Li* + FePO,) and the intercalation of lithium to
FePOy (FePOy + Li* + e = LiFePOy), respectively. There also exists a weak reduction peak at —0.443 V
(vs. SCE), which corresponds to the intercalation of magnesium (FePOy + 0.5 Mg?* + e = Mg 5FePOy).
Obviously, magnesium is more difficult to insert into FePOy than lithium, which means that FePO,
can selectively extract lithium from a high Mg/Li brine via potential control. In addition, the inset
illustration in Figure 2c shows that the mass ratio of Mg/Li in the obtained anolyte is only 0.93, which is
far lower than 58.5 in the brine. The above results show that the new EID system has excellent
separation performance for lithium and magnesium.

Figure 2d shows the charge/discharge curves of LiFePO, in the West Taijinar brine. It can be
seen that the charging and discharging curves of the 20 cycles are relatively stable, which means that
LiFePOy can operate stably in the brine.



Membranes 2020, 10, 371 6 of 14

(a)25F —0— Anolyte Li 4100 (b) 04| -O- Potential
| —O—Catholyte Li * . -0- Current [anannu] oI Om 15
—¥¢— Lithium Recovery /*/ = L / E{ TR
2.0 * s oo oOd
- 0.2 [u]
g t = Wmopoool g
215 s = 410 «
g & = 1st Cycle 2nd Cycle =
£ — £
T P £ 00 a 1 a
= 2nd Cycle = s =
t 1.0 g £ COO000000000 aXVO00CD F]
g 2 T r \ 4050
g o Q 3
o 0.2} 8] ()
0.5 )
5 He %
2
= 40.0
0.0 0.ale 1 1 1 1
0 5 10 15 20 25
Time (h) Time/h
ol 2 0337V —1st (d) pa | st = 20th ]
1A 1st Cycle 2nd Cycle g:'; ozl 120
15}F o S 000 — -
5k / C-o-C 0.0k J15
10} Ll ]
'E 0o 5 10 15 20 25 > 02 \ d10 X
~ 05 Time = -
- - =
5 T A4 g
£ s 2 I I 405 3
3 S 08} | TWWWWWWW ] 3
0.5 0.8} —0.0
1.0 F f 1.0 |-
) L dududupudyd L -4 -0.5
1.5 1 N 1 i 1 .0'1T|s A i 1 i 1 1.2 1 i Il N 1 i L i 1 "
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 ) 100 200 300 400 500
Potential / V {vs SCE) Time/h

Figure 2. The EID system for lithium extraction. (a) Li* concentration and Li* recovery rate in the
first two cycles; (b) current and voltage changes in two cycles; (c) the cyclic voltammetry (CV) curves
of brine and the illustration shows the Mg/Li in the obtained anolyte; (d) charge and discharge cycle
performance of the brine. SCE, saturated calomel electrode.

Furthermore, the analysis results of the main ions in the produced anolyte are shown in Table 2.
From Table 2, it can be seen that the main ions in the anolyte are Li*, Na*, and Mg?*. Compared with
the Mg?* concentration in the brine, the penetration of magnesium into the anolyte is negligible.
The rejection rates of the impurities such as K*, Mg2+, and SO42~ are 92.2%, 98.5%, and 99.2%,
respectively. The retention of cations by the anion membrane is mainly due to the charge repulsion of
the fixed cationic groups of the membrane itself to the cations in the solution [36,37]. The interception
of divalent sulfate is mainly due to the fact that the ionic radius of sulfate is larger than that of chloride
ions, and the concentration of chloride ions is much greater than that of sulfate, which makes the
content of sulfate permeable through the membrane very low in the process of lithium extraction.
In general, the concentration of the impurities in the obtained anolyte is very low, which is facilitation
for the subsequent purification process.

Table 2. The concentration of the main ions in the obtained anolyte (g-L~1).

Components Li* Na* K* Mg2* Ca?*  S042- Cl-
Concentration 21 1.9* 0.04 1.95 0.004 0.26 19.1
Recovery & Rejection % 90.6 - 92.2 98.5 - 99.2 -

* The initial concentration of Na* added in the form of NaCl is 2.0 g~L‘1.

