N

N
N

HAL

open science

Factors driving metal partition in ionic liquid-based
acidic aqueous biphasic systems

Ana R.F. Carreira, Helena Passos, Nicolas Schaeffer, Lenka Svecova, Nicolas

Papaiconomou, Isabelle Billard, Joao A.P. Coutinho

» To cite this version:

Ana R.F. Carreira, Helena Passos, Nicolas Schaeffer, Lenka Svecova, Nicolas Papaiconomou, et al..
Factors driving metal partition in ionic liquid-based acidic aqueous biphasic systems. Separation and

Purification Technology, 2022, 299, pp.121720. 10.1016/j.seppur.2022.121720 . hal-03799666

HAL Id: hal-03799666
https://hal.univ-grenoble-alpes.fr /hal-03799666
Submitted on 6 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.univ-grenoble-alpes.fr/hal-03799666
https://hal.archives-ouvertes.fr

(Y- T = S L

11
12

14

15
16
17

19
20
i |
23
23
24
5
26
27

25

31

32
EE

Factors driving metal partition in ionic liquid-based acidic aqueous biphasic

systems

Ana R. F. Carreira,® Helena Passos,® Micolas Schaeffer,® Lenka Svecova,” HNicolas

Papaiconomou,” Isabelle Billard,” and Jodo A. P. Coutinho®

BCICECO - Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, 3810-
153 Aveiro, Portugal

EUniv. Grenoble &lpes, Univ. 3avoie Mont Blanc, CHRS, Grenoble INF {Institute of Enginsering
and Management Univ. Grenoble Alpes), LEPMI, 38000 Grenoble, France

“Université Cate d"Azur, CNRS, Institut de Chimie de Mice, UMR 7272, 06108 Nice, France.

rl!:u::-rrn=_t5|:u'.:ul'u'.:|ing author. Email: hpassos@ua.pt

Abstract

The factors influencing metal partition in acidic agueous biphasic systems (AcABS) containing
phosphonium-based ILs are still poorly explored. To assess their influence the effect of the IL
counter anion, acid and its concentration, and temperature, were systematically evaluated on
the extraction of four transition metals (Culll), Ce{ll], Mi{ll), and Mn{ll}} and the lanthanide Ce{IV].
The AcABS based on HCl showed good ability to extract Cofll) and Cufll} to the IL-rich phase. In
contrast, ACABS based on H;504 showed overall poor metal extraction, except for the [Passs]Cl+
Hz504+ Hz0 system. The latter showed good Cufll) affinity at higher Ha502 concentrations. The
biphasic systems based on HNO3 were unable to extract transition metals to the IL-rich phase,
with chloride from [Paws:]Cl hampering Ce(lV) extraction. The [Pass|Cl + H:504+ HzO system
was further optimized by adding small amounts of HCl to the system. The extraction efficiency of
the metals is linked to the charge density of the metal-complex and its inherent free energy of
hydration, the anion/water molar ratio changes induced by temperature and ionic strength, and
the dissociation degree of the acid. By using these parameters it was possible to tune the
selectivity and efficiency of the AcABS. Moreover, metal extraction was found to preferentially
occur wia an ion-pair mechanism, with split anion extraction taking place in AcABS containing

different anions.
Keywords:

Liquid-liguid extraction, hydrometallurgy, alternative sclvents, metal separation, ion-pair

mechanism.
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1. Introduction

Solvent extraction is a widely used separation technigue based on the distribution of a target
molecule between two immiscible phases.[1] Conventional metal liguid-liquid extraction systems
often rely on non-ecofriendly volatile organic diluents to overcome the viscosity of extractants.
lonic liquids [ILs) were identified as a possible solution to this issue. [2] ILs are an altemative dass
of solvents composed of a large organic cation and an erganic or inorganic anion. When carefully
designed they hawve negligible vapor pressure, high solvation capacity, good chemical stability and
low-flammability. [2][3] Hydrophebic ionic liquids {ILs) were proposed as a goed optien for metal
extraction since they can simultanecusly act as metal extractants and diluents [4] Although
liquid-liguid extractiom systems based on hydrophobic ILs are a potential upgrade from the
conventional solvent extractions systems, they still pose some issues. The structural
requirements to achieve hydrophobic ILs constrain their chemical diversity. Moreover, the
viscosity and toxicity of such ILs raise concerns[5,8] It is impertant to highlight that due to their
ionic nature even “hydrophebic™ ILs are hygroscopic and can incorporate significant amounts of
water, especially when converted to mole fraction.[7] In the context of this work, we assign the
term hydrophobic to designate ILs that present limited aqueous solubility whilst hydrophilic ILs
are fully miscible with water across all binary compositions.

