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1 | INTRODUCTION

Lithium is an increasingly important element due to its essential

Koen Binnemans

Abstract

The synergic solvent extraction system of tri-n-butyl phosphate (TBP) and FeCl;
(or ionic liquids, ILs) has been extensively studied for selective extraction of Li from
Mg-containing brines. However, Cyanex 923 (C923), which extracts many metals
stronger than TBP, has not yet been examined for Li/Mg separation. Here, we report
on the unexpected observation that the C923/FeCl; system has opposite Li/Mg
selectivity compared to the TBP/FeCls system. Detailed investigations show that the
opposite selectivity of the C923/FeCl; (or IL) system is due to three factors: (1) the
strong extraction of Fe by C923 leads to a low concentration of [FeCls]™ in the sys-
tem, which is essential for Li extraction; (2) C923 in combination with an IL extracts
Mg strongly by an ion-pair mechanism; (3) most importantly, C923 extracts Mg by
solvation, resulting in an insufficient concentration of C923 for Li extraction. The
unexpected poor Li/Mg selectivity of C923 highlights the irreplaceable role of TBP in
the selective recovery of Li.
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extract Li from Mg-containing brine solutions.*® Because of the

low cost of TBP and FeCl; and the good Li/Mg selectivity of this

solvent extraction system, it has been studied extensively.'#2° In

role in lithium-ion batteries. In the past 10 years, the global con-
sumption of Li,CO3 has been increasing rapidly,® and is expected
to continue to increase in the following three decades, driven by
the growing popularity of electric vehicles.*® To meet the expan-
ding global demand for Li,COj, recovery of Li from salt lake
brines, which contain about 70% of the Li resources, has attracted
extensive attention and studies.”® The biggest challenge of Li
recovery from brines is the separation of Li from Mg, which always
accompanies Li and is often more abundant than Li, in an efficient
and cost-effective way.012

The synergic solvent extraction system containing tri-n-butyl
phosphate (TBP, shown in Figure 1) in the organic phase and

FeCl; in the aqueous phase was found to be able to selectively

the synergic solvent extraction of Li by the TBP/FeCl; system,
the role of FeCls is to form an anionic [FeCly]~ complex that can
further form an ion pair with the cation [Li(TBP),]" (x = 1, 2), as
shown in Equation (1). In recent years it was found that anions of
ionic liquids (ILs), such as [PFs]-, [NTf,]~, [B(Phen),]~ and
[PW1,040]°~ can replace [FeCl,]~ as counter anions, provided
that the cations of the ILs are hydrophilic.212> Therefore TBP can
also synergically extract Li from Mg-containing solutions in combi-
nation with ILs, although the use of ILs instead of FeCl; is not
economic because of the high cost of ILs and the difficulty of
recycling the ILs.

Fe** +Li* +4Cl~ +xTBP = Li(TBP), - FeCly (1)
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FIGURE 1 Chemical structures of TBP, C923, and
[HOEmIn][NTf,]

where x = 1, 2, and the overbar means that the compound resides in
the organic phase. The [FeCls]™ anion in this equation can be replaced
by an IL anion.

Cyanex 923 (C923, a commercial mixture of trialkyl phosphine
oxides with mainly n-hexyl and n-octyl, shown in Figure 1) is a popular
commercial neutral extractant that is similar to TBP. It has been used
in the extraction of a wide range of metals, including rare earth ele-
ments (REEs), transition metals, and precious metals.243! In general,
extraction of metals by C923 is stronger than extraction by TBP,

263233 61 in combination

either for extraction by TBP or C923 alone,
with another extractant for synergic solvent extraction.>**° Recently,
it was found that C923 and [NTf,]"-containing ILs, for example, 1-(2-
hydroxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
[HOEmIn][NTf,] (Figure 1), can synergically extract Li with high effi-
ciency through the same ion-pair extraction mechanism as the
TBP/FeCls (or IL) systems.>®3” Based on the Li-extracting capability
of C923 and the fact that C923 is a stronger extractant than TBP in
the extraction of many metals, we expect that the C923/FeCls (or IL)
system can perform as good as, if not better than, the TBP/FeCl;
(or IL) system for selective extraction of Li from Mg-containing
solutions.

In this study, we show that the Li/Mg selectivity of the
C923/FeCl;3 (or IL) system is opposite to that of the TBP/FeCl;
(or IL) system, that is, C923/FeCl; (or IL) extracts Mg stronger
than Li. Detailed investigations have been performed to study
how C923 alone and the C923/IL synergic solvent extraction
system extract Fe and Mg. Besides, the mechanism of the oppo-
site Li/Mg selectivity of the C923/FeCls (or IL) system compared
with that of the TBP/FeCly (or IL)
demonstrated.

system has been

2 | EXPERIMENTAL SECTION

21 | Chemicals

Cyanex® 923 (90%) was obtained from Cytec Industries
B.V. (Vlaardingen, Netherlands); HCI (37%), NaCl (>99.5%) and CsCl
(>99%) were supplied by Fisher Scientific (Merelbeke, Belgium); LiCl
(>99.5%) was obtained from Carl Roth (Karlsruhe, Germany); MgCl,
(99%), FeCls (98%), RbCl (>99.8) and p-cymene (>99%) were pur-
chased from Acros Organics (Geel, Belgium); Li, Na, K, Rb, Cs, Mg, Ca
and Fe standard solutions (1000 + 10 mg-L™%), KCl (>99.5%) and
tributyl-n-phosphate (TBP, >99%) were purchased from Chem-Lab
(Zedelgem, Belgium); CaCl,-2H,0 (>99%) was purchased from VWR
Chemicals (Leuven, Belgium); 1-(2-hydroxyethyl)-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (99%) was purchased from loLiTec
(Heilbronn, Germany). Ultrapure water was used to prepare aqueous
solutions. All chemicals were used as received, without any further
purification.

