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Abstract: The selective separation of adjacent rare earth elements (REEs), such as La(Ill) and
Ce(Ill), is a critical challenge in hydrometallurgy due to their similar chemical properties.
This work evaluates the performance of non-dispersive solvent extraction (NDSX) using
hollow fiber (HF) membranes for this purpose. Initial solvent extraction (SX) equilibrium
experiments with Cyanex® 272 in kerosene determined that the aqueous phase’s optimal
pH for selectivity is 5.6, achieving a selectivity of ac, /1, =12.7. NDSX experiments demon-
strated enhanced selectivity ac, /1, = 34 after 120 min, benefiting from the additional mass
transfer resistance provided by the HF membrane. Maintaining a constant pH of 5.0 with
NaOH improved extraction rates but slightly reduced selectivity to ac,/1, = 26. Experi-
ments using 1,1,1-trifluoro-2,4-pentanedione (HTFAC) in the ionic liquid (IL) [Omim][Tf2n]
as the receiving phase showed lower extraction rates but achieved comparable selectivity
values (ac,/r, = 22) in just 20 min, thanks to the IL’s viscosity limiting La(III) extraction.
The impact of HF membrane design was also assessed; increasing the membrane’s surface
area significantly improved extraction rates but reduced selectivity due to reduced mass
transfer resistance. These results demonstrate the potential of NDSX systems for selective
REE separation, particularly by leveraging controlled mass transfer and operating condi-
tions. However, further work is needed to optimize system design. The findings highlight
the advantages of NDSX over traditional SX, offering a promising pathway for sustainable
and efficient REE processing.

Keywords: non-dispersive solvent extraction (NDSX); hollow fiber membranes; rare earth
elements (REEs); ionic liquids (ILs)

1. Introduction

Rare earth elements (REEs) comprise a group of 17 elements in the periodic table:
the 15 lanthanides, spanning from lanthanum (La) to lutetium (Lu), as well as scandium
(Sc) and yttrium (Y). The US Geological Survey (USGS) Mineral Product Summary 2020
data have reported that, as of the end of 2019, the world’s rare earth resource reserves
were 120 million tons. China’s reserves had 37% of the world’s reserves (44 million tons),
becoming the country with the largest REE resources in the world, followed by Brazil
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and Vietnam, which share the second place (22 million tons each). This is followed by
Russia (12 million tons), India (6.9 million tons), Australia (3.3 million tons), Greenland
(1.5 million tons), the United States (1.4 million tons), Canada (830,000 tons), South Africa
(790,000 tons), and Tanzania (890,000 tons) [1].

Among the lanthanides, Ce and La are the most abundant REEs, which are typically
found in minerals such as bastnasite and monazite [2]. These elements are essential for
the advancement of modern industry due to their wide range of technological applica-
tions [3], such as high-efficiency magnets [4], batteries [5], compact electronic devices [6],
capacitors [7], laser technologies [8], as well as telecommunications and high-precision
instruments [9]. Cerium plays a critical role in various industrial processes owing to its
unique catalytic properties [10-12]. Lanthanum, on the other hand, is widely used as
a catalyst [13-16] and in the production of high-quality optical glass and lenses [17,18],
among other applications.

The separation of cerium (Ce) and lanthanum (La) presents significant challenges due
to their chemically similar properties, which complicates their effective fractionation and
purification. Both elements exhibit nearly identical ionic radius and chemical behavior,
making their separation particularly difficult. The traditional isolation process for these
elements relies on solvent extraction (SX) [19-21], and the respective results are informed by
the selectivity factor (xc,/1,), which indicates the ratio of extracted concentrations of Ce(III)
from La(IlI), showing the separation efficiency. However, achieving high selectivity for the
purification of specific lanthanides remains a challenge, especially when separating adjacent
lanthanides. This results in the need for multiple equilibrium stages to achieve effective
separation. For instance, Dzulqornain et al. [22] employed SX with commercially available
extractants dissolved in kerosene to separate neodymium (Nd(III)) and praseodymium
(Pr(IlT)), obtaining a maximum selectivity of a;/p,= 1.6. Similarly, Belfqueh et al. [23] used
N,N,N’,N’-tetraoctyldiglycolamide (TODGA) in aliphatic diluents, achieving a relatively
low selectivity of any/p, =~ 1.5. Zhang et al. [24] applied a mixture of extractants in
sulfonated kerosene, yielding a comparable ap;;/p,= 1.4 and slightly higher values for
Ce(III)/La(III) separation (ac, /1, = 3.5). Tunsu et al. obtained a selectivity of 2.88 Ce/La
when using Cyanex 923 and kerosene from nitric acid media [25]. Sharma et al. obtained a
selectivity of 1.41 Ce/La when using a calix arene extractant in n-octanol [26].