The disadvantages of hydrophobic ILs are fueling the transition from liquid-liguid extraction
systemns based on hydrephobic ILs to hydrophilic ones when applicable. The use of hydrophilic
ILs for the formation of agueous biphasic systems (ABS) is versatile, allowing the use of a larger
variety of more benign ILs, and applicable to metal extraction.[3—10] Owverall ABS are seen as
more biocompatible liguid-liguid extraction systems due to water being the main component of
their two-phases.[11] In the formation of a ternary ABS, a hydrophilic IL is combined with water
and a salting-out agent that, in the correct proportions, results in the formation of two immiscible
aqueous phases. The incorperation of ILs in ABS for metal extraction has the potential to increase
tunability, decrease the viscosity associated with ILs and reduce the necessary quantity of IL.[12]
However, most ABS are not stable at low pH values,[13] which is a key requirement to prevent
metal hydrolysis and precipitation. To address this issue acidic agueous biphasic systems [AcABS)

have recently been proposed.[14] In AcABS, the szlts conventionally used as salting-out agents
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are replaced by an acid which acts as a salting-out agent and simultanegusly enables the leaching
and stability of metals. Typically, the phase with the highest acid weight percentage (wt %) is
named as acid-rich phase and the one with the highest IL wt % is referred to as IL-rich phase.
Similarly to ABS, AcABS can feature a thermoresponsive behavior, namely lower critical solution
temperature (LCST).[15,16] The potential thermoresponsive character of AcABS provides another
degree of freedom to adjust the metal extraction performance.

The novelty of AcABS and the ionic nature of ILs can be a challenge for the identification of
possible metal extraction mechanisms in these systems.[17,18] Typically, metal cations are highly
hydrated causing them to have an affinity to the acid-rich phase and low extraction to the [L-rich
phase. For metal extraction te be successful it is important to proemote the formation of more
hydrophobic metal complexes.[13] Although this is often accomplished by adding extractants, in
AcABS the IL simultaneously acts as a phase-forming agent and extractant.[14] Similarly to other
liquid-liguid extraction systems, several metal extraction mechanisms can occur in AcABS with
unfunctionalized ILs, such as anion-exchange or ion-pair extraction. [5,1%] The anicn-exchange
mechanism is a metathesis reaction in which the transfer of the negatively charged metal-
complex to the IL-rich phase is dependent on the migration of the IL amion te the acid-rich
phase.[5] The ion-pair extraction mechanism occurs when the metal speciation in the aqueous
and IL-rich phase differ such that the IL forms a hydrophobic ion pair with the agueous metal
complex to promote its partition. The hydrophobic ion-pair can be formed using cations present
in the acid phase or in the IL-rich phase. It is important to note that the final extracted metal ions
by unfuncticnalized ILs are often present as anionic com plexes in the |L-rich phase regardless of
the extraction mechanism.

Several AcABS were shown to extract and separate transition metals and rare earth elements.
[14,20,21) Despite their promising efficiency, the influence of the IL anion and acid on the
mechanisms of extraction of metals in AcABS remain poorly studied particularly for systems in
which the IL and acid anions are not identical (split-anion extraction).[22] To address the gaps in
this fizld, herein we develop AcABS based on hydrophilic ILs (tributyltetradecylphosphonium
chloride, [Passn2]Cl, and tributyltetradecylphosphonium sulfate, [Pass][H504]) and biphasic

systems based on the hydrophobic IL tributyitetradecylphosphonium nitrate, [Pass<][NO3] for the
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extraction of four transition metals — Cu{ll), Co(ll), Ni{ll) and Mn{ll) — and a rare-earth metal,
Ce(IV). To evaluate the influence of the acid in the extraction of different metals, hydrochloric,
sulfuric and nitric acid were used to form the different biphasic systems. The thermoresponsive
character of the systems was also explored and metal partition was evaluated at 2598 K and 323

K.

