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Recovery of lithium from Mg-rich salt-lake brines by solvent extraction has been widely studied for high Li*/
Mg?* selectivity and Li" extraction efficiency. In a previous study, a ternary synergistic solvent extraction system
consisting of tributyl phosphate (TBP), 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (P507, denoted as
HL) and FeClz was developed, in which high Li* selectivity and efficient Li" stripping simply with water were
realized. In this study, to further elucidate the extraction mechanism of the TBP/P507/FeCls system and mini-
mize the efforts on the process optimization for Li extraction from Mg-rich salt-lake brines with different
component concentrations from different sources, a thermodynamic empirical model based on mass balances and
equilibrium equations has been developed. The model parameters were optimized by fitting the calculated data
to experimental results. By calculating the distribution of species in the organic phase with the model, it was
found that Li* primarily existed in the form of [Li(TBP)][FeCl,], followed by [Li(TBP)][FeCl4]. When Li" was
stripped with water, Fe>* mainly existed in the form of FeCl,L-HL-2TBP in the organic phase at low O/A ratios
but converted to [H(TBP)2][FeCl4] at high O/A ratios. This thermodynamic model provides a guide for the design
of practical process flow.

1. Introduction

New-energy electric vehicles driven by lithium-ion battery (LIB)
have been advanced rapidly in recent years. They replace the conven-
tional fossil-fuel-powered vehicles and achieve zero CO; emission,
which is in line with the goal of “carbon neutralization” [1]. Driven by
the increasing popularity of electric vehicles, not only has the share of
lithium (Li) used in batteries increased to 65% of the global Li con-
sumption in 2019 [2], the global Li demand is also expected to contin-
uously grow in the future. In 2019, the global demand for lithium
carbonate equivalent (LCE) is about 300,000 tons. By 2025, it will
exceed 870,000 tons [2,3].

Hard rock and salt-lake brine are the two main primary sources of Li,
accounting for 34% and 61% of the total reserve, respectively [4].
Currently, more than half of Lio,CO3 (or equivalent) is produced from

salt-lake brine [5,6]. The Li resources of salt-lake brine in China account
for >80% [7], which are mainly distributed in Qinghai and Tibet.
Among them, salt-lake Li in Qinghai accounts for about 54%, and
lithium chloride (LiCl) reserves reach 19.82 million tons [7,8]. How-
ever, these salt-lake brines have high magnesium (Mg) contents and very
high Mg/Li ratios (>50) [9], resulting in a large challenge for Li re-
covery since Li and Mg have very similar physicochemical properties.
In recent years, progress has been made in several separation tech-
niques for the recovery of Li from Mg-rich brines, including solvent
extraction [10-15], membrane separation [16-18], adsorption [19-21],
and electrochemical methods [22,23]. Among them, the solvent
extraction method based on a TBP/FeClg system is particularly suitable
for Li recovery from brine with high Mg/Li ratios because of the high Li/
Mg selectivity and low capital and operational costs [13,24-27]. How-
ever, the system uses high concentration HCI (6-8 mol LY to strip Li by
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replacing Li* with H", which is easy to cause TBP degradation and
equipment corrosion. Meanwhile, the organic phase needs to consume a
large amount of alkaline reagent to neutralize the extracted excess acid,
so as to realize its regeneration and recycling. And the refining process of
Li products is complicated, resulting in the high cost of Li recovery.

Recently, it has been found that some ionic liquids (ILs) containing
[PFg]™ [28], [BPh4]™ [29], [NTfy]™ [30], or [PW12040]3’ [31] anions
can form a composite system with TBP for synergistic extraction of Li™.
These ILs eliminate the use of FeCl3 and improve the extraction effi-
ciency of Li". However, ILs containing these anions are expensive and
suffer from recycling difficulties, and they still cannot actually improve
Li* stripping, and hence, they are not suitable for industry scale
production.