Recently, ionic liquids (ILs) have been proposed as sustainable alternatives to organic
solvents for the green purification of REEs [27,28] because ILs offer reduced volatility and
are nonflammable, with lower toxicity and enhanced recyclability [29,30], making them an
attractive option for green chemistry applications. In addition, the long-term sustainability
of ILs lies in their potential to minimize hazardous waste in the environment. The stability
and high extraction capacity of ILs reduce the amount of diluent required. Quinn et al. [31]
employed bifunctional ILs for lanthanide fractionation, achieving a ac,/r, = 3, though
lower selectivity was observed for Nd(III) /Pr(IlI) separation. Tilp et al. [32] conducted the
extraction of La(Ill) and Ce(IIl), also reporting a selectivity of ac, /1, = 3. Olea et al. [33]
utilized various 3-diketones dissolved in hydrophobic ILs for the selective SX of an aqueous
mixture of Ce and La, obtaining a selectivity of ac,,r, = 1.74. In addition, deep eutectic
solvents (DESs) have been explored for the extraction of REEs from mineral ores and
electronic waste (e-waste) [34-37]. However, these systems have also demonstrated low
selectivity [38]. This complex scenario highlights the pressing need for innovative strategies
to improve selectivity in REE separation processes.

Membrane contactors represent an innovative approach to separation processes, of-
fering improved efficiency and selectivity compared to traditional SX [39]. These devices
utilize a porous membrane as a physical barrier between two liquid phases, enabling
selective solute transfer based on differences in affinities and mass transfer rates. This
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configuration simplifies operation, even when working with solvents of similar densities,
while effectively minimizing issues such as flooding or solvent loss due to evaporation.

Membrane contactors enable the implementation of non-dispersive solvent extraction
(NDSX), where an organic phase flowing through one side of the membrane wets the
micropores, while a non-wetting aqueous phase passes along the other side. The aqueous-
organic (aqueous—-membrane) interface is effectively immobilized at the pore openings
of the hydrophobic membrane support, through which solute mass transfer occurs. In
particular, hollow fiber (HF)-based NDSX significantly overcomes the stability limitations
observed in hollow fiber-supported liquid membranes (HF-SLMs) [40]. NDSX using mem-
brane contactors has been successfully applied to the separation of REEs. For instance,
Patil et al. [41] extracted Nd(III) from an aqueous medium into an organic phase using a
commercial Liqui-Cel® HF module (3M Company, Charlotte, NC, USA), achieving quanti-
tative extraction (>99%) within 30 min from a solution containing 1 g/L Nd(III) in 3.5 M
HNOs. However, selectivity between Nd(III) and Pr(III) remained low. Ambare et al. [40]
explored an alternative organic phase and similarly achieved >99.9% recovery of Nd(III)
within 30 min. Vernekar et al. [42] compared the performance of NDSX and an SLM using
the same Liqui-Cel® module. Their results showed that NDSX exhibited faster extraction
rates in the presence of H* ions, whereas the SLM was preferable in their absence. Several
studies have demonstrated the excellent performance of the Liqui-Cel® module in REE
separation processes [43,44].

Despite these promising results, neither the selectivity for adjacent REE separations
nor the use of ILs as the receiving phase in NDSX with a commercial HF Liqui-Cel® module
has been thoroughly evaluated. Given that the porous membrane introduces an additional
resistance to mass transfer, the selective separation of Ce(Ill) over La(IlI) could potentially
be enhanced compared to traditional SX. Moreover, using ILs as the receiving phase offers a
high affinity for REEs, which can significantly improve their extraction efficiency. However,
the viscosity of ILs introduces another resistance to mass transfer. This dual effect creates a
separation system that not only provides a green and sustainable environment with a high
affinity for REEs but may also achieve improved selectivity for Ce(IlI)/La(IIl) separation.