2. Experimental section

2.1. Materials

The ILs [Pazsa]Cl [> 95 wit %), [Pasasa][H504] [= 95 wt %) and [Passsa [NO:] (= 95 wt %) were
purchased from lolitec and used as received. The inorganic acids HCI (37 wt %) and HzS504 (35 wt
%) were obtained frem Fisher Scientific and HMOz (85 wt %) was cbtained from Chem-Lab.
CoClz-6H20 (> 93 wt %), CoS0sTH20 (> 99 wt %), Co(NOs)26H20 (> 99 wt %), CuS0s-5H20 (= 99
Wt %), Cu[MO3)2-3H20 (>39.5 wt %), MnClz-4H20 (> 99 wt %) and Ni[NO )z 6H20 (> 99 wt %) were
obtained from Merck. CuCly-2H0 (= 98 wt %) and NiClz-6HZ0 (> 98 wt %) were purchased from
Analar. MiS0s6H20 (> 99 wt %) and Mn{NO:)z-4H:0 (> 96 wt %) were purchased from Riedel de
Haen. Ce(50s)4Hz0 (= 38 wt %) and MnS0s-4Hz0 (> 93 wt %) were cbtained from Alfa Aesar
and Panreac, respectively. The deionized water was obtained through a Millipore filter system
MilliQ®. Yttrium standard (1000 mg-L™ of ¥{Ill} in 2 % nitric acid] was purchased from Sigma
Aldrich.

2.2, Acidic agueous biphasic systems

The use of [Paaza]Cl to form an ACABS with HCI (298 K and 323 K), Hz504 (298 K) and HNO;
{228 K} as salting-out agents was previously reported.[23] The remaining ternary phase diagrams
presented in this work — [Pasass]Cl-Hz50s-H20 (323 K, [Pasasa][HS04]-HCI-H:0 (2598 K and 323 K],
[Pazasa] [HSO4]-H2504-Hz0 (298 K and 323 K) — were determined using the cloud point titration
miethod.[24,25] Temperature was controlled using a thermostatic bath ME-18 V Visco-
Thermostat Julabo and a temperature-controlled cell at 298.0 K or 323.0 K (2 0.1 K), atmospheric
pressure and centinuous stirring. The binodal curves were determined by adding an acid agueous
solution dropwise to a known amount of IL until the mixture becomes cloudy. At this point, water

is added dropwise until the mixture becomes clear. This procedure was alternately repeated as
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many times as necessary. The composition of the ternary systems was determined via weight
quantification {* 107 g} wpon the addition of all components. Details related to the
determination of the phase diagrams, namely the experimental weight fraction data, can be
consulted in Table 31 and 52.

The mixture points used for metal extraction were selected considering the phase diagrams
in mel of solute | IL or acid) per kg of solvent [water + acid or water + |L, respectively). More details
are given in the Supporting Information. The IL concentration was set constant for all systems
and equal to 0.85 mel-kg™. Depending on the binodal curve, different acid concentrations were
used, as shown in Table 1. Mass fraction was caloulated considering the total mass of the system
{water + acid + IL). The water content of the system was considered as the sum of the added
water plus the inherent water present in the acid solution (63 wt % for HCI, 35 wt % for HNO3

and & wt % for Hz50).

Table 1. Extraction mixture points in mol-kg™ and wt %, with mixture point 1 {[Acid].) having a

lower acid content than mixture point 2 {[Acid]z).

Extraction points [mol-kg™) Extraction points [wt %)

Biphasic system [iL] [Acid]y [Acid]z [} [Acid]y [Acid]z
[Paas14]C1 + HCI 0.85 6.5 8.0 27 19 23
[Pasasal[H504] + HCI 0.85 65 8.0 30 19 23
[Passse][HS0L] + Ha50s | D85 25 4.0 EN] 20 28
[Paaasa]Cl + Hz504 0.85 3.0 4.0 27 22 28
[Pasase]Cl + HNOs 0.85 25 4.0 27 14 20
[Peesg][NO3] + HNO: | 085 25 40 28 14 20

To evaluate the effect of temperature on metal extraction, assays were carried out at (208
1) K and {323 £ 1) K. All solutions and mixture points were prepared gravimetrically by weighting
the correct amount of each compenent (£ 10 g). The mixture points were stirred and left to
equilibrate at (298 + 1) K for at least 3 h, followed by centrifugation at 10 000 rpm for 2 min. The
extractions carried out at (323 % 1} K were performed following a slightly different procedure.

