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Abstract: Lithium extraction from salt lake brine with a high mass ratio of Mg/Li by counter-current
method using TBP-DIBK extraction system was investigated in this study. In the extraction process,
TBP and DIBK acted as extractant, kerosene was used as diluent, and FeCl3 was used as co-extractant.
The operation conditions of extraction, scrubbing, stripping, and regeneration were investigated.
In this study, 5.5 mol/L LiCl + 0.5 mol/L HCI was used as a scrubbing solution for purifying
products, and 6 mol/L HCI solution was used as a stripping agent to transfer Li* from organic
phase to aqueous phase. Furthermore, 2 mol/L NaOH and saturated MgCl, were used as the
regeneration agent to remove H* from organic phase. The counter-current extraction experiments of
3-1-1-3 stages were carried out. After 10 cycles, the lithium extraction efficiency reached 99.90%; the
separation factor of Li/Mg, Li/K, Li/Na, and Li/Ca was 5.215 x 10%,2.159 x 103, 3.659 x 10?, and
3.104 x 102, respectively. The results indicated that the TBP-DIBK extraction system was effective at
extracting lithium from salt lake brine with a high mass ratio of Mg/Li. Furthermore, the study of
extraction thermodynamics suggested that lithium extraction was an exothermic process and that
lower temperature promoted lithium extraction.
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1. Introduction

Lithium and its compounds have many industrial applications, including glass ce-
ramic, pharmaceutical, alloy, aerospace, nuclear reactor industries, and especially in
rechargeable lithium-ion batteries (LIBS) for consumable electronics, electric vehicles (EVSs),
and energy storage [1-5]. In recent years, the lithium product consumption for batteries
has remarkably increased due to the extensive applications of rechargeable lithium bat-
teries [6,7]. The surging demand for these applications necessitates the processing of all
kinds of viable lithium resources. Lithium resources are mainly derived from brines and
minerals [8-10]. Over 75% of lithium resources in China are contained in salt lake brines,
and most of the salt lake brines have the characteristic of a high mass ratio of Mg/Li.
Therefore, the separation of lithium and magnesium in salt lake brines is quite difficult. In
order to recover lithium from brines, many technologies have been reported, including
precipitation [11], electrodialysis [12], membrane [13], absorption [14,15], ion exchange,
and solvent extraction [16-21]. Solvent extraction, which has been considered the most
potentially viable industrial method, has the characteristics of high selectivity, simple
operating process, low cost, and very high extraction efficiency.

The key to solvent extraction is to select an extraction system. A large number of
studies have been done to optimize extraction systems that have the ability to extract
lithium. Among them, TBP-FeCl; had proved to be effective at extracting lithium from salt
lake brine with a high mass ratio of Mg/Li [17,22]. However, there exist two critical issues
that need to be resolved. One is the appearance of a third phase in the process of extracting
lithium, which has a bad influence on the extraction process. The other is the solubility
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of the extraction system, which cannot be ignored in actual production. In our previous
works [23,24], EA, BA, MIBK, DIBK, and N523 were mixed with TBP in the organic phase
to extract lithium from salt lake brine. Results indicated that the phase interface was clear
after extraction, and no third phase appeared in the process of extraction. Furthermore,
the solubility of organic agents was tested. The solubility experiments manifested the
solubility rank of EA, MIBK, DIBK, and TBP in different concentrations of magnesium
chloride, which was as follows: MIBK > EA > TBP > DIBK. The soluble of organic reagents
decreased with the further increase in the concentration of MgCl,. Therefore, DIBK would
be the better organic agent added to TBP extraction systems in terms of the solubility and
phase separation effect.

In this paper, DIBK was added to an organic solution owing to its low solubility
and economy, and TBP, DIBK, and kerosene were used as organic solution to extract
lithium from salt lake brine. The craft parameters of extraction, scrubbing, stripping,
and regeneration were confirmed by experiments. Lithium extraction efficiency and the
separation factor of Li/Mg were calculated. Furthermore, the extraction thermodynamics
was also investigated.