2.2 | Experimental procedures

2.21 | Extraction experiments
Each extraction experiment was carried out in a 15 ml centrifuge tube
with 5.0 ml of the aqueous solution and 5.0 ml of the organic solution
containing either TBP or C923 dissolved in p-cymene. p-Cymene is a
greener substitute of toluene for diluting extractants since it can be
derived from biomass.3® The use of p-cymene as the diluent in this
study avoided the formation of the third phase in the whole concen-
tration range of TBP and C923 due to the suitable polarity of p-
cymene. p-Cymene can be regarded as a model of the commercial dil-
uent SOLVESSO 150 Fluid (a mixture of C1_1, alkylbenzenes), which
is a common diluent in solvent extraction systems. Mixtures of the
two phases were shaken for 30 min at 300 rpm using a Thermo Scien-
tific 2000 shaker to attain extraction equilibrium. Afterward, the sam-
ples were centrifuged for 3 min at 4000 rpm in a Heraeus Megafuge
1.0 centrifuge to accelerate phase separation. Stripping of Li and Mg
from both the loaded TBP and C923 phases was carried out following
the same method as extraction using 2.0 ml of 6.0 mol-L™* HCI and
1.0 ml of the loaded organic phase. Fe in the loaded TBP phase was
stripped by water. The aqueous phases at equilibrium and the resul-
tant aqueous solutions after stripping were analyzed for metals con-
centrations by inductively coupled plasma optical emission
spectroscopy (ICP-OES), after appropriate dilutions. Fe in the loaded
C923 was calculated based on Fe concentration in the aqueous raffi-
nate according to mass balance, because it is difficult to strip Fe from
the C923 phase. Aqueous-to-organic (A/O) phase ratios were varied
by varying the organic and aqueous volumes, respectively. All experi-
ments were conducted at room temperature (21 + 1°C).

The percentage extraction %E, the distribution ratio D, and the sep-

aration factor a are defined as:
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where corg and g, Vorg and V,q are concentrations and volumes of the
organic and the aqueous phase at extraction equilibrium, respectively;
Da and Dg are the distribution ratios of metals A and B, respectively.

2.2.2 | Analytical instrumentation

Li, Na, K, Rb, Mg, Ca, and Fe concentrations were analyzed simulta-
neously by a PerkinElmer Optima 8300 ICP-OES equipped with a
Scott Cross-Flow nebulizer. Cs was analyzed separately with the same
setup using 1.0 g-L~! Na as ionization buffer. UV-Vis absorption spec-
tra were recorded by a Cary 6000i UV-Vis-NIR spectrophotometer
using a pair of quartz cuvettes (10.0 mm path length). Raman spectra
were measured on a Bruker Vertex 70 spectrometer with a RAM I
FT-Raman module laser (A = 1064 nm) at a power of 500 mW.

3 | RESULTS AND DISCUSSIONS

3.1 | Comparison of the TBP/FeCl; and C923/
FeCl; systems

The TBP/FeCl; system has been intensively studied for the selective
from high Mg-Li

researchers,2*2° but the C923/FeCl; system has not been reported

extraction of Li ratio brines by other
yet. The two systems are compared here for their extraction perfor-
mance from a synthetic brine solution containing 0.10 mol-L™* LiCl
and 4.0 mol-L7! MgCl, (Figure 2), which is a typical composition of
concentrated brine.'*1¢1? The extraction of Li by the TBP/FeCl; sys-
tem increased from 62% at 0.10 mol-L™! FeCl; to 81% at
0.20 mol-L™ FeCls. Although the extraction of Mg also increased with
increasing FeCl; concentration, only 1.6% was extracted at
0.20 mol-L™? FeCls. The separation factor (awismg) Was in the range of
254-292, which means a very good separation was achieved. The
results agree well with previous studies.!®?® On the contrary, the
C923/FeCl; system extracted Mg more efficiently than Li, resulting in
an opposite Li/Mg selectivity compared with the TBP/FeCls system.
The Li extraction was significantly lower than in the TBP/FeCl; sys-
tem. Only 2.7% Li was extracted at 0.10 mol-L™ FeCls, which slightly
increased to 4.2% at 0.20 mol-L™* FeCls. By contrast, up to 8.1% Mg
was extracted at 0.10 mol-L™ FeCls, which slightly decreased to
7.0% at 0.20 mol-L™! FeCls. It seems that competition exists between
the extraction of Li and Mg. The surprisingly low Li extraction and
high Mg extraction disables the C923/FeCl; system to selectively
extract Li from Mg-containing brines. Considering the similarity of
TBP and C923 molecules, this opposite Li/Mg selectivity of the two
systems was not expected.
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FIGURE 2  Extraction of Li by TBP/FeCl; (A) or C923/FeCls (B, C)

from chloride solutions. The aqueous phase was 0.10 mol-L™* LiCl,
4.0 mol-L~! MgCl, and 0.10-0.20 mol-L™* FeClg; the organic phase
was 60 vol% TBP or C923 in p-cymene. Part (C) is an enlargement of
part (B) [Color figure can be viewed at wileyonlinelibrary.com]

32 |
systems

Role of Fe in the TBP/FeCl; and C923/FeCl;