Mixture points were prepared gravimetrically, stirred, and left to equilibrate at (323 + 1) K. After
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1 h, each mixture point was stirred again and the phases were |left to separate overnight. In all
cases, the mass [+ 107 g) and wolume [ 5 = 107 mL) of each phase after separation were

registered.
2.3. Metal solution preparation

A multi-elemental stock solution (Co{ll), Culll), Mn(ll) and Mi{ll}} was prepared with a
concentration of 0.2 mol-L™ of each metal icn and diluted in the biphasic systems to yield a final
concentration of 0.01 mol-L™*. To minimize the number of species present in each system, the
anion of the metal salt was selected to match the anion of the acid. Yet, Ce(304): was used as
Ce{lV) source in all ternary systems independently of the used acid. Due to the limited solubility
of Ce(lV) in certain systems, its partition was studied individually by preparing an agqueous
solution at 2 = 107 mol-L™ of Ce(IV) in 37 wt % HCI, 50 wt % Ha50sor 65 wt % HNOs, the final

concentration of Ce{lV) being 1 = 1073 mol-L™%in each system.

2.4, Instrumentation and measurements

2.4.1. Metal quantification

The gquantification of metal in each phase of the system was done using the total reflection
¥-ray fluorescence spectrometer using a Picofox 52 (Bruker Nano (Billerica, MA, USA)) equipped
with a molybdenum X-ray source. The analysis was conducted at a 50 kV voltage and 600 pA
current. The guartz glass carriers were previously coated with 10 pl of silicon in isopropancl
solution and dried at (323 £ 1) K. Samples from each phase were diluted in polyvinyl alcohol {1
wt %) and spiked with a known concentration of yttrium. OFf this solution, 10 plL were transferred
to a pre-treated quartz carrier and dried under high vacuum for at least 30 min. This procedure
was not applied for the top phase of the HNO3z-based systems since they are hydrophobic. For
this reason, the metal guantification in the top phase of these systems was accomplished by mass
balance from measurements of the acid-rich phase.

The distribution coefficient (D) was calculated as shown in Equation 1:

_ [l

—m (1)
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where [M]ris the metal concentration in the IL-rich top phase and [M]zis the metal concentration
in the bottom phase of the system. The extraction efficiency percentage (EE %) of each mixture

point was caloulated according to Equation 2:

EE % = = 100 (z)

T otal
where mTis the mass of metal in the top phase and mrotuis the total mass of metal in the system.

The separation factor (5f] of the system was caloulated according to Equation 3:

= Dm1
5f = Dars (3

where Dy is the distribution coefficient of the most extracted metal and Dpg is the distribution

coefficient of the second most extracted metal to the top phase.
2.4.2. In-phase water quantification

To better understand the Hz0:HCI ratio in the top phase of the system composed of 27 wt % of
[Pasasa]Cl and 23 wt % of HCl at various temperatures ((298, 313 and 323) K £ 1 K), the water
content of the top phase of this system was measured by coulometric Karl Fischer titration

{Metrohm, model 831). All measurements were performed in triplicates.
2.4.3. Dynamic light scattering

Dymamic Light Scattering (DLS) measurements [Malvern Zetasizer Nano-25) were performed on
the [Paasa] Cl-H250a-Hz0 system spiked with 5 wt % of HCI to study the correlation between the
IL aggregate size and temperature. Briefly, samples were exposed to red light (HeNe laser, 565
nmi) and the intensity variations of the scattered light were detected at a backscattering angle of
173*. The autocorrelation function was cumulatively analyzed by DTS v 7.03, which yielded the
aggregate size and the distribution. To complement this study, the type of Colll) complexes
present in one of the systems was evaluated using a UV—Vis Synergy HT microplate reader from

BioTek at different temperatures.
2.4.4. lon-exchange evaluation

The possibility of ion-exchange on the [Pae]Cl-H250s-H20 at 3.0 mol-kg™ or 4.0 mol-kg™ of

H2504 and on the [Passa][HS0s]-HCI-H20 systems at 6.0 molkg™ or 5.0 mokkg™ of HCl was
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evaluated in the biphasic region by selecting a mixture point with 0.85 mol-kgof IL. The mixtures
were agitated and left to equilibrate at (298 £ 1) K overnight. The two phases were separated
and weighed. The [Paass] was quantified by *H NMR. Chloride and hydrogen were quantified via

chloride ion-selective electrode (Metrohm) and titration, respectively.
3. Results and discussion