The objective of this study is to evaluate the selectivity in the separation of Ce(III)
and La(IIl) ions from a synthetic aqueous sample using NDSX with an HF membrane
contactor. Two extraction systems will be employed: Cyanex® 272 diluted in kerosene
(industrial baseline) and the 3-diketone 1,1,1-trifluoro-2,4-pentanedione (HTFAC) dissolved
in the ionic liquid (IL) 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([Omim][Tf2n]). The latter was selected for its high hydrophobicity (0.18 mole fraction in
water at 298.15 K) [45] and capacity to achieve high extraction percentages and selectivity
values for REE separation [46]. HTFAC is employed because its strong complexation with
REEs ensures effective transfer of the metal complex to the IL phase and Cyanex 272 is used
because is a commercial extractant normally used for REE extraction [47-50]. This work
aims to combine the extraction efficiency of the selected IL with the selectivity provided
by the membrane and to assess how the additional mass transfer resistance influences the
separation factor ac,/r,.

2. Experimental
2.1. Materials

Lanthanum(III) nitrate hexahydrate (99.999%), cerium(IIl) nitrate hexahydrate (99.99%),
and the extractants 1,1,1-trifluoro-2,4-pentanedione (HTFAC) (98%) and tributyl phos-
phate (TBP, 97%) (0 = 0.971 g/cm?;, u = 3.399 mPa-s [51]) were purchased from
Sigma-Aldrich® (Madrid, Spain). The diluent, Shellsol D-70° (o = 0.746 g/cm3;
u = 1.070 mPa-s [52]), was supplied by Kremer GmbH (Aichstetten, Germany). The IL,
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1-octyl-3-methylimidazolium bis(trifluoro- methylsulfonyl)imide ([Omim][Tf2n]) (>98%)
(p=132g/ cm?; u = 88.7 mPa-s [53]), was purchased from Iolitec GmbH (Heilbronn,
Germany). Cyanex® 272 (p = 0.915 g/cm?; u = 120.000 mPa-s [54]) was purchased from
Cytec Chile Ltda (Santiago, Chile). All reagents were used without further purification.
Table 1 summarizes the reagents used in this work, including their molecular structures.

Table 1. Names and molecular structures of the extractants and diluents used in this study.

Chemical

Abbreviation Function Structure

€, CH, HO\ /O CHg
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2.2. Solvent Extraction Procedure

Prior to the NDSX experiments, SX experiments were performed to determine ex-
traction efficiency and selectivity at equilibrium. Aqueous solutions of La(IIl) and Ce(III)
(1.44 mM) were prepared by dissolving the respective salts in ultrapure water (18.2 MQ)-cm,
purified with a Milli-Q device, Millipore® (Madrid, Spain)). The initial pH was adjusted
with 0.1 M H,SOy, and both the initial and equilibrium pH were measured using a pH
meter Basic 20 (Crison®, Barcelona, Spain). The pH range of 3.7 to 5.2 studied in SX was
chosen to cover the range from the pH at which the target metal ion starts to effectively
interact with the extractant to the point where extraction efficiency begins to plateau.

The extracting phase consisted of Cyanex® 272 diluted in Shellsol D-70®, which was
chosen for its high separation efficiency between adjacent light lanthanides [55]. Trib-
utyl phosphate (TBP) was added to enhance the extraction [56], while 1,1,1-trifluoro-2,4-
pentanedione (HTFAC) combined with the ionic liquid [Omim][Tf2n] was used to improve
selectivity towards light lanthanides [33]. The selection of these extractants and the IL was
based on the high purity of the reagents. The concentration chosen for the extractants was
based on our previous work [33].

The SX experiments were conducted at 25 °C in an open flask, where 2 mL of the
aqueous solution was mixed with 2 mL of the extracting phase and stirred for 2 h to ensure
equilibrium was reached. Subsequently, the mixture was centrifuged for 40 min to facilitate
phase separation. The aqueous phase was then carefully withdrawn from the vial, and
the concentration of the remaining metal species in the aqueous phase was measured
using inductively coupled plasma mass spectrometry (ICP-MS, model 7500 by Agilent®
(I'Union, France)).
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The efficiency of the solvent extraction process was evaluated by calculating the
extraction percentage (%E), the distribution coefficient (D), and the selectivity («;;) defined
by Equations (1)—(3):

D:
%E; = ———t——— 1
l Di"‘Vaq/Vext @
Cext i
D, = / 2
= o 2
D:
ajj 51 3)

where Vet and Vy, represent the volumes of the extracting and aqueous phases, respectively.