A ternary synergistic solvent extraction system TBP/P507/FeCls was
developed in our previous study [32,33], in which Li* was stripped with
water instead of high concentration HCI through the regulation of Fe>*
coordination. Li* was extracted into the organic phase by forming the
[Li(TBP)y][FeCl4] complex, while P507 was not involved in the coor-
dination. When Li* was stripped by water, P507 and TBP synergistically
coordinated with Fe3* in the form of [FeCl,L-(HL)-2TBP] (HL denotes
P507), leading to efficient stripping of Li due to the broken structure of
[Li(TBP)3][FeCl4]. The organic phase loaded with Fe®" can be recycled
directly without regeneration, and the cost of recovering Li from salt-
lake brines is significantly reduced.

However, there are still some issues about the extraction and strip-
ping mechanism of the TBP/P507/FeCls system to be elucidated due to
the complexity of the extracted species of Lit, Mg?*, H" and Fe3* in the
organic phase under the relevant operating conditions. Meanwhile, little
research has been focused on the optimization of the separation pro-
cesses for Li extraction when TBP/P507/FeCls system was applied to
Mg-rich salt-lake brines with different component concentrations from
different sources. Determining such conditions experimentally is labo-
rious and time-consuming. For these reasons, this study aims to develop
a thermodynamic empirical model based on mass balances and equi-
librium equations in order to further clarify the extraction mechanism of
the system and minimize the efforts on the optimization process. The
model parameters were optimized by fitting the calculated data to the
experimental results. The concentration of each species in the loaded
organic phase after extraction was derived from the model as a function
of the concentration of TBP and HCI, respectively. The residual con-
centration of each species in the organic phase after stripping was also
derived from the model as a function of phase ratio (O/A).

2. Modelling
2.1. Chemical reaction equilibrium in TBP/P507/FeCls system

The chemical reaction equilibrium and corresponding expression of
apparent equilibrium constant involved in extracting Li* from Mg-rich
salt-lake brine by TBP/P507/FeCls system are shown in Table 1. The
overbar indicates that the compound resides in the organic phase. In the
extraction process, Li" is mainly extracted by TBP and combined with
FeCly to balance the charge, in which the number of TBP molecules
participating in the reaction is 1 or 2 (Egs. (13) and (14)) [24,34,35].
Competitive extraction occurs between H' and Li*, and the extraction
equilibrium of H' is shown in Eq. (12). Meanwhile, H' can be extracted
by TBP in the form of HCI-TBP (Eq. (11)) [36-39].

In the presence of Fe3", the extracted species of Mg?* are compli-
cated. It has been proposed that Mg?* is extracted in the form of [Mg
(TBP);][FeClyl2[24,40], but no targeted research has been carried out to
prove this assumed composition. As a consequence, the extraction form
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Table 1
Equilibrium and corresponding expression of equilibrium constant in TBP/
P507/FeCl; system implemented in the model.

No. Equilibrium Equilibrium constant
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of Mg2+ in this model was expressed as [Mg(TBP)x][FeCl4]2, where x is
the number of TBP molecules involved in the reaction. The value of x
can be further determined through model calculation. If this assumption
is reasonable, the concentration of Mg and Fe>" in the organic phase
should meet the ratio of [Mg2+] / [Fe3+] = 1:2. Moreover, since the co-
ordination ratio of Fe>* to Li* and H™ in the organic phase is 1:1 in both
cases, it is known that the concentrations of Mg?*, Fe> and Li* in the
organic phase need to meet the relationship of 2[Mg2+] < ([Fe3+]—[Li+]).
However, it can be seen from Table 2 that the relationship they actually
follow is 2[Mg?*] » ([Fe**]-[Li*])[33]. This indicates that Mg?*
extracted into the organic phase should exist in different forms apart
from [Mg(TBP)x][FeCl4]o. In our previous study [33], the organic phase
loaded with Li and Mg was scrubbed with water at an O/A ratio of 40:1,
the scrubbing of Mg?*+ was as high as 74.4%, indicating that part of MgZ*