Therefore, the EID system shows excellent separation properties of lithium and magnesium.
It is an efficient, environmentally friendly, and stable process without using acid, alkali, or any toxic
reagents, nor does it produce any solid waste. The brine after the lithium extraction can be directly
discharged back to the salt fields, without affecting the environment.
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3.2. NF and RO Processes

In order to precipitate lithium carbonate, the lithium-riched anolyte needs to be deeply purified
and concentrated. In this paper, NF and RO were used for deep purifying of the divalent ions and
concentrating of the penetrating fluid, respectively. Both NF and RO were carried out only once and
the corresponding results of the NF and RO processes are shown in below.

3.2.1. NF Process

The corresponding experimental results are shown in Figure 3 and Table 3. As shown in Figure 3a,
the initial operation pressure of the nanofiltration was 2.0 MPa. The water flux decreases slowly from
the initial 52 L-m~2-h~! to 50.5 L-m~2-h~! at first, and then rapidly declines from 50.5 L-m~2-h~! to
31.6 L-m~2-h~!. Inversely, the operation pressure increases at first and then rapidly reaches 8 MPa.
There are three main reasons for this phenomenon: (1) the increase of the osmotic pressure in the
retentate solution; (2) the precipitation of the salts on the surface of the NF membrane; and (3) the
compaction of the NF membrane.
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Figure 3. The NF process for purification. (a) The relationship of the operation pressure and the flux
of the membrane; (b) concentration of Li*, Na*t, K*, Mg2+, Ca?*, and SO42~ in the permeate flow;
(c) the rejection rate of Mg2+ and SO4%~; (d) the recovery of lithium and the separation factor of lithium
and magnesium (SFLi-Mg).

Table 3. The main analytical results in the collected retentate during the nanofiltration (NF) process.

Time  Conductivity T Flow Concentration of Tons/g-L~1
min ms-cm~1 °C Lmin-! Li* Na* K% Mg*t  Ca?* Cl-  SO4%
0 37.5 247 16 210 191 0.04 1.95 0.004 19.1 0.26
30 40.9 253 16 226 182 0.038 3.64 00053 245 0.35
60 449 26.2 16 232 191 0.037 534  0.0085 302 0.56
90 52.0 27.0 16 228 169 0.036 9.78 0.018 42.1 1.21
105 108.2 27.6 16 231 196 0.041 18.23 0.02 66.8 2.37

The concentration of the ions in the permeate flow and collected retentate during the NF process
are shown in Table 3 and Figure 3b, respectively. From Table 3, it can be seen that the conductivity
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increased slowly at the beginning of the initial stage (increased from 37.5 mS-cm™! to 52.0 mS-cm™).
Subsequently, a significant increase followed after 90 min from the start of the NF, and the conductivity
reached 108.2 mS-cm™!. The temperature rose slowly throughout the experiments (from 24.7 °C to
27.5 °C), and the rise in water temperature comes from two aspects: (1) the mechanical friction of
the high pressure pump produce a great deal of heat; and (2) the friction of the fluid and the pipe,
which also generates heat. The flow rate of the entire NF process was kept at 16 L-min~!. There was no
significant change in the concentration of monovalent ions such as Li*, Na*, and K*, while divalent
ions such as Mg2+, Ca?*, and SO,%™ are abundantly enriched in the retentate solution. Moreover,
the concentration of Mg2+, Ca%*, and SO4%~ at the end of the NF process reached 18.23 g-L_l, 0.02 g-L_l,
and 2.41 g-L71, respectively. It can be found that Mg?*, Ca?*, and SO4%~ were concentrated 9.3 times,
5 times, and 9.1 times, respectively. The concentrated times of Ca>* were lower than those of Mg?* and
SO4%~. Notably, the main anion in the collected retentate is C1~, which was rejected to maintain the
electrical neutrality of the collected retentate.