Ceyxt and Caq are the concentrations of species “i” and “j” (in this research, Ce or La,
respectively) in the extracting and aqueous phases at equilibrium, respectively.

2.3. Hollow Fiber Membrane Contactor

Figure 1 shows the schematic representation of the NDSX system. The metal solution
(1.44 mM) containing La and Ce was pumped through the lumen of the fibers in the hollow
contactor Liqui-Cel® (HF1 or HF2, specifications summarized in Table 2) supplied by
Hoechst Celanese, using a Watson Marlow 323 peristaltic pump, in countercurrent flow
with the extracting solution entering the shell side. A flow rate of 12.30 mL/min was used
for the aqueous phase and 0.43 mL/min for the extracting phase to maintain a pressure
difference of 0.1 bar in both phases, preventing the extraction phase from being dragged
into the aqueous phase. The initial pH of the aqueous phase was adjusted to values between
2.0 and 5.0, while the temperature of both phases was maintained at 25 °C.

@) Aqueous phase

Extracting phase

Figure 1. Schematic diagram of NDSX system of lanthanides with a hollow fiber membrane.
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Table 2. Characteristics of the hollow fiber module used.
o Value/Material
Characteristics HF1 HF2
Fiber type x-10/polypropylene x-30/polypropylene
Internal diameter 240 um 240 um
Wall thickness 30 um 30 um
Number of fibers 2100 10,200
Nominal porosity 30% 40%
Shell material Polypropylene Polyethylene
Shell inner diameter 25 mm 54 mm
Shell length 200 mm 255 mm
Effective mass-transfer length 160 mm 146 mm
Effective mass-transfer area 0.23 m? 1.4 m2

3. Results and Discussion
3.1. NDSX with Cyanex® 272 Diluted in Shellsol D-70 Using HF1

Figure 2 shows the SX experiments performed to determine the optimal initial pH
for introducing the aqueous phase into the HF contactor. The results indicate that the
lowest extraction efficiencies (%E) are observed when the initial pH is 5.6, with extraction
percentages slightly increasing as the initial pH is reduced. Cyanex® 272 is a weak organic
acid with a pKa value of 6.37 [57], meaning that at an initial pH of 5.6, a significant portion
of the extractant is protonated, rendering it ineffective for extraction. Other studies have
also reported a slight increase in La(III) and Ce(III) extraction when using Cyanex® 272 at
lower initial pH values [49,55]. Additionally, the ac,,;, increases as the equilibrium pH
rises, as demonstrated by Kashi et al. [55] in the separation of Nd(III) from La(IIl). The
high concentration of HySOj4 likely favors the formation of monosulfate complexes, such
as LnSO4 " [58,59], where hydrogen bonds may form between the sulfate oxygen and the
protons from protonated Cyanex® 272. This, combined with the small concentration of
deprotonated Cyanex® 272 in the pH range of 3.6-5.2, is sufficient to achieve extraction
percentages of 40% for La(Ill) and 10% for Ce(IlI). Finally, for the NDSX system, an initial
aqueous pH of 5.6 was selected as it provides the highest selectivity in the SX experiments.

After the equilibrium experiments, extractions in the HF module were conducted.
Figure 3 presents the results from the NDSX process using HF1. It is observed that the
selectivity for Ce increases over time, although it does not reach a constant value. In
the NDSX system, both extraction efficiency and selectivity exceed those observed in the
equilibrium SX experiments, which yielded %Er, = 3.1, %Ec, =27, and «c, /1, = 12.7. This
can be explained by the fact that, in these NDSX experiments, the equilibrium pH is not
reached (pHeq = 2.01 in SX), with a final pH of 2.08 after 120 min.

During the extraction using NDSX, the same lanthanide complex is formed as in
the aqueous phase during the equilibrium SX experiments [33]. This complex then
encounters the pore of the HF membrane, which is filled with the extracting solvent
(kerosene + Cyanex® 272) and is subsequently transferred into the bulk of the extract-
ing phase. Thus, the mass transfer process exhibits three main resistances: the aqueous
phase, the membrane pore, and the extracting phase, with the major resistances being
those associated with the membrane pore and the extracting phase [60]. According to
Viega et al. [61], the resistance through the porous membrane is significantly influenced
by the diffusion coefficient, which, in this case, refers to the diffusion of the complex in
the membrane pore that is filled with the extracting phase. If the extraction conditions,
membrane characteristics, and solvents are the same for both La(IIT) and Ce(III), the only
difference can be attributed to the molar volume of the complex, which affects diffusion
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through the porous membrane, as described by the Wilke-Chang or Scheibel equations,
and the kinetic extraction reaction occurring at the aqueous/extracting phase interface in
the membrane pore.