The role of Fe was investigated first. Fe was completely loaded into
the organic phase in both the TBP/FeCl; and C923/FeCl; systems.
The extraction of Fe by TBP and C923 from acidic chloride media has
been well-documented. Fe is extracted in the form of [HL,][FeCly]
(L represents TBP or €923).333%40 |n fact, the extraction of Li (and
Mg) by the TBP/FeCl; system follows the same principle, but Li*
replaces H* in the complex forming [LiL,][FeCl,]. At low acidity,
extraction of Fe occurs via the neutral form of [FeCls-(TBP)s],3%*!
[FeCl3- TOPO],** and [FeCls-(PhsPO)3]*? (TOPO and PhsPO represent
trioctylphosphine oxide and triphenylphosphine oxide, respectively).
Besides, the extraction of Fe in the form of [FeCl,L,4-FeCl,] has been
reported for both phosphates and phosphine oxides.*3# Although Fe
can be extracted by TBP and C923 in many forms, they can be cate-
gorized into three classes: (1) anionic [FeCl,]™, (2) cationic [FeCl,L4]*
and (3) neutral FeClsL, species. Only the anionic [FeCls]™ can assist
the extraction of Li.
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UV-Vis absorption spectra of the loaded TBP and C923 phases
were recorded (Figure 3A,B). Three characteristic peaks of [FeCl,]™ at
531, 618, and 685 nm are observed for both the two systems.
Because Fe in the aqueous feed solution was fully extracted in both
the TBP/FeCl; and the C923/FeCl; systems (Figure 2), absorption of
the organic phases should be proportional to the concentration of Fe
in the feed. Absorption spectra of the TBP system as a function of Fe
concentration show excellent linearity at all three wavelengths
(Figure 3C-E), indicating that all the Fe extracted into the TBP phase
is in the form of [FeCl,]™. By contrast, the absorption spectra of the
C923 system has good linearity only at 531 nm (Figure 3C), the linear-
ity is much poorer at 685 and 618 nm (Figure 3D,E). More impor-
tantly, the absorbance of the C923 system is always lower than the
TBP system at the same Fe concentration. This lower absorbance of
the C923 system and poorer linearity is an indication that other spe-
cies besides [FeCl,]™ are present in the C923/FeCl; system.

Raman spectra of the loaded phases were also measured and the
characteristic vibration of [FeCl,]~ at 333 cm™* was observed for both
systems (Figure 4). Again, spectra of the TBP/FeCl; system exhibit
excellent linearity with increasing Fe concentration, while the linearity
of the C923/FeCl; system is poorer. This observation further supports
the conclusion that other species besides [FeCl,]™ have formed in the
C923/FeCl3 system.

Furthermore, extraction of FeCls by TBP and C923, respectively,
was conducted at low acidity (Figure 5). CsCl was used as the chloride
source because the extraction of Cs by the TBP/IL and the C923/IL
systems is the lowest among the alkali and alkaline earth metals
(Figure 13). The extraction of Fe by C923 is much stronger than by

0.30

FIGURE 3 UV-Vis

0.25

0.20

0.15

0.10

531 nm (C) o absorption spectra of the loaded
®TBP  R2>0.999 "¢

organic phase: loaded TBP phase
+Co23 e with varying Fe concentration (A);
' ’ loaded C923 phase with varying
Fe concentration (B), and linear
fitting of absorption as a function
of the Fe concentration at

¥ R2=0.988

10 0.12 0.14 0.16 0.18 0.20
0.15

531 nm (C), 685 nm (D) and
618 nm (E) [Color figure can be

T e
o * R2=0.947

685 nm (d) viewed at wileyonlinelibrary.com]
| eTBP R? = 0.999 e
*C923 e
. K
. e S

.10 0.12 0.14 0.16 0.18 0.20

........ @
......... f 3 |
’ ..........
......................
-
R2= 0.

0.00

0.10 0.12 0.14 0.16 0.18 0.20

Fe loaded (mol-L")

TBP. Because of the lack of acids to form [HL,][FeCl4] (L represents
TBP or C923), part of Fe has to be extracted either in the neutral form
of FeClsL, or in the cationic form of [FeCl,L,]" ([FeCl,L,][FeCl4]). The
stronger extraction of Fe by C923 means that Fe in the C923/FeCl3
system is more likely to be present as species other than anionic
[FeCls]~, which is disadvantageous for the extraction of Li. This is
probably one of the reasons why the extraction of Li by the C923/
FeCls system is lower than the TBP/FeCl; system.

3.3 | Extraction of Mg by TBP and C923

The strong extraction of Mg in the C923/FeCl; system (Figure 2B,C)
indicates that C923 alone may extract Mg, although this has not been
reported in the literature yet. The extraction of Mg by TBP or C923
was investigated (Figure 6). The loading of Mg to TBP was negligible
below 2.0 mol-L™! MgCl, in the feed, only 0.004 g-L~* Mg was loaded
at 2.0 mol-L™* MgCl,, and it slightly increased to 0.16 gL' at
4.4 mol-L™! MgCl,. However, the loading of Mg to the C923 phase
was much stronger: 0.007 g-L~* was loaded at 0.5 mol-L™* MgCl,, and
it increased rapidly with the increasing MgCl, in the feed, reaching
9.2 gLt at 4.4 mol-L=* MgCl,.

To understand how Mg was extracted by C923, a series of C923
concentrations were used to extract Mg from 4.4 mol-L™* MgCl,
(Figure 7A). Interestingly, the loading of Mg was largely proportional
to the C923 concentration and the C923/Mg ratio was in the range of
3.5-4.0. This ratio points to an assumption that the C923 phase was
fully loaded and the C923/Mg ratio was about 4.
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To confirm the above assumption, maximum loading was con-
ducted by varying the A/O ratios (Figure 7B). The loading of Mg was
in the range of 1.66-1.75 g-L™%, corresponding to a C923/Mg ratio of
3.5-3.7. This result supports the assumption that Mg is extracted by
solvation as [MgCl,-(C923)4] at high MgCl, concentration, taking into
account the charge neutrality. The reaction is given in Equation (5),
where the overbar means that the compound resides in the organic
phase. In retrospect to Figure 2, the loading of 8.1 g-L™* Mg to 60 vol
% C923 (~1.52 mol-L™%) corresponds to a C923/Mg ratio of 4.0, indi-
cating that C923 in the organic phase was about fully loaded with Mg,
which is perhaps the main reason for the low extraction of Li.