Aiming to better understand the effect of the IL anion and the acid on the partitien of Culll],
Cofll), Ce{IV), Ml and Mnill}, the following temary systems were prepared:
[P22414]C1/[Pass1a] [H504]-HCI-Ha 0, [Paaa1a] CIf[Passsa] [H304]-H2S04-H20 amd [Pasass]ClJ [Paasra] [NO:]-
HNO3-Hz0 {cf. Table 1). Unlike [Paasi4]Cl for instance, [Pazsie][MO3] is hardly miscible in water, and
can therefore be considered hydrophobic. For this reason, the [Paaass] [NOz]-HNOz-H0 system is
not an AcABS, but was studied for comparative purposes. Since the evaluated AcABS are
reversible temperature-induced systems with an LCST behavior, the effect of temperature on
metal partition was also evaluated at 298 K and 323 K (* 1 K). Transition metals Cufll}, Co{ll]), Mifll)
and Mn{ll} were studied in multi-elemental assays. The effect of the initial transition metal
concentration within the ternary systems was evaluated in the [Pasa]CI-HCI-Hz0 system and
details can be consulted in the Suppeorting Information Table 53 with ne change in behavior
observed. Ce(lV¥) was studied in mono-elemental assays and only in the nitrate and chloride
systems due to its solubility limitations in systems containing [H504]". All distribution coefficients

and extraction efficiencies presented are listed in the Supporting Information.
3.1. Metal distribution on [Passia] C1/[Passa] [H50s]-HCI-Hz0 systems

lon-exchange in the [Pass][H504)-HC-H:0 system at 6.5 and 8.0 molkg™ of acid was
evaluated by *H MMR, chloride ion-selective electrode and titration. The [Pasua]” cation is
quantitatively in the top phase. Chloride and hydrogen were similarly quantified in the bottom
phasze at 6.5 mol-kg™ (55 % CI”ws58 % H' of ions total amount in the system) and 8.0 mol-kg™ of
HCI (8% % CI™ws 73 % H) [see Table 34). Therefore, no significant ion-exchange was detected in
the [Pesssa][HS302]-HCI-HO0 system. The bincdal curves of all systems evaluated and mixture
points for metal extraction are represented in Figure 31 in the Supporting Information. The

influence of the IL anion (CI™ vs [H504]7) and acid content (HCl) on the extraction of the transition
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results presented im Figure 1.

g . WEo Bl MM ONi B [Passsall cg o Bz By Ben On [Pesaaa 5]

W-rich phase A li-vich phase B

2.5 4 I I 25 4 I
0.0 4 == % o0 4 =

g - —
= L LJ
25 ] _ i g x5 T
acid-rich phase Agid-rich phasa
-5.0 ik -5.0 Ly
5.5 makkg! & maldkg™! 6.5 mol-kg™! 8 mol-kg™!
6. - Bco B B B g [P g1 50 o BLeELiEs Ou [PaseraIHED]
IL-rich phiase ¢ " | ILtich phasa o

In(D)

Acid-rich phase Adid-rich phase

9B K 323K Q9B K I2BE
Figure 1. Effect of HCl concentration at (238 £ 1) K (A and B) and of temperature on metal
distribution coefficient (D) in AcABS with 8.0 mol-kg™ of HCI [C and D). The asterisk above Ce(IV)

bars indicates that this element was studied in a mono-elemental assay.

Regardless of the HCl concentration, the distribution coefficient of metals increases in both
ACABS in the following way: Ni{ll) < Ce{IV]} < Mn{ll} < Cu(ll} < Co (ll). The divergent distribution of
Cofll} and Nill) was also demonstrated when the [Paws]Cl-HCI-HO system was first reported
[14] whilst Deferm et al. [28] reperted a similar metal distribution ratio tendency (Mifll] < Mn{ll}
< Cufll)} in the equivalent hydrophobic systems with the ILs [Pssz24]Cl and [Mazzz]Cl. The IL anion
{CI"ws [H504]") had a small influence on the distribution of metals considering the large excess of
CI” provided by the acid [consult Table 55). Mevertheless, increasing the HC| concentration from
6.5 to 8.0 mol-kg™ improved the distribution partition of Cofll) and Mn(ll) and decreased the

distribution partition of Cu(ll} and Ce(IV]. This led to the enhancement of the Sfgajuycu) in the
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AcABS based on [Paasss]Cl and [Pagass][H5O04] from 2.6 to 4.6 and 2.1 to 4.8, respectively, at 6.5 to
2.0 mol-kg™. Despite the improvement of the distribution coefficients — excluding Culll) and
Ce{lV) — increasing the acid concentration did not impact the extraction efficiency values (see
Table 56). This is prebably linked to the volume reduction of the IL-rich phase from 0.94 to 0.85
mlL and 0.95 to 0.82 mL for [Pazesa]Cl and [Passa][H304], respectively, when the HCl content
increases from 6.5 to 8.0 mol-kg™.