As shown in Figure 3b, the concentration of Li*, Na*, Mg?*, and K* in the permeate flow
increased obviously, while the concentration of Ca?*, and SO4?~ is very low and can almost be ignored
(Ca?* and SO,42~ are 3.1 x 107 g-L ™! and 1.07 x 1073 g-L~! at the end of the NF process). Specifically,
the concentration of Li* and Na* increased from 2 g-L ! to 2.54 g-L™! and 1.55 gL ™! to 1.97 gL},
respectively. Moreover, the concentration of K* also increased slowly from 0.033 g-L~! to 0.041 g-L 1.
In contrast, the concentration of Mg?* increased sharply from 0.12 gL ™! to 0.86 g-'L~!. Combining
the concentration of ions (Li*, Na*, and Mg2+) in the collected retentate, it can be found that there
is basically no interception of monovalent ions, while the interception rate of multivalent ions is
very high. The reason for the higher rejection of Mg?* can be explained using Donnan exclusion.
The concentration of counter ions (ions with charge opposite to the fixed charge in the membrane)
in the membrane is higher than that in the bulk solution, while the concentration of homonymous ions
in the membrane is lower than that in the bulk solution. The Donnan difference prevents the diffusion
of homonymic ions from the bulk solution into the membrane. In order to maintain electrical neutrality,
the counter ions are also trapped by the membrane. The coulomb repulsion of the multivalent ions is
greater than that of the monovalent ions, which explains why the rejection of Mg?* is higher than that
of Li* and Na™.

The rejection rate of the divalent ions is shown in Figure 3c. It can be seen that the rejection
rates of SO4%~ are higher than 99%, while the retention rates of magnesium gradually drop to 89.9%.
Combining the data presented in Figure 3b, it can be found that the concentration of Ca?* and SO4%~ in
the permeate flow can almost be ignored, which means that sulfate and calcium ions can hardly pass
through the nanofiltration membrane. In order to determine whether there is precipitation in the NF
process, the solubility of all chlorides and sulfates in the solution at 20 °C is listed, as shown in Table 4.

Table 4. The solubility of all the chloride and sulfate exist in the collected retentate.

Compound LiCl NaCl KCI MgCl, CaCl;* Li;SO4 NapSOs CaSOs* MgSOs4 KySOy4
solubility/g 83.5 359 342 54.6 74.5 34.8 19.5 0.255 33.7 11.1

* The solubility of calcium chloride and calcium sulfate refers to the solubility of their hydrated salts; they are
CaCl,y-6H,O and CaSO,4-2H,0, respectively.

According to the results provided by Tables 3 and 4, all of the soluble salts that exist in the
collected retentate are not saturated. Notably, there is 0.004 g-L ! Ca®* and 0.26 gL ™! SO42~ in the
beginning of the NF, which results in 0.04 g-L.~! Ca?* and 2.6 g-'L.~! SO,%~ at an assumed retention of
100%, and the concentration of Ca2* and SO42~ has not reached the Ksp of CaSO4-2H,0 (the solubility
of CaSO4-2H,0 is 0.255 g at 20 °C, which means the Ksp of CaSO4-2H,0 is 2.2 X 107%) [38]. Because of
the retention of divalent ions by the NF membrane and the influence of the electric double layer, a large
amount of divalent ions will be enriched on the surface of the NF membrane. When the sulfate and
calcium in the bulk retentate solution have not reached the conditions for CaSO,4-H,O precipitation,
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there is already CaSO4-H,O precipitation on the surface of the nanofiltration membrane. That is
the reason the concentration of Ca?* in the bulk collected retentate is only 0.02 g-L.7!, as the feed
solution has concentrated 10 times. Further, because the total amount of Ca?* is much lower than
that of SO,42, this results in the lower concentrated times of Ca2* than SO4%~. In order to reduce the
membrane scaling caused by calcium sulfate precipitation, it is better to wash the membranes after
the NF operation. By contrast, Mg?* can only be continuously accumulated in the collected retentate
without precipitation, resulting in a higher concentration of Mg?* in the permeate flow. In other words,
the more Mg?" that enters the permeate flow, the lower the retention rate of Mg?*.

The separation factor of lithium and magnesium (SFp;\g) and lithium recovery are shown in
Figure 3d. It can be seen that the SFL;\g rose from 15.4 to 30.1 in the first 30 min, and then gradually
decrease from 30.1 to 22.8 in the next 75 min. The increasing concentration of Mg?* in the collected
retentate is unhelpful for the separation of lithium and magnesium. In addition, the lithium recovery
increased almost linearly, and reached 91.6% at the end of the NF process. Noteworthily, the total
salinity in the retentate liquid is too high, and the residual lithium cannot be directly recycled by
NF, but this retentate liquid can be returned to the EID system to separate lithium and magnesium,
which can reduce the waste of lithium.