Mg?* +2CI™ +4C923 = MgCl,(C923), (5)

34 |
systems

Extraction of Mg by the TBP/IL and C923/IL

Besides the extraction of Mg by TBP or C923 alone, TBP and C923
may extract Mg in combination with FeCl; or ILs. To avoid the inter-
ference of Fe extraction by TBP or C923, the extraction of Mg by the
TBP/IL and C923/IL systems was studied using the IL of [HOEmin]
[NTf,] (Figure 8). [HOEmIn][NTf,] was selected because it showed the
highest Li extraction efficiency in combination with C923 among
many tested ILs.3¢ At a concentration as low as 0.10 mol-L™%, MgCl,
was used in the aqueous solution to avoid the extraction of Mg by
TBP or C923 by a solvation mechanism. The extraction of Mg by the
C923/IL system increased linearly with the increasing IL concentration
until 0.20 mol-L™2 IL. The ratio of the added IL and the extracted Mg
(ni/nmg) was 2.1-2.2, that is, close to 2. This ratio indicates that two
[NTf,]~ anions are needed in one Mg-complex and this ratio agrees

well with the charge neutrality principle. As the IL concentration
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FIGURE 9 Loading of Mg to the TBP/IL and C923/IL systems

with varying MgCl, concentrations in the feed. The organic phase
contained 0.20 mol-L™* IL and 60 vol% TBP (or C923) in p-cymene
[Color figure can be viewed at wileyonlinelibrary.com]

further increased, the extraction of Mg was quantitative. The extrac-
tion of Mg by the TBP/IL system also increased with increasing IL
concentrations, but was lower than that of the C923/IL system and
no linear relationship could be observed.

Maximum loading studies were performed for the TBP/IL and
C923/IL systems containing 0.20 mol-L™ IL to further investigate
the ny/nuwg ratios (Figure 9). The loading of Mg to the C923/
IL system was constant at about 0.10 mol-L™! in the range of
0.20-0.40 mol-L=* MgCl,, corresponding to an ni/nmg ratio of 2.0.
The extracted complex can be proposed as [Mg(C923),][NTf,], (x is to
be determined). As the MgCl, in the feed increased, the Mg loading
in the C923 phase further increased, which is due to the extraction
of Mg by C923 in the form of [MgCl,-(C923)4], as shown in Equa-
tion (5). With respect to the TBP/IL system, the loading of Mg grad-
ually approached 0.10 mol-L™* at 1.0 mol-L~* MgCl,, where the n, /
nvg ratio is 2.0, implying the formation of the complex [Mg(TBP),]
[NTf,],. However, with further MgCl, concentration increase, the
loading of Mg further increased slowly, reaching 0.134 mol-L™! at
4.0 mol-L™* MgCl,. The amount of Mg that can be loaded in the
form of [Mg(TBP),][NTf,], is 0.10 mol-L™* and the amount by solva-
tion is only about 0.006 mol-L™* at 4.0 mol-L™* MgCl, according to
Figure 6. The sum of the two contributions is obviously smaller than
the actual amount of 0.134 mol-L~1. Therefore, above 1.0 mol-L™*
MgCl, in the feed, a complex between the ion-pair mechanism and
the solvation mechanism, that is, [MgCI(TBP),][NTf,], might have
formed. [MgCI(TBP),J[NTf,] requires only one [NTf,]” anion for
extraction of one Mg?*, hence allowing higher loading of Mg. Many
studies have shown that [MgCl]" is a stable and even dominating
(>50%) species in aqueous solution in the whole range of MgCl,
concentrations.*>*® At 0.20 mol-.L~! MgCl, and room temperature,
the percentage of free Mg2* is about 50%, which drops quickly as
the MgCl, concentration increases and approaches 0 at 1.0 mol-L™!

MgCl,, and the MgCl* species dominates onwards.*®> The high
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FIGURE 10 Slope analysis for the TBP/IL and the C923/IL

systems. The aqueous phase contained 0.035 mol-L™ MgCl,. The
organic phase was composed of varying TBP or C923 concentrations
in p-cymene [Color figure can be viewed at wileyonlinelibrary.com]

stability of MgCl* supports the hypothesis of [MgCI(TBP),J[NTf,]
formation. In short, [Mg(C923),][NTf,], is the main species for Mg
extraction by the C923/IL system at MgCl, concentrations lower
than 0.40 mol-L™1; a mixture of [Mg(TBP),J[NTf,], and [MgCI(TBP),]
[NTf,] co-exists in the TBP/IL system.

Slope analysis was conducted at low MgCl, concentrations to
study the stoichiometric ratios of TBP (or C923) to Mg in the extraction
of Mg in combination with ILs (Figure 10). Low concentrations were
used to avoid the formation of multiple complexes and the change of
activity coefficients.*’ Both the TBP/IL and the C923/IL systems
showed slopes of about 2.0, indicating that two TBP or C923 molecules
are involved in the extraction of one Mg?* cation. Combining the slope
analysis and the above ny /nyvg ratios, it can be concluded that Mg is
extracted by the TBP/IL and the C923/IL systems in the form of [MgL,]
[NTf,], (L represents TBP or C923) at low MgCl, concentrations, and
that the formation of [MgCI(TBP),]J[NTf,] is also possible at higher
MgCl, concentrations. The extraction is expressed in Equations (6) and
(7), where L represents TBP or C923 and the overbar means that the
compound resides in the organic phase. This extraction mechanism is

similar to the extraction of Li by the ion-pair mechanism.
Mg?* +2[NTf,]” +2L = [MgLy|[NTf,], (6)

Mg?* +Cl~ +[NTf,]” +XTBP = [MgCI(TBP), |[NTf;] (7)

3.5 | Effect of Mg on Li extraction

The above discussions have shown that Mg can be extracted by TBP and
C923 via both the solvation mechanism and the ion-pair mechanism.
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FIGURE 11 Effect of Mg concentration on the extraction of Li by

the TBP/IL system. (A) loading of Li and Mg to the organic phase;

(B) amount of IL theoretically needed for the Li and Mg loading
assuming the ion-pair extraction mechanism; (C) percentage extraction
of Li and Mg and ayi/mg. The aqueous phase was 0.10 mol-L™* LiCl and
varying MgCl,; the organic phase was 60 vol% TBP in p-cymene [Color
figure can be viewed at wileyonlinelibrary.com]

Following these results, the effect of Mg on the extraction of Li in the
TBP/IL (Figure 11) and the C923/IL (Figure 12) systems has been studied.