H. Suetal Separation and Purification Technology 282 (2022) 120110
Table 2
Fe®* and Mg?" concentrations in organic phase at various TBP concentrations [33]
[TBP] (%) [Fe®org (mol/L) [Mg?*Torg (mol/L) [Li*Jorg (mol/L) [Fe® Jorg-[Li " lorg(mol/1) 2[Mg*" Jorg(mol/L)
40 0.24 0.09 0.16 0.08 0.18
45 0.24 0.12 0.16 0.08 0.25
50 0.24 0.15 0.15 0.09 0.30
55 0.24 0.21 0.17 0.07 0.43
60 0.24 0.25 0.17 0.07 0.49
is likely to be entrained by the organic phase in the form of MgCl,. . 5
Therefore, Equation (16) is proposed [41,42], where y and z represent Mg, = [Mg™*] (1 + Rx (kikM.l [TBP] [Fe*] [C1P?
the molecular numbers of P507 (HL) and TBP involved in the reaction, 1y z )
: : : + ks [HL] [TBP] [cr] ) ) 19)
respectively, and their values can be further determined by subsequent

model calculation.

TBP and P507 participate in the equilibria of Eq. (5)-(8) as extrac-
tants, and there is interaction between them in the organic phase. Barker
et al.[43] reported one possible reaction between TBP and P204 (di(2-
ethylhexyl) phosphoric acid, D2EHPA), in which one P204 molecule and
one TBP molecule combined with each other via hydrogen bond. Atefeh
et al.[44] obtained the same results by analyzing the mixture of TBP,
P204 and kerosene with infrared spectroscopy. Since the structures and
properties of P507 and P204 are similar [45,46], it is inferred that P507
and TBP may have the same interaction (Eq. (9)). In addition, studies
have shown that one P204 molecule will bind to one or two TOPO
(trioctylphosphane oxide) molecules through hydrogen bond [47-49].
Since both TBP and TOPO are neutral organic phosphate extractants
with similar structures and properties, it is inferred that TBP and P507
also have the same interaction (Eq. (10)). The equilibria that may occur
when Fe®* forms different ferric chloride complexes in chloride solution
were shown in Eq. (1)-(4). Eq. (17) is proved to occur only in stripping
and not in extraction in the following model calculations with details
shown in Section 4.2.

2.2. Material balance relationships

According to the reaction equilibrium equations and corresponding
equilibrium constants expressed in Table 1, the material balance equa-
tions of Fe>*, Mg?*t, Lit, HY, P507(HL), TBP and Cl are listed and
simplified as follows.

[Fe], = [Fe**] x | a+R x [ﬁ} (C1 1| ksks {ﬁ] H] +1<4[Li+](kL_,l + ke [ﬁ]) + 2kakygt M2 ] + Kakreki 2

[Lily = (L] x (14 R x ka[Fe ] [CU]* [TBP] (e + ke [TBP] ) ) 20)
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| 2 [mr (1 ¥ ks [ﬁ] Y ks [ﬁ]z)

+ yky2 [ﬁ]) [ﬁ] Mg>*] [P + {W]Z[Fe“] (1" | keks[H]

12
HL]

) A

+ kokpekp»

(21)

- 1r—12
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R 18
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[TBP| ‘e

PN ] ] e

(23)

H"]

[TBP|[Fe**][c1 T )

+ky[Fe*t] [cr]“(sz [ﬁ] HY] + kea[Lit] + 2k [ﬁ] [Li*]) + 3k {ﬁ]r R e T Mg + 1
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where [Fe3'lo, [Mg*'1o, [Litlo, [H'lo, [Clo {m]o and [ﬁ}o

represent the initial concentrations of Fe*>*, Mg?", Li*, H', CI', HL and
TBP. [Fe3*], [Mg?*], [Li*], [H'] and [CI] represent the equilibrium

concentrations of Fe>*, Mg?", Li*, H" and CI" in the aqueous phase. {m}

and [TBP] represent the equilibrium concentrations of HL and TBP in

the organic phase. R represents the phase ratio (O/A). In Egs. (18) and
(22), a and p are expressed as follows (i =1 ~ 4).

a= (1 + i:k,-[CI]i) (25)
p= (1 + i ik;[Fe*][cI) ! ) (26)

2.3. Model solving

Among the above seven equations (Eq. (18)-(24)), the seven un-
knowns are [Fe3*], [Mg?*], [Li*], [H'], [CI], [ﬁ] and {m} After

giving the values of any apparent equilibrium constants ki, ko, ks, k4,
ki1, ka2 ka3 kr,1, kr2 k13, k14, ks, ki1, ki,2 km1, kw2, kre, the
seven equations can be solved. Once the equilibrium concentration of
each ion in the aqueous phase ([Fe3+], [Mg2+], [Li*]) is obtained, the
extraction efficiency (%E) and stripping efficiency (%S) of each ion can
be calculated according to Eq. (27) and Eq. (28). By minimizing the
objective function F (Eq. (29)), the empirical values of the apparent
equilibrium constants (k-values) can be optimized. Fig. 1 showed the

(24

flowchart of the optimum equilibrium constants determination by the
least-squares method.