The final compositions of the permeate flow produced by NF are shown in Table 5. From Table 5,
it can be seen that the major cationic ions in the permeate flow are Li*, Na*, and Mg?", and the main
anionic ion is C1~. The concentration of K* is only 0.03 g-L ™!, and other impurities such as Ca?* and
S04~ can almost be ignored.

Table 5. The compositions of the permeate flow produced by NF (g-L71).

Elements Lit Nat K* Mg* Ca%* Cl- SO42- Lithium Recovery %
Concentration 2.2 1.7 0.03 0.21 31x107* 14.39  0.0013 91.6

3.2.2. RO Process

The permeate flow produced by the NF process was treated by the RO process, and the main
results are shown in Figure 4. Figure 4a has shown that the operation pressure increased from the
initial 3 MPa to 5.5 MPa during the RO process, while the flux of the water decreased from 49 L-m~2-h~!
t021.8L-m2h1. Figure 4b shows that the concentration of ions such as Li*, Na*, Mg2+, and K* in the
collected retentate increased almost linearly. Concretely, Li* has increased from 2.2 gL ™! to 5.4 g-L~!
and Mg?* increased from 0.21 g-L. ™! to 0.525 g-L 1. Figure 4c shows that the concentration of Li*, Na*,
and Mg?* in the permeate flow increased significantly with the concentration process, but the maximum
concentration of lithium is still lower than 0.04 g-L 7!, and the lithium loss is almost negligible.
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Figure 4. Cont.
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Figure 4. The main results in the RO process. (a) The relationship of the operation pressure and
the flux of the membrane; (b) concentration of Li*, Na*, K*, and Mg?* in the collected retentate;
(c) concentration of Li*, Na*, K*, and Mgz+ in the permeate flow.

The final composition of the permeate flow and the collected retentate produced by RO is shown
in Table 6. As shown in Table 6, the concentration of ions in the permeate flow is very low, the loss of
the lithium in the RO permeate flow almost can be ignored, and the recovery of lithium can reach 99.4%.
Moreover, the permeate flow with such a low salinity content can be used to prepare the supporting
electrolyte for the EID system.

Table 6. The final compositions of the permeate flow and collected retentate.

Elements Lit Na*t K* Mg** CaZt S042- Lithium Recovery %
Permeate flow 0.021 0.011 4x107*  0.002 / / /
Collected retentate 5.4 4.4 0.08 0525 63x107*% 0.003 99.4

3.3. Precipitation of Li,CO3

The concentrations of Li* and Mg?* after RO are 5.4 gL' and 0.525 g-L~!, respectively.
This solution cannot be used directly for the precipitation of Li;COj3, and generally requires evaporation
and impurity removal. Subsequently, we use an electric furnace to evaporate 5 L of solution to
1.2 L, and add NaOH to adjust the pH of the solution to 12.5 for further removal of magnesium
(Mg?* precipitates in the form of Mg(OH), when the solution is alkaline). The composition of the
solution after magnesium removal is shown in Table 7.

Table 7. The composition of the solution after magnesium removal (g-L71).

Elements  Lit  Nat Kt wMg* CaZt S042~ Lithium Recovery %
Concentration 21.6 23.9 034 0002 29x10™* 0.018 96.1

As shown in Table 7, the concentration of Li* is enriched to 21.6 g-L_1 ; the mass ratio of Na/Li is
slightly greater than 1; and other ions such as K*, Mg?*, Ca?*, and SO,2~ are very low. The recovery
of lithium in this process can reach 96.1%; such a low lithium loss is attributed to the effective removal
of magnesium by the NF, which greatly reduces the generation of Mg(OH), and improves the recovery
rate of lithium. In the actual production process, the water generated by evaporation can also be
returned to the EID system to prepare the supporting electrolyte.

The solution with 21.6 g-L ™! lithium was used for the precipitation of Li,CO;3 with 280 g-L~!
Na,CO3. Moreover, the concentration of the mother liquor is shown in Table 8. From Table 8, it can be
seen that the main ions in the mother liquor are Na* and Li*. Noteworthily, only 86.7% lithium was
precipitated by Na,CO3, and the concentration of lithium in the mother liquor is still 1.8 g-L~!. In the
same way, the mother liquor contains a small amount of excess carbonate, which can be neutralized by
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part of the brine with high Mg?* ions, and then the mother liquor is returned to the EID system to
recover the residual lithium.

Table 8. The main parameters of the mother liquor (g-L™1).