We first discuss the TBP/IL system (Figure 11). Loading of Mg to
the TBP phase increased with increasing Mg concentration in the feed
until reaching a plateau at 1.0 mol-L™* MgCl,. Below 1.0 mol-L™*
MgCl,, the loading of Li decreased due to competition with Mg for
IL. Li and Mg were extracted both by ion-pair mechanism, that is, for-
ming [Li(TBP)J[NTf,] (x = 1, 2) or [Mg(TBP),][NTf,],. At 1.0 mol-L™*
MgCl,, the loading of Li and Mg was 0.39 g.L™! and 1.78 gL ™%,
respectively. The amount of IL theoretically needed to load these
amounts of Li and Mg through the ion-pair mechanism (Equation 6) is
about 0.20 mol-L™? (Figure 11B), which is the same amount of IL that
was initially added. Therefore, all the added IL had been consumed for
Li and Mg extraction through ion-pair extraction under this condition.
The loading of Mg slightly increased between 1.0 and 3.0 mol-L™!
MgCl, in the feed, and it increased to about 2.1 g-L~* at 4.0 mol-L™*
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FIGURE 12 Effect of Mg concentration on the extraction of Li by

the C923/IL system. (A) loading of Li and Mg to the organic phase;
(B) amount of IL theoretically needed for the Li and Mg loading
assuming the ion-pair extraction mechanism; (C) percentage
extraction of Li and Mg. The aqueous phase was 0.10 mol-L™* LiCl
and varying MgCl, concentrations. The organic phase was 60 vol%
C923 in p-cymene [Color figure can be viewed at
wileyonlinelibrary.com]

MgCls. In addition, the loading of Li further increased when the MgCl,
in the feed was above 1.0 mol-L™%, but there was no more IL available
for Li extraction by the ion-pair mechanism. Here we propose two
hypotheses to explain the additional Li and Mg extraction. First, Li
might be extracted by a solvation mechanism, similar to the extraction
of Mg at high MgCl, concentration (shown in Equation 5). A control
experiment of Li extraction with varying MgCl, but without IL was
conducted. It was found that Li extraction was negligible. Therefore,
Li was not solvated. Second, as the MgCl, concentration increases,
the MgCI* species starts to dominate in the aqueous solutions,*>+”
hence more [MgCI(TBP),][NTf,] instead of [Mg(TBP),][NTf,], would
be formed. The [MgCI(TBP),][NTf,] complex consumes less IL for the

same amount of Mg extraction compared with [Mg(TBP),][NTf,],,
hence IL is released for further Li and Mg extraction. Although Mg
could also be solvated by TBP as shown in Figure 6, the amount of
solvated Mg is negligible compared to the extraction in combination
with the IL. In summary, below 1.0 mol-.L™* MgCl, in the feed, both
Mg and Li were extracted by the ion-pair mechanism and they com-
pete for the IL. Above 1.0 mol-L™? MgCl,, Li was further extracted,
which is probably due to available IL molecules released by conversion
of [Mg(TBP),][NTf,], to [MgCI(TBP),][NTf,].

The percentage extraction of Mg decreased with increasing
MgCl, concentration, although the loading increased. The percentage
extraction of Li first decreased from 88% at O MgCl, to 56% at
1.0 mol-L™? MgCl, due to competition with Mg extraction, then
increased because of available IL molecules released from conversion
of [Mg(TBP),][NTf,], to [MgCITBP),]J[NTf,]. At 4.0 mol-L™* MgCl,,
80% Li was extracted, while only 2.3% Mg was extracted, a;j/mg Was
168, which is a good separation. This performance is comparable to
the results in Figure 2B at 4.0 mol-L~! MgCl, and 0.20 mol-L™* FeCls,
where 81% Li was extracted with 1.6% Mg extraction and the separa-
tion factor was 254. In fact, the aii,mg value increased significantly
with the increasing MgCl, in the feed because the percentage extrac-
tion of Mg decreased. In other words, in terms of a,/mg, the increas-
ing MgCl, concentration enhances the Li/Mg separation.

The C923/IL system performed differently from the TBP/IL sys-
tem (Figure 12). Below 0.50 mol-L=* MgCl,, loading of Mg increased
with the increasing MgCl, concentration, while the loading of Li
decreased due to competition with Mg for IL through the ion-pair
extraction mechanism. It should be noted that the extraction of Mg by
C923 through the solvation mechanism is negligible below
0.50 mol-L™* MgCl,. At 0.50 mol-L™* MgCl,, the loaded Li and Mg
were 022 gL' and 2.17 g'L™%, respectively. The amount of IL
needed for Li and Mg extraction through the ion-pair mechanism is
0.209 mol-L 1, matching the added amount of 0.20 mol-L~t IL, indi-
cating that all the IL had been consumed for Li and Mg extraction.

Above 0.50 mol-L™! MgCl,, the loading of Mg further increased,
which is due to the extraction by a solvation mechanism, as discussed
above in Figures 6 and 7. As C923 was gradually consumed by the loaded
Mg, less C923 was available for Li extraction, hence the Li extraction
decreased further. The high loading of Mg to C923 by solvation is an
important reason for the reduction of Li extraction. At 4.0 mol-L™* MgCl,
in the feed, 8.4 g.L™* Mg was loaded, which requires 1.38 mol-L™* C923
according to a C923/Mg ratio of 4:1. On the other hand, 60 vol% C923 is
about 1.52 mol-L™%. This comparison indicates that the majority of the
C923 molecules in the organic phase have been consumed by solvation
with Mg, leading to an insufficient C923 concentration for Li extraction.