Extracted metal ions by unfunctionalized quatermary phosphonium or ammonium ILs
primarily exist as anionic complexes with the stability of the extracted metallic complex in the IL-
rich phase being typically independent of the acid-rich phase composition. However, this must
not be confused with the extraction efficiency which is strongly dependent on the overall system
composition. As such, the relative difference in the distribution ratic between the two species is
assigned to the dominant complex in the acid-rich phase, which is manipulated by the ionic
strength and complexing anien concentration in the solution. In Cl-rich systems, the distribution
ratio of each metal is related to their ability to form chloro-complexes and their respective
stability and affinity to the IL-rich phase_[14,17] This occurs through the displacements of water
molecules from the inner-sphere of the metal cation by chloride anions and the assocciated
change in the complex geometry in the case of Culll) and Colll], and to a lesser extent Mn(ll},
from octahedral to tetrahedral with the change in speciation.[17,27,28] A second less intuitive
contribution is the charge density of the resulting chloro-complexes and its influence on the
differing Doy and Doy values given that the Colll) and Cu(ll) complexes identified in 6.5 mol-kg™
HCI by UW-vis are the positive [CoCI[HzO)s]* and anionic [CuCls)®~ complexes respectively (Figure
52).The Gibbs free energy of hydration I:d.G:ﬂ,d] for & given ionic complex is related to its charge
(z) and volume (V) by ﬁE;yﬂ o zzl.-‘le"IE,[EB] with smaller absolute .'_‘LG;_M values associated
with increased extraction.[30] As such, the [CoCl{H20)s]* specie is expected to present a greater
distribution to the IL phase through an ion-pair mechanism compared to the [CuCls]® anion
whiich occurs via anion-exchange. The low extraction of Ni{ll) can be explained by its inability to
form fully dehydrated chloro-complexes under the studied conditions, preventing the formation
of hydrophobic interactions with the IL cation and, consequently, disabling its extraction towards

the IL-rich phase.[14,27] Poor Ni{ll) extraction in chloride rich media was also reported by Zante
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et @l [31] In the mentioned study, supported ionic liquid [[Psss14][Cl]) membranes afforded great
extraction of Co{ll] over Mi(ll], being this more evident at higher HCl concentrations.ln the
[Pasasa]CI-HCI-HZO systern, higher temperatures result in higher distribution coefficients of the
studied metals (except Ni{ll) and Ce{lV)) towards the IL-rich phase. The same trend was chserved
in the [Passa][H5O0:]-HCI-Hz0 system, although to a lower extent. Increasing temperature caused
changes in the phase ratic and composition. At higher temperatures, the top phase shrinks,
leading to generally higher partition coefficient values. To better understand this phenomenon,
the H* content on each phase of the [Pagss]CHHC-HzO system with 8.0 melkg™ of HO was
evaluated by titration at 298 K, 313 K and 323 K (see Table $7). By considering all IL is in the top
phase it was possible to determine the water and acid content in each phase. The Cl/HzO molar
ratio at 298 K, 313 K and 323 K is as follows: 0.26, 0.33 and 0.38. Therefore, as temperature
increases water is expelled from the IL-rich phase to the acdd-rich phase, translating into a

decreased distribution of complexes with inner-sphere water molecules such as Ni(ll) and Ce{IV).
3.2. Metal distribution on [Pass1a]Clf[Pase1a] [HS05]-Hz504-Hz0 systems

lon-exchange in the [Passa] Cl-Hz50:-Hz0 system at 3.0 and 4.0 mol-kgt of acid was evaluated
by *H NMR and a chloride ion-selective electrode (see Table $8). The [Passs]*cation is partitioned
quantitively to the top phase without traces of its presence in the bottom phase. Concerning the
1", 53 % and 57 % of this anion were found at the bottom phase at 3.0 and 4.0 mol-kg™ of Ha50,,
respectively, being a clear indicator that considerable ion-exchange occurs in the [Peaes]Cl-
Ha502-Hz0 system. This is in agreement with results reported by Mogilireddy et ai.[23]