Co-Vo — CagVig

UGE =
’ CoVo

x 100% 27)

Caq,x Vaq.s

%S = (1 — ———F—
0 ( COVO - Caanq

) x 100\% (28)

where Cy and Vj are the initial element concentration and the volume of
feed solution, respectively. C,q and V,q are the equilibrium element
concentration and the volume of aqueous phase, respectively. Caqs and
Vagq,s are the equilibrium element concentration in the stripping aqueous
phase and the volume of the stripping aqueous phase, respectively.

n

el _ Eexp} 2 n |:Scal. _ Sfxp.:| 2
- | orF = _— 29)

F=

The concentrations of [Fe>*], [Mg?*], [Li*], [H'], [CIT, [m] and

[ﬁ] in the nonlinear equations (Eq. (18)-(24)) are solved by means of

the fsolve function in the computer numerical analysis commercial
software MATLAB. The apparent equilibrium constants k; to k4 and k4
were taken from the literature [39,50-52], and ks was adopted from our
previous work [15]. The parameters kyp, 1, kur,2, kui,3, k.1, k1,2, kT3,
ki1, kr,2, km,1, km,2, kre and X, y, z are determined by minimizing the
values of Eq. (29) using lsqcurvefit MATLAB function.

3. Experimental

The experimental data of this paper were from our previous study
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Set: k= (kur, 1> kiz, 2 ke, 30 Kz, 15 For 00 Ky 3 kg, 10 Ky, 2 Koy 15 g 2)

Read : data = ( [Fe**o, [Mg>*Jo, [Li*Jo, [H'Jo, [C1o, [m] and [Tw] )

: L

Model:
Together Eqs. (18) to (24) yields to <
[(K', datay=Pred (Ef,, Eyy, Ep))
Set:
min F (k') = ((Pred(E) — Exp(E,-)))2

i=FeMgLi

optimize the k by Least-Square Method

No

Yes

Accept new solution
k=K F(k)=F(k)

hether the fitting
accuracy converges

Print k= kyp g0 kyp o0 kg 35 Kz gy
kr o kr sk g kp, 0 kg 1 kg 2

Fig. 1. Flowchart of the optimum equilibrium constants determination by the
least-squares method.

[33], the reagents used and solvent extraction procedure are as follows.

3.1. Reagents

MgCly (>99%), FeCls (>98%) and HCl (37 wt%) were purchased
from Beijing Chemical Works. TBP (>98.5%) and P507 (>95%) were
provided by Shanghai Rare Earth Chemical Co., Ltd. Sulfonated kero-
sene (MW = 142-254) was purchased from Sinopharm Group Chemical
Reagent Co. Organic phases were prepared by mixing TBP and P507
with kerosene according to the required volume ratio. The treated East
Tajinar Salt Lake brine was obtained from Qinghai Salt Lake BYD Re-
sources Development Co., Ltd. and subjected to acidification - crystal-
lization for B removal before lithium extraction. The composition of the
brine is shown in Table 3.

3.2. Solvent extraction procedure

Organic phases containing required volume ratio of TBP and P507
pre-loaded with approximately 14 g-L! Fe>* in kerosene were placed in
contact with the treated East Tajinar Salt Lake brine after B removed in
150 mL hexagonal jars to extract lithium, shaken in a mechanical shaker
(HD-100B, Jintan Yineng, China) with designated O/A ratios (80 mL/-
mL) at 20 + 2 °C for 20 min, and then allowed to settle for 30 min to
separate the phases. Scrubbing and stripping experiments were carried
out using the same method. Aqueous samples were taken from the

Table 3
Composition of the treated East Tajinar Salt Lake brine after the removal of B.