Without Mg, 98.6% of Li was extracted by C923 (Figure 12C),
which is much higher than the extraction by TBP, which was 88%
(Figure 11C). With 0.05 mol-L™ and 0.10 mol-L=* MgCl,, the extraction
of Mg was 99.5% and 71%, higher than the extraction of Li, which was
88% and 54%. This comparison clearly shows that the extraction of Mg
is stronger than Li even by the ion-pair extraction at low MgCl, concen-
trations. The percentage extraction of Mg decreased as the MgCl, con-

centration further increased, although the loading raised. The
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FIGURE 13 Sequence of metals extraction by the TBP/IL (A) and
the C923/IL (B) systems. The aqueous phase contained 0.05 mol-L™*
of each metal. The organic phase was 60 vol% TBP or C923 in p-
cymene and various IL concentrations [Color figure can be viewed at
wileyonlinelibrary.com]

percentage extraction of Li also decreased, but the reduction is due to
the decreased loading of Li. At 4.0 mol-L~* MgCl,, the extraction of Mg
was again higher than Li, being 9.5% and 4.9%, respectively. This is
comparable to the C923/FeCl; system as shown in Figure 2B at
4.0 mol-L™! MgCl, and 0.20 mol-L™? FeCls, in which the percentage
extraction of Mg and Li was 7.0% and 4.2%, respectively.

In summary, the C923/IL system does not have Li selectivity over
Mg, neither through the ion-pair extraction mechanism nor the solva-
tion mechanism. C923 extracts all three metals (Li, Mg, and Fe) stron-
ger than TBP, but the extraction of Mg by C923 is far stronger than
by TBP both via the ion-pair mechanism and the solvation mechanism.
The stronger Mg extraction by C923 than by TBP is the main reason
for the opposite Li/Mg selectivities of the C923/FeCl; (or IL) and the
TBP/FeCls (or IL) systems.

3.6 | Extraction sequence of alkali and alkaline
earth metals

Besides Li and Mg, other alkali and alkaline earth metals, including

Na, K, Rb, Cs, and Ca, may present in brines. The extraction of a

mixture of these metals by the TBP/IL and the C923/IL systems
was studied (Figure 13). It should be noted that these metals were
extracted by the ion-pair mechanism due to the low metal concen-
trations. The extraction sequence of the metals by the TBP/IL sys-
tem is: CaZ* > Li* > Mg?* > Na* > K* > Rb* > Cs*. The sequence is
largely the same as for the TBP/FeCl; system, except that the
extraction of Ca by the TBP/FeCl; is slightly weaker than
the extraction of Li.2> The extraction sequence of metals by the
C923/IL system is: Ca?* > Li* ~ Mg?* > Na* > K* > Rb* > Cs*. The
main difference between the TBP/IL system and the C923/IL sys-
tem is that the C923/IL system has a much stronger capability to
extract Mg.

4 | CONCLUSIONS

The C923/FeCl; (or IL) system has opposite Li/Mg selectivity com-
pared with the TBP/FeCl; (or IL) system when extracting the metals
from concentrated brine solution, despite the similarity in the molecu-
lar structure of TBP and C923. The two synergic solvent extraction
systems were studied in detail to investigate the origin of this oppo-
site selectivity. C923 extracts Mg by solvation in the form of
[MgCl,(C923),4]. On the contrary, the solvation of Mg by TBP is negli-
gible. The high loading of Mg to the C923 phase largely consumes the
C923 molecules, leading to an insufficient concentration of C923 for
the extraction of Li. In addition, both the TBP/IL system and the
C923/IL system can extract Mg by the ion-pair mechanism in the form
of [MgL,][NTf,], (L represents TBP or C923), which competes with
the extraction of Li. Moreover, C923 extracts Fe much stronger than
TBP, resulting in a lack of [FeCls]™ anions, which are essential for the
extraction of Li in the C923/FeCl; system. Among the three reasons,
the consumption of C923 by solvation with Mg is the main reason for
the very low extraction efficiency of Li by the C923/FeCl; (or IL) sys-
tem. The incapability of the C923/FeCls (or IL) system to selectively
extract Li underlines the irreplaceable role of TBP in the recovery of Li
from Mg-containing brines.

ACKNOWLEDGMENTS

Zheng Li was supported by the Senior FWO Postdoctoral Fellowship
(181203/12Z1920N). Koen Binnemans acknowledges funding from
the European Research Council (ERC) under the European Union's
Horizon 2020 Research and Innovation Programme: Grant Agreement
694078—Solvometallurgy for critical metals (SOLCRIMET).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data available on request from the authors

ORCID
Zheng Li
Koen Binnemans

https://orcid.org/0000-0002-7882-5999
https://orcid.org/0000-0003-4768-3606


https://orcid.org/0000-0002-7882-5999
https://orcid.org/0000-0002-7882-5999
https://orcid.org/0000-0003-4768-3606
https://orcid.org/0000-0003-4768-3606
http://wileyonlinelibrary.com

10 of 11 AISZBIEJ RNAL

LI ano BINNEMANS

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

U.S. Geological Survey. Mineral Commodity Summaries; 2018:200 p.
https://doi.org/10.3133/70194932. Accessed December 31, 2020.
U.S. Geological Survey. Mineral Commodity Summaries; 2019:200
p. https://doi.org/10.3133/70202434. Accessed December 31, 2020.
Statista. Total global consumption of lithium from 2008 to 2016.
https://www.statista.com/statistics/451999/global-total-
consumption-of-lithium/. Accessed November 26, 2020.

Statista. Projection of total worldwide lithium demand from 2017 to
2025. https://www.statista.com/statistics/452025/projected-total-
demand-for-lithium-globally/. Accessed February 26, 2020.