15
40 H
©
o N
SR 301 o)
- ) &)
) 1.90 Py
= ( - 10 =
O =
(U 20_ e
bt (@]
% Q@
LLl (O]
(0))
10
O I T I I T I 5

S
3.6 4.0 4.4 4.8 5.2 5.6
Initial pH

Figure 2. SX of La and Ce using 0.4 M Cyanex® 272 diluted in Shellsol D-70 at different initial
pH values. Both phases were maintained at 25 °C. The aqueous metal concentration was set to
[La®*] = [Ce3*] = 1.44 mM. The phase ratio (organic/aqueous) is 1:1. The values shown in the graph
correspond to the equilibrium pH.

100
] 2.08¢
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Figure 3. Extraction using HF1 with recirculation of both the aqueous and extracting phases.
The feed solution has an initial pH of 5.6. The aqueous metal concentration was set to
[La®*] = [Ce3*] = 1.44 mM. The receiving phase consists of 0.4 M Cyanex® 272 diluted in Shellsol
D-70. The phase ratio (organic/aqueous) is 1:1. Both phases were maintained at 25 °C. The values
shown in the graph correspond to the pH.
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To study the effect of diffusion coefficients, it is essential to analyze the extraction
mechanism of light lanthanides in equilibrium. Previous studies have experimentally
determined that three moles of Cyanex® 272 form a complex with the lanthanide at a
pHeq ~ 3 [62]. The phosphinic group in Cyanex® 272 should be structurally oriented
toward the lanthanide cation, and since the same hydration number can be considered
between Ce and La [63], the Ln-O bond length will dominate the molar volume of the
complex. According to Xue et al. [64], the Ln-O bond length is shorter for Ce(IIl) than for
La(IlI) due to lanthanide contraction. Based on the Hard Soft Acid Base (HSAB) theory,
Ce(III) is expected to behave as a harder acid than La(IlI) (i.e., more capable of accepting
electrons) due to the additional proton. This results in a higher density charge on the metal
and, consequently, a smaller molar volume. To further investigate diffusion, molecular
geometry optimizations were performed using DFT calculations with the def-TZVP basis
set and BP86-D3 functional [65]. The Ln complexes obtained are shown in Figure 4, and the
resulting molar volumes are presented in Table 3. From this, a lower molar volume for Ce

complexes was found, suggesting a higher diffusion rate for Ce(III).

@ Carbon

@ Oxygen  (OHydrogen ) Phosphorus O Lanthanum O Cerium

Figure 4. Molecular structures optimized using Turbomole® (version 4.4.1) for the determination of
the complex volumes. (a) La(Cyanex® 272)3 and (b) Ce(Cyanex® 272)3.

Table 3. Molar volumes of La and Ce complexes with Cyanex® 272 optimized using Turbomole
(def-TZVP basis set and BP86-D3 functional).

Complex Molar Volume (A3)
La(Cyanex272)3 1320.7
Ce(Cyanex272)3 1298.8

The preferential extraction of Ce(Ill) over La(Ill) can be explained by the smaller
ionic radius of Ce, which increases its kinetic complexation with Cyanex® 272, due to
the decrease in activation energy [66]. The smaller complex volume also accounts for the
lower mass transfer resistance offered by the membrane pore for Ce. Additionally, the
distribution constant at a given pH is higher for the Ce-Cyanex® 272 complex in organic
diluent [65,67]. The chemical potential is closely related to a concentration gradient, which
drives mass transfer. In this context, the concentration gradient is the difference between
the concentration in the aqueous phase and the maximum solubility in the extractant phase.
As the comparative solubility increases—such as between Ce and La—Ce will exhibit a
higher mass gradient than La, leading to enhanced transfer. All this leads to a higher
selectivity for Ce compared to a simple equilibrium SX.
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Another observation is that after 3 min, a rapid decrease in pH occurs due to the
deprotonation of Cyanex® 272 near the aqueous/extracting phase boundary layer. Sub-
sequently, a more gradual pH drop is observed as the system reaches equilibrium. This
could be explained by the presence of extractants at the interface at the beginning, where
3H* ions must be exchanged for each metal ion extracted to maintain a charge balance
between the two phases. Once the extractants have interacted with the metal, the pH drop
becomes more gradual, as the extractant must diffuse through the membrane pores from
the bulk extracting phase to the interface. The release of protons from the extractant is
kinetically more favorable than the metal complexation. This controlled release promotes
the extraction of Ce, as discussed above.