Component Li* Mg** B Na* K* pH

Concentration/(g-L) 5.02 108.10 2.23 1.31 0.59 0.86

Separation and Purification Technology 282 (2022) 120110

bottom phases using a syringe with a tube extender for the determina-
tion of metal concentrations. The concentrations of Li*, Mg?* and B in
the organic phases were determined after stripping with 6 mol-L™! HCI,
and Fe3" in the organic phases was calculated by mass balance based on
its aqueous concentration. The concentrations in the aqueous samples
were determined by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES, Optima 5300 V, Pekin-Elmer, USA) after dilution to
a proper concentration range.

4. Results and discussion
4.1. Thermodynamic modelling of extraction

The extraction of Li* and Mg?" from the old brine of East Taijinar
Salt Lake after B removal by TBP/P507/FeCls system under different
conditions were modelled with the results shown in Fig. 2 (The experi-
mental data were from Figs. 2-5 of previous study [33]). The experi-
mental and calculated values of Li* and Mg?" extraction efficiency
under different conditions fitted well, and Fig. 3 showed that their
percentage error was about 20%. The average relative absolute devia-
tion AARD of the experimental and calculated values of Li* extraction
efficiency under different conditions was less than 10%. The definition
of percentage error (PE%) and AARD was expressed in Eq. (30) and Eq.
(31), respectively. Generally, the percentage error and AARD within
20% indicate that the model fits well [36,53-56].

The empirical values of the apparent equilibrium constants (k-value)
in Table 4 were optimized by fitting the calculated values to the
experimental data. The k-values of Li" and H' extraction were the
maxima, indicating that their extraction ability was the optimal in the
TBP/P507 /FeCl; system. The k-values of Li™ coordinated with one TBP
molecule and two TBP molecules (Eq. (13) and (14)) were ki, 1 = 140 and
k2 = 200.56, respectively. It showed that Li* tended to coordinate with
two TBP molecules in the extraction, which was consistent with the
extracted species [Li(TBP),][FeCly] established in our previous study
[15]. However, the k-value of Li extraction (Eq. (14)) calculated from
the experimental data in the previous study was 120.6, which was
different from the modelled k; » = 200.56. Considering that the k-value
of the modelling was the result of comprehensively fitting the extraction
of Li* and Mg?" under different conditions and the stripping of different
ions (section 4.2), the ki 5 value of 200.56 obtained by the modelling
was further modified. The k-value of the reaction of H" extraction
forming [H(TBP),][FeCls] (Eq. (12)) was ks = 799.87, whereas the
equilibrium constant for H' extraction forming HCI-TBP (Eq. (11)) was
kr,4 = 0.03, much lower than ks, indicating that H" tended to form [H
(TBP)][FeCly] in the presence of Fe3*[50,57].

According to the model calculation, the extraction of Mg?t was
mainly via coordination with six TBP molecules and then combination
with FeCly for charge balance (Eq. (15)). It was reported that Mg2+
could exist stably in the form of [Mg(H20)6]2+ in aqueous solution
[58,59], thus it was speculated that Mg2+ also tended to form a stable six
coordination structure with TBP molecules after entering the organic
phase. Meanwhile, Mg?* was also extracted by TBP and P507 in the form
of MgCl, (Eq. (16)). However, the k-value of this reaction ky2 = 3.7 x
10 was much lower than km,1 = 10 of Eq. (15). The corresponding k-
value of Eq. (5) and (8) involved in TBP and P507 were very small,
indicating that their loss in the aqueous phase was negligible. The k-
value of the interaction equilibrium (Eq. (9) and (10)) of TBP and P507
was also low, showing that their actual concentration in the organic
phase was basically not affected by their mutual interaction.