Speirs J, Contestabile M, Houari Y, Gross R. The future of lithium
availability for electric vehicle batteries. Renew Sustain Energy Rev.
2014;35:183-193.

Miedema JH, Moll HC. Lithium availability in the EU27 for battery-
driven vehicles: the impact of recycling and substitution on the con-
frontation between supply and demand until 2050. Resour Policy.
2013;38(2):204-211.

Kesler SE, Gruber PW, Medina PA, Keoleian GA, Everson MP,
Wallington TJ. Global lithium resources: relative importance of peg-
matite, brine and other deposits. Ore Geol Rev. 2012;48:55-69.

Swain B. Recovery and recycling of lithium: a review. Sep Purif
Technol. 2017;172:388-403.

Choubey PK, Kim MS, Srivastava RR, Lee JC, Lee JY. Advance review
on the exploitation of the prominent energy-storage element: lithium.
Part I: from mineral and brine resources. Miner Eng. 2016;89:119-137.
Tran T, Luong VT. Lithium production processes. In: Chagnes A,
Swiatowska J, eds. Lithium Process Chemistry. Amsterdam: Elsevier;
2015:81-124 chap 3.

Li Z, Mercken J, Li X, Riafo S, Binnemans K. Efficient and sustainable
removal of magnesium from brines for lithium/magnesium separation
using binary extractants. ACS Sustain ChemEng. 2019;7(23):19225-
19234.

Song JF, Nghiem LD, Li X-M, He T. Lithium extraction from Chinese
salt-lake brines: opportunities, challenges, and future outlook. Environ
Sci Wat Res Technol. 2017;3(4):593-597.

Nelli JR, Arthur Jr. TE. Recovery of lithium from bitterns. US patent
3537 813, 1970.

Shanghai Institute of Organic Chemistry. Preliminary study on the
extraction of lithium from magnesium saturated solutions. J Salt Lake
Res. 1975(Z1);1-22.

Huang S, Cui R, Zhang S, Zhou B. Extraction of lithium from brines of
the Da Qaidam salt lake using tributyl phosphate. J Salt Lake Res.
1980;1(2):14-23.

Zhou Z, Qin W, Liang S, Tan Y, Fei W. Recovery of lithium using
tributyl phosphate in methyl isobutyl ketone and FeCls. Ind Eng Chem
Res. 2012;51(39):12926-12932.

Zhou Z, Qin W, Chu Y, Fei W. Elucidation of the structures of tributyl
phosphate/Li complexes in the presence of FeCl; via UV-visible,
Raman and IR spectroscopy and the method of continuous variation.
Chem Eng Sci. 2013;101:577-585.

Su H, Li Z, Zhu Z, Wang L, Qi T. Extraction relationship of Li* and H*
using tributyl phosphate in the presence of Fe(lll). Sep Sci Technol.
2020;55(9):1677-1685.

Su H, Li Z, Zhang J, et al. Combining selective extraction and easy
stripping of lithium using a ternary synergistic solvent extraction sys-
tem through regulation of Fe>* coordination. ACS Sustain Chem Eng.
2020;8(4):1971-1979.

Shi D, Cui B, Li L, Peng X, Zhang L, Zhang Y. Lithium extraction
from low-grade salt lake brine with ultrahigh Mg/Li ratio using
TBP-kerosene-FeCl; system. Sep Purif Technol. 2019;211:
303-309.

Shi C, Jing Y, Jia Y. Solvent extraction of lithium ions by tri-n-butyl
phosphate using a room temperature ionic liquid. J Mol Liq. 2016;215:
640-646.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Shi C, Jia 'Y, Jing Y. Lithium and magnesium separation from salt lake
brine by ionic liquids containing tributyl phosphate. CIESC J. 2015;66
(51):253-259.

Shi C, Jing Y, Xiao J, Qiu F, Jia Y. Application of ionic liquids for
extraction of lithium from salt lake brine. CIESC J. 2015;66(S1):
265-271.

Kuz'min VI, Gudkova NV. Extraction of lithium using TBP and the
noncoordinating cation exchanger tetraphenylborate: principles of
selectivity from sodium and higher-valent cations. Solvent Extr lon
Exch. 2015;33(2):183-195.

Wang Y, Liu H, Fan J, et al. Recovery of lithium ions from salt lake
brine with a high magnesium/lithium ratio using heteropolyacid ionic
liquid. ACS Sustain Chem Eng. 2019;7(3):3062-3072.

Qi D. Extractants used in solvent extraction-separation of rare earths:
extraction mechanism, properties, and features. Hydrometallurgy of
Rare Earths. Amsterdam: Elsevier; 2018:187-389 chap 2.

Batchu NK, Vander Hoogerstraete T, Banerjee D, Binnemans K. Non-
aqueous solvent extraction of rare-earth nitrates from ethylene glycol
to n-dodecane by Cyanex 923. Sep Purif Technol. 2017;174:544-553.
Gupta B, Deep A, Malik P, Tandon SN. Extraction and separation of
some 3d transition metal ions using Cyanex 923. Solvent Extr lon Exch.
2002;20(1):81-96.

Martinez S, Sastre A, Miralles N, Alguacil FJ. Gold(lll) extraction equi-
librium in the system Cyanex 923-HCI-Au(lll). Hydrometallurgy. 1996;
40(1):77-88.

Flett DS. Solvent extraction in hydrometallurgy: the role of organo-
phosphorus extractants. J Organomet Chem. 2005;690(10):2426-
2438.

Lobo-Recio MA, Alguacil FJ, Lépez-Delgado A. Processing of steel
rinse waters through coextraction and selective stripping. AIChE J.
2004;50(6):1150-1155.

Sarangi K, Parhi PK, Padhan E, Palai AK, Nathsarma KC, Park KH. Sep-
aration of iron(lll), copper(ll) and zinc(ll) from a mixed
sulphate/chloride solution using TBP, LIX 84l and Cyanex 923. Sep
Purif Technol. 2007;55(1):44-49.