To increase the extraction rates and selectivity towards Ce, it was proposed to maintain
the optimal initial pH conditions, as shown in Figure 5. For this purpose, the aqueous
phase was maintained at pH 5.0 by adding aliquots of 0.1 M NaOH solution to the aqueous
stream. Additionally, a pH of 2.2 was maintained to simulate more realistic conditions
in an SX plant operating under more acidic conditions. After 20 min, with a constant
pH of 2.2 (Figure 5a), extractions close to 60% were obtained, due to the low availability
of the acid extractant. Meanwhile, when the pH was maintained at 5.0 (Figure 5b), Ce
extraction approached 100%, even higher than in the system without pH control. This is
because the deprotonation of the extractant is promoted at these pH values (pKa Cyanex®
272 = 6.37 [57]). It is important to note that the values of these constants will depend,
as expected, on how they were measured, the composition of the aqueous phase (ionic
strength and anion present), and the nature of the diluent in the extracting phase [67].
Therefore, different pKa values for Cyanex® 272 can be found in the literature [68-70].
Although extractions increased in the latter case, the selectivity values were lower than in
the run without pH control (xc. /1, = 33). However, by maintaining an optimal pH of 5.0
for the deprotonation of the acid extractant, a precipitate formed due to the saponification
of Cyanex® 272 with NaOH, and the experimental runs were stopped after 25 min. These
results highlight the clear advantages of using NDSX over SX for selectively separating
REE elements. The non-equilibrium operation, with the additional mass transfer resistance,
leads to better selectivity, as does the control of the pH in the aqueous phase, which is not
as easy to achieve in SX.

Figure 5b illustrates how, despite the increasing extraction of both metals, the selectiv-
ity continues to rise, even when the concentrations appear to equalize graphically. This
behavior is due to the definition of selectivity based on the distribution constants (as de-
fined by Equation (3)). This method is widely adopted in the literature because it provides
a standardized framework for comparing results across different studies and experimental
setups. Additionally, since the metals were measured by ICP-MS, high sensitivity in the
concentration measurements can be achieved. This results in the distribution constant of
cerium increasing significantly at the final experimental time point, when the extraction is
nearly 100%. However, the use of concentration ratios in the organic phase as an alternative
metric for selectivity is both valid and insightful. For instance, as demonstrated by the
data in Figure 5a, the concentration ratio is significantly higher than the ratio observed in
Figure 5b. This metric provides a straightforward and practical way to assess selectivity,
particularly when considering the final composition of the organic phase for downstream
processes. It can also be more intuitive for evaluating the feasibility of separation under
specific conditions. Nevertheless, the use of distribution coefficients remains advantageous
for theoretical and comparative purposes. By normalizing the selectivity calculation to the
equilibrium concentrations in the aqueous and organic phases, the distribution coefficient
approach inherently accounts for variations in phase volumes, initial concentrations, and
system-specific factors, ensuring consistency and reproducibility.



Minerals 2025, 15, 167

10 of 17

(a) 60 T T T T T T T T T T T T 15
1—®— %E Ce
1|—4&—%E La
50 ° e L1
11 ® “CellLa P °
c 40 5
-% -9 O
© =
< 304 =
E 2
L L6 8
X 20 ) ©
/
104 ® -
0 T T T T T T T T T T T T 0
0 10 20 30 40 50 60
Time (min)
(b)
T T T T T
100- 28
r24
80 =
c 20 ©
o) O
O >
s © 16 £
">'<' p =]
w ) L 12 §
= 401 2
/ -m %E Ce -8
204 / A %E La
/
/ -4
1/ @ UCelLa
0 T T T T T T T T O
0 5 10 15 20
Time (min)

Figure 5. Extraction using the membrane contactor with recirculation of the aqueous and ex-
tracting phase. Feed solution maintained at (a) pH = 2.2 and (b) pH = 5.0 with NaOH 0.1 M.
Receiving phase Cyanex® 272 0.4 M diluted in Shellsol D-70. The aqueous metal concentra-
tion was set to [La®"]=[Ce3*] = 1.44 mM. Both phases were maintained at 25 °C. Phase ratio

extracting/aqueous 1:1.