Element Lit  Nat K* Lithium Recovery %
Concentration 1.8 90 0.2 86.7

The phase and morphology analysis of the obtained solid is shown in Figure 5. From Figure 5a,
it can be seen that the XRD pattern of the obtained powder is indexed to Li,CO3 (JCPDS card 22-1141).
Morphology analysis by SEM, as shown in Figure 5b, indicated that the particles were columnar and
rod, mostly clusters, and have a relatively flat surface. The chemical composition of the prepared
Li»COjs is shown in Table 9, and the composition of the obtained Li;CO3 meets the national standard
(Li,COs3-0, GB/T 11075-2013).

(a)
—— Li2CO3
=
(%]
=
= M«LM—IL;__AM_
£
‘ ‘ Li2CO3
R T TR LT
L L i 1 i 1 " L i L i
10 20 30 40 50 60 70

26/ Deg
Figure 5. (a) XRD and (b) scanning electron microscope (SEM) of the obtained solid by precipitation.

Table 9. The chemical composition of the prepared Li,COj.

Constituents Li,CO3 Na Mg Fe Ca S042~ CI-
Content (%) 99.6 0.026 0.005 0.0013 0.011 0.007 0.012

In general, the direct recovery of lithium from the high Mg/Li brine to the production of Li;CO3 can
reach 68.7%, which was calculated by the product of the recovery of lithium in each process; considering
that most of the solutions are cycled in the system (except the lithium loss by the precipitation of
Mg(OH),), the total recovery of lithium will be greater than 85%.

3.4. Comparison of Methods for Lithium Extraction from High Mg/Li Brine

Table 10 shows the comparison of methods for lithium extraction from high Mg/Li brine.

Table 10. Comparison of the Li* recovery between this study and conventional methods.

Li* Concentration

- . o+ o

Methods in Brine/g L1 Mg/Li in Brine Li* Recovery Rate % References
Solvent extraction 2.088 44.06 90.93 * [39]
Ion sieve 0.259 95 82.1* [40]
Electrodialysis 0.148 60 72.1% [41]

This study 2.05 58.5 >85 This study

* The asterisk only indicates the recovery rate of the separation of magnesium and lithium from brine.
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From Table 10, it can be seen that the total Li* recovery rate in this paper is superior to that of
ion sieve method and electrolysis method, but slightly lower than that of solvent extraction method.
However, the extractant used in the solvent extraction method has a slight dissolution in the brine,
which will cause greater environmental pollution. Noteworthily, this comprehensive membrane
process has environmental protection significance.

4. Conclusions

In this paper, we constructed an integrated membrane process combining the EID system and NF
and RO processes to prepare LiCOj3 from a high mass ratio of Mg/Li brine. This method successfully
realizes the separation of lithium and magnesium in brine with a high Mg/Li ratio, which relies on
the anion membrane to retain cations and the selective characteristics of LiFePO, to adsorb lithium.
Most of the bivalent ions in the prepared lithium-riched solution were removed by nanofiltration
membrane. After concentration, purification, and precipitation, we prepared industrial-grade Li;COs.
Noteworthily, the removal of magnesium by nanofiltration can reduce the amount of alkali and reduce
the entrainment loss of lithium caused by the massive production of magnesium hydroxide. In general,
this process can efficiently realize the selective separation of magnesium and lithium without pollution
to the environment and provide a new perspective for extracting lithium from salt lakes.

Author Contributions: Conceptualization and methodology (Z.Z., L.H., W.X.), formal analysis (W.X., L.H.,
D.L.); original draft preparation (W.X.); writing—review and editing, (W.X., L.H., Z.Z.); supervision (Z.Z.);
project administration (Z.Z., L.H.); funding acquisition (Z.Z., L.H.). All authors have read and agreed to the
published version of the manuscript.

Funding: This study is supported by the Major Program of National Natural Science Foundation of China
(51934010), National Science Foundation of Hunan province (Grant No. 2019]JJ40377), and Innovation-Driven
Project of Central South University (No. 2020CX026).