Eca[. — Eew. cal. Sexp-
PE\% = |—————| x 100\% orPE\% = |—————/ x 100% (30)
Eexp- Se,xp.
1 n EcaL _ Eew- 1 n Sr:ul. — Sexp-
AARD = — ————|0rAARD = — —_— 31
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Fig. 2. Fitting results of experimental
values (points) and calculated values
(lines) of extraction efficiency of Li* and
MgZJr under different conditions (Con-
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0.72 mol L, [Mg®*]o = 4.96 mol L,
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Fig. 4. Fitting results of experimental values (points) and calculated values
(lines) of stripping efficiency of Fe®* under different O/A ratios (Without Eq.
(17). Constant initial concentrations. [TBP]y = 1.47 mol L'l, [P507]¢ = 0.92
mol L)

4.2. Thermodynamic modelling of stripping

The reactions listed in Table 4 are involved in Li* extraction with the
TBP/P507/FeCl;3 system (mainly forward reaction), these reactions will
also occur in Li* stripping (mainly reverse reaction). Therefore, these
reactions were used to model the stripping of Li*, Mg?" and Fe** from
the old brine of East Taijinar Salt Lake after B removal under different O/
A ratios (The experimental values were from Fig. 9 of our previous study
[33]). However, the calculated and experimental values of each ion were
poorly fitted, especially the stripping of Fe*>* shown in Fig. 4. When O/A
ratio was 1, the calculated value of Fe3" stripping was as high as
90.13%, while the actual stripped Fe3" was only 22.21%.

From our previous study on the extraction mechanism with TBP/
P507/FeCls system [32], it is known that when Li" is stripped with
water, the structure of [Li(TBP),][FeCl4] is destroyed, Li" enters the
water phase, and Fe>™ is extracted synergistically by TBP and P507 to
form [FeCl,L-(HL)-2TBP] as shown in Eq. (17), making Fe3+ stably
maintained in the organic phase. Since Eq. (17) is not taken into account
in the result of Fig. 4, it is only considered that the structure of [Li
(TBP),][FeCly] is destroyed during water stripping, and both Li* and
Fe3" enter the aqueous phase, resulting in abnormally high stripping
efficiency of Fe3* at low O/A ratio. However, when Eq. (17) is taken into

g. 3. Comparison of experimental and calculated values (a) extraction efficiency of Li"; (b) extraction efficiency of Mg2+'

account in the reactions listed in Table 4 and applied to the model, the
calculated values of each ion stripping fitted well with the experimental
values, as shown in Fig. 5 and Fig. 6. The calculated value of Fe3*
stripping efficiency decreased at the low O/A ratio, and the optimized k-
value of Eq. (17) is kge = 150.

FeCl; + (HL), + 2TBP=FeClL,L-(HL)-2TBP + H'kp, = 150 a7

However, when Eq. (17) and the reaction in Table 4 were applied to
remodel the extraction process of Li*, we got poor fitting results.
Especially, the calculated values of Lit extraction efficiency under
different conditions were much lower than the experimental results.
This is attributed to the participation of Fe3* in the extraction by TBP
and P507 as expressed by Eq. (17) which consumed large amount of
Fe®', and the amount of Fe>* coordinating with Li* was dramatically
reduced, resulting in a significant declining in the extraction efficiency
of Li". According to the previous spectral results [32], Fe>™ mainly
existed in the form of FeCly in high CI” solution and was extracted by
TBP after binding with Li*, and P507 didn’t participate in its extraction
under such condition. Therefore, Eq. (17) presented only in stripping but
not in extraction.

4.3. Distribution of species in loaded organic phase

4.3.1. Distribution of species in loaded organic phase with TBP
concentration

According to the extraction thermodynamic model (applicable con-
ditions: [Mg?"]1>4 mol/L, Fe/Li>1.3 (mole ratio), [H™]<1 mol/L,
[TBP] < 2.5 mol/L, [P507] < 1.5 mol/L, O/A < 10) established in section
4.1, the concentration distribution of each species in the loaded organic
phase under different TBP concentrations was calculated and the results
were shown in Fig. 7. When the concentration of TBP was 0 ~ 1.1 mol/L,
Li™ mainly bound to one TBP molecule to form [Li(TBP)][FeCl4].
However, with the continuous increase of TBP concentration, the con-
centration of [Li(TBP),][FeCly] increased and it exceeded the concen-
tration of [Li(TBP)][FeCl;] and became the main form of Li* in the
organic phase. In the experiment, the extraction of Li* was the highest at
TBP concentration of 1.5 mol/L, Li* mainly bound two TBP molecules to
form ([Li(TBP),] [FeCl4]). H* was basically combined with Fe** to form
[H(TBP),][FeCl4], and its concentration in the organic phase increased
slowly with the increase of TBP concentration. However, its concen-
tration was significantly lower than that of extracted Li* species. The
concentration of HCI-TBP was very low, far lower than the concentration
of [H(TBP);][FeCl4], and gradually dropped with the increase of TBP
concentration.