3.2. NDSX with HTFAC and TBP Diluted in [Omim][Tf2n] Using HF1

When HTFAC extractant is used in conjunction with ILs, two main advantages over
the system with kerosene can be identified: (1) ILs have a higher viscosity than kerosene,
and this additional mass transfer resistance for the transfer of the complex to the IL solvent
could enhance selectivity, as discussed previously and (2) ILs provide a greener alternative
for the extraction of metal ions [71]. Figure 6 presents the experimental results from NDSX
membrane extractions using HTFAC as the extractant, TBP as the phase modifier, and
[Omim][Tf2n] as the diluent when the pH in the aqueous phase is maintained at 3.5 and
5.6 with 0.1 M NaOH. Compared to the previous system using Cyanex® 272 diluted in



Minerals 2025, 15, 167

11 of 17

Shellsol D-70, lower extraction efficiencies are observed. This can be attributed to the high
viscosity of the IL, which limits mass transfer both during the deprotonation of HTFAC
(pKa = 6.09 [72]) and the transfer of the complex to the IL phase. As shown in Figure 6a,
despite lower Ce extractions, high selectivity is achieved after 20 min. The mass transfer
limitation results in negligible La extraction until approximately 30 min. Furthermore,
this process operates at an acidic pH of 3.5, which could enable moderate extraction and
selectivity under conditions closer to those found in industrial PLS, thus eliminating the
need to basify the aqueous phase.
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Figure 6. Extraction using the membrane contactor with recirculation of the aqueous and extracting
phases, maintaining a feed solution at pH = 3.5 (a) and pH = 5.6 (b) with NaOH 0.1 M. The aqueous
metal concentration was set to [La®*] = [Ce®*] = 1.44 mM. The receiving phase consists of HTFAC
0.4 M and TBP 0.04 M diluted in [Omim][Tf2n]. The phase ratio (extracting/aqueous) is 1:1. Both
phases were maintained at 25 °C. The values indicated in the graph correspond to the pH.
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As can be seen in Figure 6b, at a constant pH of 5.6, slightly higher extraction efficien-
cies are observed for both metals, due to the increased availability of HTFAC extractant.
However, since La(Ill) is extracted from the beginning, selectivity is lower compared to
the experiments performed at lower pH values. On the other hand, in both experiments
conducted at a constant pH in the aqueous phase, the highest selectivity is achieved around
15-20 min. This time frame is much shorter compared to the system with kerosene, which
can be attributed to the additional mass transfer resistance posed by the IL (the viscosity
of [Omim][Tf2n] and Shellsol D-70 at 298.15 K is 88.7 mPa-s [53] and ~1.07 mPa-s [52],
respectively). After this period, selectivity begins to decline due to a slight increase in
the extraction percentages of La(Ill). This mass transfer limitation provided by ILs of-
fers promising potential for the selective separation of lanthanides. Finally, after 90 min,
a decrease in the extractions of La(Ill) and Ce(Ill) is observed, indicating that chemical
equilibrium is being reached in both phases.

It is important to note that comparisons between the two systems, Cyanex® 272 in
kerosene and HTFAC in [Omim][Tf2n], may not be entirely suitable due to the different ex-
traction percentages observed at equilibrium. However, since NDSX is primarily governed
by mass transfer, the higher viscosity of the IL compared to kerosene still allows for the
observation of selectivity changes, despite the differences in extraction efficiencies.