Mishra RK, Rout PC, Sarangi K, Nathsarma KC. A comparative study
on extraction of Fe(lll) from chloride leach liquor using TBP, Cyanex
921 and Cyanex 923. Hydrometallurgy. 2010;104(2):298-303.

Singh DK, Singh H, Mathur JN. Synergistic extraction of U(VI) with
mixtures of 2-ethyl hexyl phosphonic acid-mono-2-ethyl hexyl ester
(PC-88A) and TBP, TOPO or Cyanex 923. Radiochim Acta. 2001;89
(9):573-578.

Pranolo Y, Zhu Z, Cheng CY. Separation of lithium from sodium in
chloride solutions using SSX systems with LIX 54 and Cyanex 923.
Hydrometallurgy. 2015;154:33-39.

Cui L, Jiang K, Wang J, Dong K, Zhang X, Cheng F. Role of ionic lig-
uids in the efficient transfer of lithium by Cyanex 923 in solvent
extraction system. AIChE J. 2019;65(8):e16606.

Yang S, Liu G, Wang J, Cui L, Chen Y. Recovery of lithium from alka-
line brine by solvent extraction with functionalized ionic liquid. Fluid
Phase Equilib. 2019;493:129-136.

Li Z, Smith KH, Stevens GW. The use of environmentally sustainable
bio-derived solvents in solvent extraction applications—a review. Chin
J Chem Eng. 2016;24(2):215-220.

Majumdar SK, De AK. Liquid-liquid extraction of iron"' with tri-
butylphosphate: separation from mixtures. Talanta. 1960;7(1):1-6.
Saji J, Rao TP, lyer CSP, Reddy MLP. Extraction of iron(lll) from acidic
chloride solutions by Cyanex 923. Hydrometallurgy. 1998;49(3):
289-296.

Nadig EW. Metal nitrate complexes with tributyl phosphate and with
trioctyl phosphine oxide; 1963. Retrospective Theses and Dissertations.
2354. https://lib.dr.iastate.edu/rtd/2354. Accessed December 31, 2020.
Das P, Baruah J, Tamuly P. Synthesis, spectroscopic, ther-
mogravimetric and electrochemical characterization of
triphenylphosphine oxide complexes of the type [MCI,(Ph3PO)¢.,] (M


https://doi.org/10.3133/70194932
https://doi.org/10.3133/70202434
https://www.statista.com/statistics/451999/global-total-consumption-of-lithium/
https://www.statista.com/statistics/451999/global-total-consumption-of-lithium/
https://www.statista.com/statistics/452025/projected-total-demand-for-lithium-globally/
https://www.statista.com/statistics/452025/projected-total-demand-for-lithium-globally/
https://lib.dr.iastate.edu/rtd/2354

LI ano BINNEMANS

AICBE RNAL—L1or 1

43.

44,

45.

46.

47.

= Cu(ll), Co(ll), x = 2; M = Fe(lll), x = 3). Asian J Chem. 2008;20(8):
5958-5966.

Klein SI. Geometrical changes in iron(lll) complexes caused by the
replacement of phenyl groups in the ligand triphenylphosphine oxide
by benzyl radicals. Eclética Quim J. 1988;13(1):7-11.

Kuramshin 1Y, Safiullina NR, Zhelonkina LA, Khramov AS,
Pudovik AN. Spectroscopic study of complexes of some organophos-
phorus compounds with ferric chloride. Zh Obshch Khim. 1978;48
(10):2179-2184.

Larentzos JP, Criscenti LJ. A molecular dynamics study of alkaline
earth metal—chloride complexation in aqueous solution. J Phys Chem
B. 2008;112(45):14243-14250.

Majer V, Stulik K. A study of the stability of alkaline-earth metal com-
plexes with fluoride and chloride ions at various temperatures by
potentiometry with ion-selective electrodes. Talanta. 1982;29(2):
145-148.

De Robertis A, Rigano C, Sammartano S, Zerbinati O. lon association
of CI~ with Na*, K*, Mg2" and Ca?* in aqueous solution at 10 < T <

48.

49.

45° C and 0 < | < 1 mol I™%: a literature data analysis. Thermochim
Acta. 1987;115:241-248.

Johnson KS, Pytkowicz RM. lon association of CI~ with H*, Na*, K,
Ca?*, and Mg?* in aqueous solutions at 25 degrees C. Am J Sci. 1978;
278(10):1428-1447.

Moyer BA, McDowell WJ, Baes CF, Case GN, Case FI. Liquid-liquid
equilibrium analysis in perspective. Part 1. Slope analysis of the
extraction of uranyl nitrate from nitric acid by di-2-eth-
ylhexylsulfoxide. Solvent Extr lon Exch. 1991;9(5):833-864.

How to cite this article: Li Z, Binnemans K. Opposite
selectivities of tri-n-butyl phosphate and Cyanex 923 in
solvent extraction of lithium and magnesium. AIChE J. 2021;
67:€17219. https://doi.org/10.1002/aic.17219



https://doi.org/10.1002/aic.17219

	Opposite selectivities of tri-n-butyl phosphate and Cyanex 923 in solvent extraction of lithium and magnesium
	1  INTRODUCTION
	2  EXPERIMENTAL SECTION
	2.1  Chemicals
	2.2  Experimental procedures
	2.2.1  Extraction experiments
	2.2.2  Analytical instrumentation


	3  RESULTS AND DISCUSSIONS
	3.1  Comparison of the TBP/FeCl3 and C923/FeCl3 systems
	3.2  Role of Fe in the TBP/FeCl3 and C923/FeCl3 systems
	3.3  Extraction of Mg by TBP and C923
	3.4  Extraction of Mg by the TBP/IL and C923/IL systems
	3.5  Effect of Mg on Li extraction
	3.6  Extraction sequence of alkali and alkaline earth metals

	4  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