2. Experimental
2.1. Chemicals and Instruments

Aqueous solution was prepared by LiCl-H,O, MgCl,-6H,0, FeCl3-6H,0, and HCl.
The salt lake brine was obtained from Qinghai Xitaijinaier, and its major components are
listed in Tables 1 and 2. The main instruments are also listed in Table 3. The organic solution
was prepared by TBP, DIBK, and kerosene.

Table 1. Main chemical reagents.

Abbreviate Purity Manufacturers
LiCl-H,O >97% China Pharmaceutical Group Chemical Reagent Co.
MgCl,-6H,0O >98% China Pharmaceutical Group Chemical Reagent Co.
FeCl3-6H,O >99% China Pharmaceutical Group Chemical Reagent Co.
HCl1 AR. Silver ring Chemical Reagent Co.
NaOH >98% Tianjin Kemi’ou Chemical Reagent Co.
Kerosene 260# Beijing Sinopec Chemical Reagent Co.
TBP >99% China Pharmaceutical Group Chemical Reagent Co.
DIBK >97% Aladdin Chemical Reagent Co.

Table 2. Major components in brine.

Ions Li* Mg?* Na* K* Ca%* S0,%~ Cl™ B

(mol/L) 0.328 494 0.0736 0.0166 <0.001 0.236 9.34 0.177

Table 3. Main instruments.

Abbreviate Model Manufacturers
Shaker SR-2DW TAITEC
Centrifuge TDL-40B-W Shanghai Anting Scientific Instrument Factory
ICP-AES ICAP6500 America Thermo Scientific

FT-IR 670 Thermo Nicolet Corporation, Madison
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2.2. Experiments Data

Firstly, the organic solution and aqueous solution were mixed via a separating funnel
at phase ratio of O/A = 2 except for the phase ratio experiments. Then, the funnel was
oscillated in a shaker at room temperature for 10 min, and two phases were kept for
30 min to separate the phases after shaking. The aqueous phase after extraction was
released from the outlet at the lower part of the separating funnel, and the loaded organic
phase was poured out from the upper part of the separating funnel when the two phases
were separated completely. The metal ion concentration in aqueous phase after extraction
was too high to analyze. Therefore, the aqueous solution needed to be diluted before
analyzing metal ion concentrations, and the loaded organic phase needed to be transferred
by stripping process.

The lithium extraction efficiency (E) and the distribution ratio (D) of metal ions could
be calculated according to Equations (1) and (2).
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where ¢; and ¢, (g/L) represented the metal ion concentration in initial aqueous solution
and equilibrium aqueous solution, respectively. V5 and Ve (mL) represented the volume
of aqueous solution and organic solution, respectively. D represented the distribution ratio
of metal ion concentration in organic solution and aqueous solution.

2.3. Experiments Analysis

The atomic absorption spectrometer (AAS) (A30, Pgeneral, Beijing, China) and induc-
tivity coupled plasma-atomic emission spectrometry (ICP-OES) (ICP-6500, Thermo Fisher
Scientific, Fresno, CA, USA) were used to analyze the metal ion concentration in aqueous
solution. The aqueous solution obtained by experiment was firstly diluted, and then metal
ion concentration was measured using AAS and ICP-OES. Li* concentration in aqueous
solution could be obtained via the method mentioned above. However, the concentration
of other metal ions in the aqueous solution after extraction could not be measured directly
by AAS and ICP-OES because of the higher concentration. Mass conservation was used
to determine the concentration of other metal ions in aqueous solution after extraction.
That is to say, the concentration of other metal ions in organic phase was firstly stripped
to aqueous solution and then measured by AAS and ICP-OES. The concentration of other
metal ions in aqueous solution after extraction was calculated by mass conservation.

3. Results and Discussion
3.1. Determination of Experiment Parameters
3.1.1. Effect of HC] Concentration in Aqueous Solution

According to the extraction mechanism of TBP-FeCl; extraction system, H* had the
stronger binding capacity with FeCly ~ and TBP than that of Li* and Mg?* [21,24]. Therefore,
the high HCl concentration in aqueous solution was a disadvantage for lithium extraction.
FeCl; played the part of co-extractant in the process of extracting lithium by TBP-FeCls
extraction system. Fe (III) would be hydrolyzed when the HCI concentration in aqueous
phase was too low. It was necessary to study the effect of the HCI concentration in aqueous
solution on lithium extraction.