3.3. Extraction with HTFAC and TBP Diluted in [Omim][Tf2n] Using HF2

According to Table 2, when comparing the two HF modules, there is no difference
in pore size, but rather in the surface area for mass transfer. HF2 exhibits a surface area
six times larger than HF1, which allows for a higher metal extraction. This difference is
illustrated in Figure 7, where Ce(Ill) extractions of 45% are achieved at a constant pH
of 3.5, compared to only 15% with HF1. The high surface area provided by the HF2
membrane makes the process more similar to an SX process, offering faster extraction and,
consequently, resulting in lower selectivity values for Ce(Ill). This issue could be addressed
by increasing the flow rate of the aqueous phase, thereby reducing the residence time and
promoting the extraction of Ce(Ill). Furthermore, Ce(IlI) extraction begins to decrease over
time as the equilibrium pH is reached. Another factor could be that Ce(Ill) is changing
its extraction mechanism. Initially, Ce(1IIl) is extracted by the HTFAC extractants, forming
Ce(TFACQC)3, but as time progresses, this complex may start interacting with the IL cations,
forming the complex observed in SX, such as (Ln(TFAC) ,[Omim]) [33,73,74]. This would
typically result in higher extraction of La(IIl) at equilibrium, but due to the non-equilibrium
nature of the system, Ce(III) extraction is initially favored.

Some challenges may arise when using ILs as an extractant phase in an NDSX system.
Due to their higher viscosity, ILs can increase the associated costs of agitation and transport
to the membranes. Additionally, their viscosity limits transmembrane fluxes, needing larger
contact areas. To address these issues, the next step is to design an IL phase with slightly
lower viscosity and better affinity for the formed complex, resulting in higher extraction
efficiency and improved selectivity. On the other hand, polypropylene membranes offer
a high melting point, as well as chemical and mechanical stability [75-77]. However,
they may suffer from fouling or sweating, which can decrease the flux. To address this,
various solutions are available, such as coating the surface to increase hydrophobicity or
functionalizing the surface, among others [78,79].
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Figure 7. Extraction using HF2 with recirculation of the aqueous and extracting phases, maintain-
ing a feed solution at pH = 3.5 with NaOH 0.1 M. The aqueous metal concentration was set to
[La3*] = [Ce3*] = 1.44 mM. Receiving phase: HTFAC 0.4 M and TBP 0.04 M diluted in [Omim][Tf2n].
Phase ratio extracting/aqueous = 1:1. Both phases were maintained at 25 °C. The values indicated in
the graph correspond to the pH.

Finally, HF membranes could provide high selectivity in REE extraction, which is a
challenge when using SX, especially for separating adjacent REEs [46]. The HF membrane
offers extra resistance to mass transfer, enabling selective separation. However, to enhance
the practical relevance of this study, it is essential to expand its scope to evaluate the
method’s performance in real-world scenarios, such as the separation of REEs from mining
operations, industrial waste, or electronic scrap. Industrial waste and electronic scrap
are rich sources of REEs but have significant challenges due to the complex matrices in
which these elements are found. These materials often contain impurities and a wide
range of other metals, which can interfere with the selective extraction processes. Key
performance indicators to consider include the extraction efficiency, selectivity, and stability
of the extracting phase under realistic conditions over time. Pre-treatment steps might be
required to concentrate the REEs or to remove bulk impurities. The membrane contactor’s
ability to handle such pre-treated feeds, while maintaining high separation efficiency and
reducing cross-contamination, could provide critical insights into its practical viability.

4. Conclusions

This study demonstrates the potential of hollow fiber (HF) membrane contactors
for the selective separation of La(Ill) and Ce(III) using non-dispersive solvent extraction
(NDSX). Initially, equilibrium SX experiments using Cyanex® 272 as the extractant and
kerosene as the diluent showed that the pH of the aqueous solution providing the high-
est selectivity was 5.6. In contrast, NDSX experiments exhibited even higher selectivity
(xce/La = 34) after 120 min of operation. However, when the pH of the aqueous solu-
tion is maintained constant using a NaOH solution in the NDSX system, a selectivity of
Xce/La = 26 can be obtained after 20 min of operation. When the extracting phase is
composed of the extractant HTFAC and TBP diluted in IL [Omim][Tf2n], a slight decrease
in selectivity (a¢c./1, = 22) is observed after 20 min, offering moderate extraction effi-
ciencies and shorter times for achieving peak selectivity. An increase in the surface area
for mass transfer in the membrane (HF2 experiments) results in a higher extraction rate
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but significantly decreases selectivity due to its approximation to an SX stage. Finally, in
this work, promising results for the selective separation of adjacent REEs were shown,
which opens the possibility for HF membranes to be used industrially in the recovery of
these valuable elements from different sources. However, several challenges remain: it is
necessary to conduct experiments using a real PLS containing multiple REEs, as well as to
perform immediate stripping to regenerate the extractant phase and determine the optimal
operating conditions.
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