Acknowledgments: The XRD and SEM data were obtained by using the equipment provided by Changsha
Research Institute of Mining and Metallurgy Co., Ltd.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Armand, M.; Tarascon, ].-M. Building better batteries. Nature 2008, 451, 652-657. [CrossRef]

An, JW,; Kang, D.J.; Tran, K.T.; Kim, M.].; Lim, T.; Tran, T. Recovery of lithium from Uyuni salar brine.
Hydrometallurgy 2012, 117, 64-70. [CrossRef]

3. Goodenough, J.B.; Kim, Y. Challenges for Rechargeable Li Batteries. Chem. Mater. 2010, 22, 587-603.
[CrossRef]

4.  Grosjean, C.; Miranda, PH.; Perrin, M.; Poggi, P. Assessment of world lithium resources and consequences of
their geographic distribution on the expected development of the electric vehicle industry. Renew. Sustain.
Energy Rev. 2012, 16, 1735-1744. [CrossRef]

5. Hamzaoui, A.; M'Nif, A.,; Hammi, H.; Rokbani, R. Contribution to the lithium recovery from brine.
Desalination 2003, 158, 221-224. [CrossRef]

6. Naumov, A.V.; Naumova, M.A. Modern state of the world lithium market. Russ. J. Non-Ferr. Met. 2010, 51,
324-330. [CrossRef]

7. Martin, G.; Rentsch, L.; Hock, M.; Bertau, M. Lithium market research—Global supply, future demand and
price development. Energy Storage Mater. 2017, 6, 171-179. [CrossRef]

8.  Kesler, S.E.; Gruber, PW.,; Medina, P.A.; Keoleian, G.A.; Everson, M.P.; Wallington, T.J. Global lithium
resources: Relative importance of pegmatite, brine and other deposits. Ore Geol. Rev. 2012, 48, 55-69.
[CrossRef]

9.  Flexer, V.; Baspineiro, C.E; Galli, C.I. Lithium recovery from brines: A vital raw material for green energies
with a potential environmental impact in its mining and processing. Sci. Total. Environ. 2018, 639, 1188-1204.
[CrossRef]

10. Yaksic, A,; Tilton, J.E. Using the cumulative availability curve to assess the threat of mineral depletion:
The case of lithium. Resour. Policy 2009, 34, 185-194. [CrossRef]


http://dx.doi.org/10.1038/451652a
http://dx.doi.org/10.1016/j.hydromet.2012.02.008
http://dx.doi.org/10.1021/cm901452z
http://dx.doi.org/10.1016/j.rser.2011.11.023
http://dx.doi.org/10.1016/S0011-9164(03)00455-7
http://dx.doi.org/10.3103/S1067821210040127
http://dx.doi.org/10.1016/j.ensm.2016.11.004
http://dx.doi.org/10.1016/j.oregeorev.2012.05.006
http://dx.doi.org/10.1016/j.scitotenv.2018.05.223
http://dx.doi.org/10.1016/j.resourpol.2009.05.002

Membranes 2020, 10, 371 13 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Song, J.E; Nghiem, L.D.; Li, X.-M.; He, T. Lithium extraction from Chinese salt-lake brines: Opportunities,
challenges, and future outlook. Environ. Sci. Water Res. Technol. 2017, 3, 593-597. [CrossRef]

Zheng, M.; Liu, X. Hydrochemistry of Salt Lakes of the Qinghai-Tibet Plateau, China. Aquat. Geochem. 2009,
15, 293-320. [CrossRef]

Wang, H.; Zhong, Y.; Du, B.; Zhao, Y.; Wang, M. Recovery of both magnesium and lithium from high Mg/Li
ratio brines using a novel process. Hydrometallurgy 2018, 175, 102-108. [CrossRef]

Shi, C.; Jing, Y.; Xiao, J.; Wang, X.; Yao, Y,; Jia, Y. Solvent extraction of lithium from aqueous solution using
non-fluorinated functionalized ionic liquids as extraction agents. Sep. Purif. Technol. 2017, 172, 473-479.
[CrossRef]

Zhao, Y.; Wang, H.; Li, Y.; Wang, M.; Xiang, X. An integrated membrane process for preparation of lithium
hydroxide from high Mg/Li ratio salt lake brine. Desalination 2020, 493, 114620. [CrossRef]

Somrani, A.; Hamzaoui, A.; Pontie, M. Study on lithium separation from salt lake brines by nanofiltration
(NF) and low pressure reverse osmosis (LPRO). Desalination 2013, 317, 184-192. [CrossRef]