In the experiment, the organic solution was 30% TBP + 30% DIBK + 40% kerosene,
the aqueous solution was 0.288 mol/L LiCl + 0.375 mol/L FeCl; + 4 mol/L MgCl,, and
the extraction phase ratio of O/A = 2. The experimental results of the effect of HCl
concentration in aqueous solution are shown in Figure 1. It was obvious that the Li* and
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Mg?* concentrations in organic phase and lithium extraction percentage decreased with
the increase in HCI concentration in aqueous solution. Additionally, the separation factor
of Li/Mg first increased then decreased with the increase in HCI concentration in aqueous
solution. That was due to the increase in HCl concentration in aqueous solution being
a disadvantage to lithium extraction. However, when the HCI concentration exceeded
0.15 mol/L, Mg?* entered the organic phase more easily than Li* because of the ultrahigh
concentration of Mg?*. Hence, the HCI concentration in aqueous solution needed to
promote lithium extraction efficiency was determined to be 0.05 mol/L.
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Figure 1. Effect of HCI concentration in aqueous solution.

3.1.2. Effect of Concentration of TBP and DIBK in Organic Phase

In our previous report [23], TBP and DIBK demonstrated the ability to extract lithium;
both can be used as extractants in the extraction process. The volume ratio of TBP/DIBK
and the total concentration of TBP and DIBK in organic solution were investigated.

In the experiment, the aqueous solution was 0.288 mol/L LiCl + 0.375 mol/L FeCl; +
4 mol/L MgCl,, the organic solution consisted of TBP, DIBK, and kerosene, and the extrac-
tion phase ratio of O/A = 2. Figure 2a shows the effect of the volume ratio of TBP/DIBK
on lithium extraction. It can be seen that the Li* concentration in organic solution and
lithium extraction percentage significantly increased with the increasing volume ratio of
TBP/DIBK and reached 1.93 g/L and 92% at the volume ratio of TBP/DIBK = 1/1. With
further increasing of TBP/DIBK, the Mg?* concentration in organic solution and separation
factor of Li/Mg decreased. The effect of the volume ratio of Vs/V on lithium extraction is
shown in Figure 2b. When the volume ratio of Vs/V reached 70%, the Li* concentration
in organic phase and the lithium extraction percentage were nearly steady. The Mg?*
concentration in organic phase was observed to rise when the volume ratio of Vs/V ranged
from 70~100%. The separation factor of Li/Mg increased greatly when the volume ratio of
Vs/V ranged from 40~70%. There was little change in the lithium extraction percentage and
separation factor of Li/Mg when further increasing the volume ratio of Vs/V. Considering
the lithium extraction efficiency and the separation factor of Li/Mg, the volume ratio of
TBP/DIBK was fixed at 1/1, and the volume ratio of Vs/V was determined to be 70%.



Separations 2023, 10, 24

50f 15

- 100 _ 1000
éi‘ 08 - .-L| f:oncemration in organic phase _ 900
o r - Mg~" concentration in organic phase
%ﬂ 96 F |- ™ Lithium extraction percentage 1
- - Y |- & Separation factor of Li/Mg - 800
v 94 | LA -
= 3 =4 700 o
2 92F - e Sl 1 =
= L P &y s 4600 =
3 92 P . " ] =
5 i ra ’ a °
g ssf o , _ 500 o
- SR % . ] 3
s 86f & S .. 4400 =
E 84 s BRI s
:E ‘il - - 300 =
g 8 A a0 2
~ 80k 1 @
= T < 100
‘y o
) 0
‘5 4
5 -100
5_ ]
-200
1/4 1/3 1/2 1 2 3 4
Volume ratio of TBP/DIBK
- 100 1000
.\G -
T gL P 4 900
2 TS T
8 TR R S N
= 90 ‘ _800
S s & 1700
] 85 ) ¢ Y =
= e 4600 Z
= | .
] ) 4 3 -
e 8( E ’A 1500
2 . : =
& Br el 400 £
a-e 2 . . o
; 70 + i 4300 Z
E - . " I Li* concentration in organic phase ] 200 é
= 65 B e Il 2" concentration in organic phase ] £
3 l P - B Lithium extraction percentage 4100 ?:_‘
-~ 60.4= - & Separation factor of LiMg ] A
E 1
2 ol 4 -100
_3: 1 X —‘ =200
2 0 -300
30 40 50 60 70 80 90 100 110