Similar to the study performed for the HCl-based systems, the effect of the IL anion, acid
concentration and temperature were evaluated for the AcABS based on Ha504 Due to the low
solubility of Ce(lV) in sulfate-rich systems, this metal was not evaluated in these AcABS. The
obtained results for the transition metals [Colll}, Culll), Mnill) and Mi{ll}}) are represented in Figure
2. The differing biphasic region area of the [Pa1sa]C-Hz504-Hz0 and [Passs][H304]-Hz50-H0
systems {see Figure 51) prevented the use of the same acid concentration for the mixture point
with lower acid content. At 2.5 mol-kg™ of acid the [Passas|Cl-Hz504-Hz0 system is in the
monophasic region. Thus, 3.0 mol-kg™ of H:503 was considered as the lower acid content for this

system.
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Figure 2. Effect of H:30s concentration at (238 £ 1) K (A and B} and of temperature on metal

distribution (D] in AcABS containing 4.0 mol-kg™* of Hz504(C and D).

Concerning the [Pasays] Cl system, at 3.0 mol-kg™ of Hz504 all metals partition preferentizlly to
the acid-rich phase. Increasing the Hz501 content to 4.0 mol-kg™ increased the distribution of all
metals te the IL-rich phase and changed the previously mentioned distribution ceefficient trend
to Mill) < Colll) = Mnill] << Culll}, with all metals showing a preference for the IL-rich phase. In
the [Passrs] [H50z] ternary system the metal distribution coefficient maintains the same tendency
regardless of the acid concentration: Cu(ll] < Ni{ll] = Co{ll) < Mn{ll}. Similarly, Onghena et al.[32]
reported that Colll} extraction using a quaternary phosphonium IL increased with increasing
H2504 concentration, attaining @ maximum extraction at 11 mol-L™ of Ha504 The IL anion has a
significant impact on the metal distribution behavior. The presence of CI7 from [Paasss]Cl
promotes the extraction of Cu(ll) to the IL-rich phase, especially at higher Hz50. concentrations.
The presence of different anions in the [Pagaa]C-H3504-H;0 system enables the occurrence of a

split anion extraction.[33] In this case, the metal ions are extracted from the acid-rich phase
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containing [H504] /504 anions to the IL-rich phase with CI- from the IL anion. Although the
formation of tetrahedral Cu(ll)-chloride complexes is expected (as further confirmed and
discussed in sub-section 3.4.), the formation of mixed chloride-sulfate complexes may also be
possible. The formation of a metal-chloride complex with low charge density and thus lower
hydration enthalpy promotes the selective extraction of metals to the IL-rich phase. Charge
neutrality is maintained by restricted anion-exchange of the different anions between the two
phases. Higher Hz50: concentrations translate imto higher ionic strength within the AcABS which
improved the distribution ratio of Cu(ll).

Imcreasing temperature was only relevant in the [Pass]Cl ternary system with Cufll) having a
higher distribution coefficient and the remaining metals having a slightly lower distribution
coefficient to the top phase (Table 55). Despite the improvement in Dei) with temperature (from
2.7 to 4.0), the extraction efficiency to the top phase remained very similar {73.4 to 747 %, cf
Table 510). Once again, this is attributed to the phase ratio changes induced by temperature.
Increasing the temperature to 323 K resulted in the shrinkage of the top phase from 0.80 to 0.73
ml due to water expulsion as shown for the [Paas]C-HCI-HzO system {see Table $11).
Mevertheless, increasing temperature provided better selectivity values in the [Paa:ss]Cl ternary
system I:fr-::m Sfcujnyranin) = 1.6 to Sfouu)irandi) = 3-.5]. This feature enables the enhancement of the
separation factor of the AcABS without the need for additional acid or IL, making AcABS a

versatile and efficient alternative te other conventional solvent extraction technigues.
3.3. Metal distribution on [Paaa1a]C1/[Passaa] [NO:]-HNO:-HzO systems

The IL anion and acid concentration influence was evaluated for the systems composed of
HNO3z at 3.0 and 4.0 mol-kg™ with the distribution coefficients presented in Figure 3. In the
system composed of [Pewns]Cl there is quantitative ion-exchange between the IL anion and
nitrate, lzading to the formation of the hydrophobic IL [Paazssg][NO3].[23] The hydrophobic
character of [Paas:2][NO3] leads to the formation of a conventional liquid-liquid system, thus, the

designation AcABS is not applicable here.
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Figure 3. Effect of HNO:z concentration at (298 + 1) K (A and B) and of temperature on metal

distribution (D) in the biphasic systems containing 4.0 mol-kg™ of HNO3 (C and D).