Mgt was primarily entrained into the organic phase by TBP and
P507 in the form of [MgCl,]HL-TBP; rather than [Mg(TBP)¢][FeClylo,
mainly because most of the Fe3' in the organic phase was used to
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Fig. 5. Fitting results of experimental values (points) and calculated values
(lines) of stripping efficiency of Fe>*, Li* and Mg>" under different O/A ratios
(Including Eq. (17). Constant initial concentrations. [TBP]y = 1.47 mol L'l,
[P507]¢ = 0.92 mol LL)
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Table 4
Equilibrium and corresponding empirical value of equilibrium constant in Li
extraction process in TBP/P507-FeCl; system.

No. Equilibrium Empirical value of Ref.

equilibrium constant

@ Fe3* + Cl-=FeCl*" ki =20.42 [50-
(2)  Fe®* + 2C1 =FeCl] ky = 95.50 521
3) Fe3* + 3Cl™ =FeCls ks =15.49
(4 Fe’ + 4Cl =FeCl, ks =0.049

%) HL=HL

(6) 2HL=(HL),

kur1 = 1.05x 10-30)
k2 = 4.35x 1072()

@ HL=L~ + H" kuz = 0.0110)
®) TBP=TBP kr1 =4.10 x 10740)
[©)] (HL), + TBP=(HL), — TBP kro = 0.0250)
(10)  (HL), + 2TBP=(HL),—(TBP), krz =0.013"
(11) H* +Cl° + TBP=HCI.TBP kr4 =0.031 [39]
(12)  H* + FeCl; + 2TBP= ks =799.87 [15]
[H(TBP),][FeCls]
(13)  Li* + FeCl, + TBP= ki1 = 1400
[Li(TBP)][FeCl,]
(14)  Li* + FeCl; + 2TBP= k.2 = 200.56(*)
[Li(TBP),][FeCl4]
(15)  Mg?* + 2FeCl; + 6TBP= kuy =100

[Mg(TBP)g][FeCly],
(16)  Mg?* +2Cl” + HL + 2TBP=
[MgCl,JHL-TBP,

kyo = 3.7 x 107400

The values of ki-ks, krs, and ks were taken from the literature. Ovalues
deduced by minimization between experimental and calculated values of the
extraction and stripping efficiency of the corresponding ions.

.
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Fig. 6. Comparison of experimental and calculated values of strip-
ping efficiency.

combine with Li* and H*, while the content of the remaining Fe>*
combining with Mg?* was very low. The concentration of [MgCls]
HL-TBP; increased rapidly with the increase of TBP concentration.
When TBP concentration was higher than 1.9 mol/L, this species’ con-
centration exceeded [Li(TBP),] [FeCly]. Since the concentration of Mg2+
in brine was close to saturation, with the increase of TBP concentration,
although its extraction efficiency increased at a low level (Fig. 2 (e)), its
loading in the organic phase increased significantly and soon exceeded
the loading of Li* in the organic phase according to our previous
experimental results (Table 3 in [33]). However, Mger entrained in the
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Fig. 8. Species distribution in the loaded organic phase with HCI concentration
calculated by the extraction model (The initial concentrations. [TBP]y = 1.47
mol L}, [P507]o = 0.92 mol L'}, [Li*]o = 0.77 mol L', [Mg*]o = 4.23 mol L'},
[Fe3*]o = 0.96 mol L. O/A = 4).

organic phase can be removed by multistage scrubbing with water [33].