Yolume ratio of Vs/V

Figure 2. Effect of TBP and DIBK in organic phase. ((a) means the effect of volume ratio of TBP/DIBK
and (b) means the effect of volume ratio of Vs/V. Vs means the total concentration of TBP and DIBK
in organic solution, V means the total concentration of TBP, DIBK, and kerosene in organic solution).

3.1.3. Effect of the Molar Ratio of Fe/Li

Since FeCl; was the co-extractant, the molar ratio of Fe/Li played an important role
in lithium extraction. In the experiment, the aqueous solution was 0.288 mol/L LiCl+
+ 4 mol/L MgCl,, the organic solution consisted of 35% TBP + 35% DIBK + 30% kerosene,
and the extraction phase ratio of O/A = 2. The effect of the molar ratio of Fe/Li on lithium
extraction was studied, and the experimental results are given in Figure 3. Figure 3 shows
that a higher molar ratio of Fe/Li was an advantage for the lithium extraction. Meanwhile,
Mg?* was in competition with Li*. The Mg?* concentration in organic solution increased
significantly because of the ultrahigh concentration of Mg?* in aqueous solution as the
Fe/Li molar ratio increased. Furthermore, the separation factor of Li/Mg decreased. The
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lithium extraction percentage reached 84%, and the separation factor of Li/Mg achieved
the maximum value of 1121 when the molar ratio of Fe/Li was 1. Therefore, the molar ratio
of Fe/Li in aqueous solution was 1 in the following experiment.
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Figure 3. Effect of the molar ratio of Fe/Li.

3.1.4. The Effect of the Phase Ratio of O/ A

In the experiment, the aqueous solution was 0.288 mol/L LiCl+ +4 mol/L MgCl,, the
organic solution consisted of 35% TBP + 35% DIBK + 30% kerosene, and the extraction
phase ratio of O/A was 1/2,1/1,2/1,5/1,10/1, 20/1. The effect of the phase ratio of
O/A is shown in Figure 4. It is clear from Figure 4 that the Li* and Mg?* concentration
in organic solution increased with the increase in the phase ratio of O/A. However, the
Mg?* concentration in organic phase increased much faster than Li*. At phase ratio of
O/A =2/1, the lithium extraction percentage reached 92%, and separation factor of Li/Mg
was 671. When the phase ratio of O/A was over 2/1, the phase separation time became
longer and the Li* concentration in organic solution decreased. From an economical and
operational point of view, the phase ratio of O/A =2/1 would be suitable.
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Figure 4. Effect of the phase ratio of O/A.
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In optimum experimental conditions, the organic solution was 35% TBP + 35% DIBK
+ 30% kerosene, the aqueous solution was 0.288 mol/L Li* and 4 mol/L MgCl,, and the
organic solution extracted Li* from aqueous solution at the phase ratio of O/A =2/1. In
order to achieve more than 90% Li* from aqueous phase, three theoretical stages were
required from the lithium extraction McCabe-Thiele diagram (Figure 5).

2.0
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0.5 Operation line O/A =2/1
0-0 L 1 " | L | L 1 L | L
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Li" in aqueous phase (g/L)
Figure 5. McCabe-Thiele graphical method to determine the theoretical stage.