Liu, X,; Chen, X.; He, L.; Zhao, Z. Study on extraction of lithium from salt lake brine by membrane electrolysis.
Desalination 2015, 376, 35-40. [CrossRef]

Gao, A,; Sun, Z,; Li, S,; Hou, X,; Li, H.; Wu, Q.; Xi, X. The mechanism of manganese dissolution on
Li1.6Mn1.604 ion sieves with HCl. Dalton Trans. 2018, 47, 3864-3871. [CrossRef]

Yang, F.; Chen, S.C.; Shi, C.T,; Xue, E; Zhang, X.X,; Ju, S.G.; Xing, W.H. A Facile Synthesis of Hexagonal
Spinel lambda-MnQO2 Ion-Sieves for Highly Selective Li+ Adsorption. Processes 2018, 6, 59. [CrossRef]

He, L.; Xu, W.; Song, Y.; Luo, Y,; Liu, X.; Zhao, Z. New Insights into the Application of Lithium-Ion Battery
Materials: Selective Extraction of Lithium from Brines via a Rocking-Chair Lithium-Ion Battery System.
Glob. Chall. 2018, 2, 1700079. [CrossRef]

Zhao, ZW.; Si, X.F,; Liu, X.H.; He, L.H.; Liang, X.X. Li extraction from high Mg/Li ratio brine with
LiFePO4/FePO4 as electrode materials. Hydrometallurgy 2013, 133, 75-83. [CrossRef]

Zhao, Z.W.; Si, X.E; Liang, X.X.; Liu, X.H.; He, L.H. Electrochemical behavior of Li*, Mg2+, Na* and K* in
LiFePO,/FePOy structures. Trans. Nonferr. Met. Soc. China 2013, 23, 1157-1164. [CrossRef]

Liu, X.H.; Chen, X.Y.; Zhao, Z.W.,; Liang, X.X. Effect of Na* on Li extraction from brine using LiFePO,/FePOy
electrodes. Hydrometallurgy 2014, 146, 24-28. [CrossRef]

Li, Z.; Binnemans, K. Selective removal of magnesium from lithium-rich brine for lithium purification by
synergic solvent extraction using (3-diketones and Cyanex 923. AICKE ]. 2020, 66, €16246. [CrossRef]
Wang, J.; Yang, S.; Bai, R.; Chen, Y.; Zhang, S. Lithium Recovery from the Mother Liquor Obtained in the
Process of Li;COj3 Production. Ind. Eng. Chem. Res. 2019, 58, 1363-1372. [CrossRef]

Seeley, F.; Baldwin, W. Extraction of lithium from neutral salt solutions with fluorinated 3-diketones. J. Inorg.
Nucl. Chem. 1976, 38, 1049-1052. [CrossRef]

Ooi, K.; Miyai, Y.; Katoh, S.; Maeda, H.; Abe, M. Lithium-ion Insertion/Extraction Reaction with A-MnO; in
the Aqueous Phase. Chem. Lett. 1988, 17, 989-992. [CrossRef]

Chen, Y,; Liu, F; Wang, Y.; Lin, H.; Han, L. A tight nanofiltration membrane with multi-charged nanofilms
for high rejection to concentrated salts. J. Membr. Sci. 2017, 537, 407-415. [CrossRef]

Bai, X.; Zhang, Y.; Wang, H.; Zhang, H.; Liu, J. Study on the modification of positively charged composite
nanofiltration membrane by TiO, nanoparticles. Desalination 2013, 313, 57-65. [CrossRef]

Lithium, N. The 3Q Project. 2019. Available online: https://www.neolithium.ca/project.php (accessed on
18 October 2020).

SQM. Sustainability of Lithium Production in Chile. 2020. Available online: https://www.sqm.com
(accessed on 18 October 2020).

Kim, S.; Lee, J.; Kang, J.S; Jo, K,; Kim, S.; Sung, Y.E.; Yoon, J. Lithium recovery from brine using a
lambda-MnO2/activated carbon hybrid supercapacitor system. Chemosphere 2015, 125, 50-56. [CrossRef]
Zhao, M.Y,; Ji, Z.Y.; Zhang, Y.G.; Guo, Z.Y.; Zhao, Y.Y.; Liu, J.; Yuan, J.S. Study on lithium extraction from
brines based on LiMn204/Li1-xMn;, Oy by electrochemical method. Electrochim. Acta 2017, 252, 350-361.
[CrossRef]