4.3.2. Distribution of species in loaded organic phase with HCl
concentration

The concentration distribution of each species in the loaded organic
phase under different HCI concentrations was calculated by the extrac-
tion thermodynamic model and the results are shown in Fig. 8. With the
increase of HCI concentration, the concentrations of [Li(TBP)y][FeCly]
and [Li(TBP)][FeCl4] decreased rapidly, while the concentrations of [H
(TBP),][FeCl4] and HCI-TBP increased rapidly. When the concentration
of HCI was>0.4 mol/L, the concentration of [H(TBP),][FeCl4] exceeded
the concentration of extracted Li* species. This was mainly because H*
is extracted more easily than Li* (ks = 7998.87 > ki,2 =200.56 > ki 1
= 140), and the extraction of H' causes fierce competition against Li*.
Since the concentration of HCl in the feed solution was generally close to
0.14 mol/L, the Lit species [Li(TBP),][FeCly] was still the main
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Fig. 9. Species distribution in the organic phase after stripping with O/A ratio
calculated by the stripping model (Initial concentrations. [TBP]o = 1.47 mol L
1 [P507]¢ = 0.92 mol L.

component in the organic phase. The concentration of extracted Mg?*
species [MgCl,]HL-TBP; also decreased with the increase of HCI con-
centration, but the downward trend was not obvious, indicating that H*
had little effect on Mg?" extraction.

4.4. Distribution of species in organic phase after stripping

According to the stripping thermodynamic model (applicable con-
ditions: O/A <100) established in section 4.2, the concentration distri-
bution of each species in the organic phase after stripping under
different O/A ratios was calculated and the results are shown in Fig. 9. In
the TBP/P507/FeCl; system, when water was mixed with the loaded
organic phase, Lit and Mg?" were stripped into the aqueous phase, and
Fe3* stably maintained in the organic phase. Therefore, the form dis-
tribution of Fe>" in the organic phase has become the focus of attention.
It could be seen from Fig. 9 that when the O/A ratio was lower than 5,
Fe3* was mainly extracted by TBP and P507 in the form of
FeCl,L-HL-2TBP. However, in TBP/FeCl3 system, when water and
loaded organic phase were mixed at the O/A ratio of 1:1, almost 100% of
Fe3" was stripped to the aqueous phase, while the stripping of Fe>* was
lower than 20% under the same condition in TBP/P507/FeCls system
[32]. This indicates that P507 played an important role in the high
stability of Fe>* species in the organic phase. However, with the
continuous increase of O/A ratio, the concentration of FeCl,L-HL-2TBP
decreased, while the concentration of [H(TBP),][FeCly] increased and
became the main form of Fe>* in the organic phase. This was mainly
because with the increase of O/A ratio, the increasing concentration of
Cl" in the aqueous phase facilitated the existence of Fe>* in the form of
FeCly, and it combined with H' to form [H(TBP),][FeCly] in the organic
phase. High concentration of Gl could also promote the extraction of Li™
and Mg?*, so their extraction species concentration also increased with
the increase of O/A ratio. Since a large amount of Mg?" was removed in
scrubbing, there was very little Mg?* in the organic phase after strip-
ping. The increase of O/A ratio also led to the accumulation of H' in the
organic phase, so H' existed in the organic phase in the form of HCl-TBP
and [H(TBP),][FeCl4].

5. Conclusions

A thermodynamic empirical model has been derived for simulating
Li extraction from Mg-rich salt-lake brines with a TBP/P507/FeCls
system. A good agreement between experimental and calculated
extraction and stripping of Li*, Mg?" and Fe®" under different
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conditions was obtained by taking into account the FeCl,L-HL-2TBP
formation equilibrium in stripping rather than extraction, and the pa-
rameters of k-value in each equilibrium were optimized. Using the
model to calculate the distribution of species in the organic phase, it was
found that Li* mainly existed in the organic phase in the form of [Li
(TBP);][FeCly], followed by [Li(TBP)][FeCl4]. When LiT was stripped at
low O/A ratio, Fe>" was mainly extracted synergistically by TBP and
P507 and maintained in the organic phase in the form of
FeCl,L-HL-2TBP. However, its concentration decreased with the in-
crease in O/A ratio, and the existing form of Fe>" was mainly trans-
formed into [H(TBP)y][FeCl4]l. The thermodynamic model further
elucidates the mechanism of Li* extraction from Mg-rich salt-lake brines
by TBP/P507/FeCl3 system, and guides the design and development of
practical process flow.
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