3.1.5. Determination of Scrubbing Condition

In the process of lithium extraction, the other metal ions that were untargeted ions
could be extracted to organic phase, which led to the purity of the lithium product not
being good. To obtain a pure lithium product, it was necessary to scrub the other metal ions.
In the scrubbing experiment, the organic phase obtained after three stages of extraction
was used as the organic solution; different concentrations of LiCl and 0.5 mol/L HCI were
used as the scrubbing liquor, which avoided the hydrolysis of Fe (III); and the scrubbing
phase ratio of O/A =10/1. The effect of the scrubbing solution of LiCl and HCl is given in
Figure 6a. The results show that the concentration of Na*, K* Ca?*, and Mg?* was relatively
low when the concentration of LiCl was 5.5 mol/L. Meanwhile, the Lit concentration in
scrubbing showed no significant change with a higher concentration of LiCl. The scrubbing
liquor was determined to be 5.5 mol/L LiCl and 0.5 mol/L HCL

The phase ratio of scrubbing in actual production was crucial. In this experiment, the
organic phase obtained after three stages of extraction was used as the organic solution,
and 5.5 mol/L LiCl and 0.5 mol/L HCI was used as the scrubbing liquor. The effect of the
scrubbing phase ratio of O/ A is shown in Figure 6b. It can be seen that when the phase
ratio of scrubbing was above 15, concentrations of Na*, K*, Ca%t, and Mg2+ in scrubbing
increased. From the perspective of lithium concentration and scrubbing efficiency, the
phase ratio of O/A was determined to be 15:1.
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Figure 6. Effect of scrubbing condition. ((a) means the effect of concentration of LiCl and (b) means
the effect of phase ratio of O/A).

3.1.6. Optimization of Stripping Condition

In the stripping process, the organic solution obtained after scrubbing was used as the
organic solution, HCl was treated as the stripping agent due to the extraction sequence of
H* being extracted before Li* in the extraction process, and the stripping phase ratio of
O/A =2/1. Figure 7a shows that the Li* concentration in stripping solution exhibited no
differences with the increases in HCI concentration. Fe®* concentration in stripping solution
decreased at the concentration of HCI ranged from 0~6 mol/L, which meant that Fe (III)
was lost from the loaded organic phase to aqueous phase. When the HCI concentration was
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over 6 mol/L, there was nearly no Fe>* in aqueous phase. The results show that 6 mol/L
HCI would be preferable for the stripping solution.
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Figure 7. Effect of stripping condition. ((a) means the effect of concentration of HCI and (b) means
the effect of phase ratio of O/A).

The organic solution obtained after scrubbing was used as an organic solution, and
6 mol/L HCl was treated as the stripping agent. The effect of the stripping phase ratio was
studied, and the results are shown in Figure 7b. Figure 7b shows that the Li* concentration
in stripping solution demonstrated no obvious change when the phase ratio of O/A ranged
from 1/2~5/1. With the further increase in the phase ratio, the Li* would be notably lost.
The phase ratio of O/A in stripping was determined to be 5:1.
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3.1.7. Investigation of Regeneration Condition

The metal ions were almost stripped by 6 mol/L HCI at the stripping phase ratio
of O/A = 5:1. Owing to the high bonding capacity of H* over the other metal ions, the
organic phase in the lithium extraction performance would be significantly limited when
the stripped organic phase was used in extraction process without the removal of H*. In
the previous study, 2 mol/L NaOH and saturated MgCl, were used as the regeneration
solution. The process was called saponification when NaOH was used as the regeneration
solution. When MgCl, was used as the regeneration solution, the process was called
inversion. In the regeneration process, the stripped organic phase was regenerated by
2 mol/L NaOH and saturated MgCl, at the different phase ratio of O/A. In order to detect
the extraction ability of the organic phase after regeneration, fresh brine was used as the
aqueous phase to contact with the regenerated organic phase. The effect of the regeneration
phase ratio is shown in Figure 8. The results suggest that the behavior of the organic
phase regenerated by inversion and saponification made no clear difference to the lithium
extraction performance. From an economical and environmental viewpoint, inversion
was better than saponification. Further, inversion would not bring impurities to aqueous
phase. However, inversion could not remove the H* of stripped organic phase completely.
Considering the advantages of inversion and saponification, the regeneration condition
should be first inversion—saponification-second inversion.
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Figure 8. Effect of regeneration phase ratio.