Wagh, P; Islam, S.Z.; Deshmane, V.G.; Gangavarapu, P.; Poplawsky, J.; Yang, G.; Sacci, R.; Evans, S.F;
Mabhajan, S.; Paranthaman, M.P; et al. Fabrication and Characterization of Composite Membranes for the
Concentration of Lithium Containing Solutions Using Forward Osmosis. Adv. Sustain. Syst. 2020. [CrossRef]


http://dx.doi.org/10.1039/C7EW00020K
http://dx.doi.org/10.1007/s10498-008-9055-y
http://dx.doi.org/10.1016/j.hydromet.2017.10.017
http://dx.doi.org/10.1016/j.seppur.2016.08.034
http://dx.doi.org/10.1016/j.desal.2020.114620
http://dx.doi.org/10.1016/j.desal.2013.03.009
http://dx.doi.org/10.1016/j.desal.2015.08.013
http://dx.doi.org/10.1039/C8DT00033F
http://dx.doi.org/10.3390/pr6050059
http://dx.doi.org/10.1002/gch2.201700079
http://dx.doi.org/10.1016/j.hydromet.2012.11.013
http://dx.doi.org/10.1016/S1003-6326(13)62578-9
http://dx.doi.org/10.1016/j.hydromet.2014.03.010
http://dx.doi.org/10.1002/aic.16246
http://dx.doi.org/10.1021/acs.iecr.8b05495
http://dx.doi.org/10.1016/0022-1902(76)80027-9
http://dx.doi.org/10.1246/cl.1988.989
http://dx.doi.org/10.1016/j.memsci.2017.05.036
http://dx.doi.org/10.1016/j.desal.2012.12.006
https://www.neolithium.ca/project.php
https://www.sqm.com
http://dx.doi.org/10.1016/j.chemosphere.2015.01.024
http://dx.doi.org/10.1016/j.electacta.2017.08.178
http://dx.doi.org/10.1002/adsu.202000165

Membranes 2020, 10, 371 14 of 14

35.

36.

37.

38.

39.

40.

41.

Misyura, S.Y. Evaporation of aqueous solutions of LiBr and LiCl salts. Int. Commun. Heat Mass Transf. 2020,
117,104727. [CrossRef]

Al-Rashdi, B.; Johnson, D.; Hilal, N. Removal of heavy metal ions by nanofiltration. Desalination 2013, 315,
2-17. [CrossRef]

Wu, D.; Yu, S.; Lawless, D.; Feng, X. Thin film composite nanofiltration membranes fabricated from polymeric
amine polyethylenimine imbedded with monomeric amine piperazine for enhanced salt separations.
React. Funct. Polym. 2015, 86, 168-183. [CrossRef]

Speight, ].G. Land’s Handbook of Chemistry, 16th ed.; McGraw-Hill: New York, NY, USA, 2005.

Shi, C.; Duan, D; Jia, Y.; Jing, Y. A highly efficient solvent system containing ionic liquid in tributyl phosphate
for lithium ion extraction. J. Mol. Lig. 2014, 200, 191-195. [CrossRef]

Lai, X,; Yuan, Y.; Chen, Z; Peng, J.; Sun, H.; Zhong, H. Adsorption—-Desorption Properties of Granular
EP/HMO Composite and Its Application in Lithium Recovery from Brine. Ind. Eng. Chem. Res. 2020, 59,
7913-7925. [CrossRef]

Feng, W.X. The Research on Separation of Magnesium and Lithium from Brine by Electrodialysis. Ph.D. Thesis,
Hebei University of Technology, Tianjin, China, 2016.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.icheatmasstransfer.2020.104727
http://dx.doi.org/10.1016/j.desal.2012.05.022
http://dx.doi.org/10.1016/j.reactfunctpolym.2014.08.009
http://dx.doi.org/10.1016/j.molliq.2014.10.004
http://dx.doi.org/10.1021/acs.iecr.0c00668
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Membranes 
	Experimental Illustration 
	Methods 
	Analytical Methods 
	Calculation 
	Membrane Cleaning 


	Results and Discussion 
	Lithium Extraction From the Brine 
	NF and RO Processes 
	NF Process 
	RO Process 

	Precipitation of Li2CO3 
	Comparison of Methods for Lithium Extraction from High Mg/Li Brine 

	Conclusions 
	References