3.2. Counter-Current Extraction Experiments

The operation conditions of extraction, scrubbing, stripping, and regeneration process
are presented in Table 4, and a process diagram is given in Figure 9. The organic phase
loaded 0.375 mol/L Fe3* and consisted of 35% TBP + 35% DIBK + 30% kerosene, a salt
lake brine that was adjusted according to the components given in Table 2 was used as the
aqueous phase, and the extraction phase ratio of O/A was 2/1. In the scrubbing process,
5.5 mol/L LiCl and 0.5 mol/L HCI were used as the scrubbing agent at the phase ratio of
O/A =15/1. The aqueous solution after scrubbing was mixed with brine and used as the
aqueous solution in the extraction section. In the stripping process, 6 mol/L HCl was used
as the stripping agent at the phase ratio of O/A =20/1. Part of the aqueous solution after
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stripping was used as the scrubbing solution. In the regeneration process, 2.0 mol/L NaOH
and saturated MgCl, were treated as the regeneration solution. Ten cycles of experiments
were carried out, until the extraction experiment reached equilibrium.

Table 4. Operation conditions of counter-current extraction.

Section Stages Organic Phase Aqueous Phase Phase Ratio
Extraction 3 35% TBP + 35% DIBK Brine 2/1
Scrubbing 1 5.5 mol/LLiCl + 0.5 mol/L HCI 15/1

o 1 6 mol/L HCI 5/1
Stripping

saturated MgCl, 50/1

Regeneration 3 2 mol/L NaOH 10/1

saturated MgCl, 50/1

Regenerated organic phase

Stripping
Single stage

Regeneration
Three stages

Scrubbing
Single stage

Extraction
Three stages

6 mol/L HCI

2mol/L NaOH

5.5 mol/LL LiCl + 0.5 mol/LL HCI1
Raffinate

Figure 9. Process diagram of counter-current extraction.

The lithium extraction percentage and the separation factor of Li* and the other metal
ions are listed in Table 5. It could be calculated that lithium extraction reached 99.90%,
and the separation factor of Li/Mg, Li/K, Li/Na, and Li/Ca was 5.215 x 10%,2.159 x 103,
3.659 x 102, and 3.104 x 10, respectively. The third phase did not appear in the process
of the whole extraction. The results indicated that the TBP-DIBK extraction system was
effective for the extraction of lithium from salt lake brine with a high mass ratio of Mg/Li.

Table 5. The extraction percentage and separation factor.

Dyi/Dca
3.104 x 102

Dyi/Dmg
5.215 x 104

E (Li*) (%)
99.90

Dpi/Dna
3.659 x 102

Dyi/Dk
2.159 x 103

Cycle
10

3.3. The Analysis of FTIR Spectrum

FTIR spectroscopy was used to determine the information for different functional
groups, which could present small differences in the chemical microenvironment. Thus, the
interactions between metal ions and organic reagents could be clarified by FT-IR spectroscopy.

The organic phase obtained in the whole process was characterized by FTIR spec-
troscopy, and the FTIR spectrum of the organic phase is shown in Figure 10. In Figure 10,
1280 cm~! peaks were determined to be the characteristic peak of P=O in TBP. The peak
showed red shift in varying degrees during the process of extraction-scrubbing—stripping—
regeneration; this was due to the electron transfer between metal ions and P=O in TBP
when the chemical reaction occurred in organic phase and aqueous phase. The transfer
of electrons would lead to the vibration frequency moving in the low frequency direction.
Based on operation of the counter-current extraction experiment, the conversion relation-
ship of cations in organic phase could be described, as shown in Figure 11. The organic
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phase loaded ion was mostly Li*, except for a little Mg?* in the process of extraction. Most
of the ions loaded in the organic phase turned out to be Li* after scrubbing by 5.5 mol/L
LiCl + 0.5 mol/L HCI. Therefore, there was no change in the peak of P=0O in the organic
phase after extraction and scrubbing. The functional group of TBP P=0 also demonstrated
a red shift after stripping by 6 mol/L HCI due to the H* loaded in the organic phase. In
the process of regeneration, the organic phase loaded Mg?* after the first inversion, then
the metal ion in the load organic phase changed from Mg?* to Na* after saponification
by NaOH, and the organic phase loaded Mg>" again after the second inversion. Since
the binding capacity of Na* and Mg?* with P=O in TBP was almost equal, there was no

signification in the peak of P=0O in the process of regeneration.

257 after second inversion

1258, after saponification

1254, after first inverw

w after stripping j\f

W after scrubbingw

Transmittance

before extraction
1 L 1 M 1 " 1 " | L 1 " 1

1261]

500 1000 1500 2000 2500 3000 3500
Wavenumbers (cm™)
Figure 10. FTIR spectra of organic phases.
Extraction Scrubbing
+Brine  LiFeCl,-2TBP +LiCI-HCI
Mg(FeCly), nTBP

M(FeCl,),-nTBP

+MgCl,

Second inversion

NaFeCl, nTBP  TNaOH HFeCl,2TBP
—
Mg(FeCl,), nTBP Mg(FeCly), nTBP

4000

LiFeCl,-2TBP

+HCl

Saponification First inversion

Figure 11. The conversion relationship of positive ions in organic phase.
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3.4. The Study of Thermodynamics Parameters

Thermodynamic parameters represented a crucial factor to studying the extraction
mechanism. The experiments on lithium extraction by TBP-DIBK extraction system were
carried out at various temperatures.

Van't Hoff revealed the relationship between enthalpy change (AH), extraction temper-
ature, and the distribution ratio of Li*. Therefore, AH could be calculated by Equation (4).

AH

18D = =5 303RT

+C 4)
where R was the universal gas constant, T was the absolute temperature (K), and C was the
integration constant.

On the basis of Equation (4), there was a linear relationship between IgD and 1/T.
Figure 12 shows that the slope of the linear relationship was 139.75, and the reaction
enthalpy AH could be calculated as —11.93 kJ/mol. This meant that lower temperature
was an advantage for lithium extraction. The fluidity of organic phase was poor, and the
phase separation was difficult when the temperature was low. Therefore, room temperature
(293 K) would be appropriate for lithium extraction.

-2.46
248 -
5 -2.50
[am]
=
y = 139.75x-2.923
252 F R%=0.999
-2.54 |
1 M 1 1 1 " 1 1 1

0.0028 0.0029 0.0030  0.0031 0.0032 0.0033 0.0034
1/T (K™
Figure 12. The relationship of gD and 1/T.

4. Conclusions

The extraction of lithium from salt lake brine with a high mass ratio of Mg/Li by
counter-current method using a TBP-DIBK extraction system was investigated in this paper.
In the extraction process, DIBK was added to organic solution owing to its low solubility
and economy, TBP and DIBK acted as extractant, kerosene was used as diluent, and FeCl;
was used as co-extractant. The operation conditions of extraction, scrubbing, stripping, and
regeneration were investigated. In this study, 5.5 mol/L LiCl + 0.5 mol/L HCl was used as
the scrubbing solution for purifying the product, and 6 mol/L HClI solution was used as the
stripping agent to transfer Li* from organic phase to aqueous phase. Furthermore, 2 mol/L
NaOH and saturated MgCl, were used as the regeneration agent to remove H* from organic
phase. The counter-current extraction experiments of 3-1-1-3 stages were carried out.
After 10 cycles, the lithium extraction percentage reached 99.90%, the separation factor of
Li/Mg, Li/K, Li/Na, and Li/Ca was 5.215 x 10%,2.159 x 103, 3.659 x 10, and 3.104 x 10?,
respectively. The results indicated that the TBP-DIBK extraction system was effective at
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extracting lithium from salt lake brine with a high mass ratio of Mg/Li. Furthermore,
the extraction thermodynamics study revealed that lithium extraction was an exothermic
process and that lower temperatures promoted lithium extraction.
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