Regardless of the IL anion, Colll), Cu(ll), Mn({ll} and Mi(ll) display very low affinity for the IL-
rich phase (D << 1). In comtrast, Ce(lV) affinity for the IL-rich phase improved by changing the IL
anion from CI7 to NO3 (Table 512 and 513). The favered distribution of C2{lV) over transition
mietals to the IL-rich phase in AcABS composed of HNOawas also reported by Schaeffer et ol.[20]
The ternary system [Naass][NO3] + HNOz + Ha0 was shown to be selective for Ce(lV) against other
trivalent lanthanides and transition metals. In this system, extraction was suggested to ocour via
ion-pair formation as the identified [Ce{M03):]* complex in the IL-rich phase was absent in the
acid-rich phase before extraction. A similar ign-pair mechanism is proposed herein. However, the
distribution coefficient of Ce(IV) decreases as the HNO; concenmtration increases, which may be

related to the HNOz accumulation in the IL-rich phase.[20]
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Simce lower acid concentrations seem to enhance the affinity of Ca(IV) to the IL-rich phase,

an additional assay was performed at 1.0 mol-kg™ of HNOz. The results obtained are presented

in Figure 4.
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Figure 4. Metal distribution coefficient of the rare earth Ce{lV) on the [Paswa]C-HNO3-H:0 (blus)

and [Pa2a][NOs]-HNO3z-H20 (green) systems at 1.0, 2.5 and 4.0 mol-kg™ of HNOz at (298 + 1) K.

Reducing the acid concentration to 1.0 mol-kg™ improved the extraction of Ce(lV) in both
systemns. These results further support the hypothesis that nitric acid competes with metal ions
for the extractant (IL). 5till, this does not seem to occur in other liguid-liquid extraction systems,
where increasing HNO3 concentration affords better extraction efficiency values_ [34]

Fimally, increasing temperature results in higher values for metal distribution coefficients.
5till, the distribution coefficients values for all transition metals remain below 1, indicating a

better affinity for the acid-rich phase.
3.4. Tuning AcABS extraction

Results in the previous sections indicate that the primary factors influencing metal distribution
in AcABS can be summarized as listed below. These are meant to be used as general guidelines
based on systems studied here. However, it cannot be excluded that for certain AcABS-metal

pairings exceptions might ocour.
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{i} Charge density of the metal complex. Metal complexes with lower charge density are
more likely to partition to the IL-rich phase. This is affected by the presence of anions
[#47), coming either from the IL or the acid, liable to form the anionic complexes
stabilized in the IL-rich phase. For example, Cu{ll} extraction results in the [Pass]Cl-
HCI systems indicate that Dcujn) decreases with increasing HCI concentration as the
copper complex transitions from CuCly to CuCli™ (Figure 1).

(i) Absence of coordinated water molecules in the inner solvation sphere of the metal
cation in the IL-rich phase. For example, Ni(ll) presents a stable octahedral geometry
across a wide range of chloride concentration, ensuring that even complexes of low
charge density such as [MiCl-5Hz0]* and [MiClz4H;0] present a hydrophilic character
and are therefore poorly extracted. Furthermore, whilst tetrahedral complexes of
nickel are reported at elevated chloride concentrations and temperature
([MiCIz{Hz0)z] and [MiClz(HzO)]™), the fully chlorinated [MiCle]® complex was not
observed.[35]

(i} n[47)/n{Hz0] ratio, keeping in mind that this ratic is significantly higher in the IL-rich
phase after phase separation. The local n[A7)/n[H20) ratio in the IL-rich phase can be
madified through changes in the AcABS composition and temperature of the system.

{iw) Acid co-extraction, which can impair the extraction of the metal complexes to the IL-
rich phase. Im the systems studied, HNO3z is a weaker acid than HCI and its protonated
and dissociated form exist in equilibrium above 3.0 mol-L™, with the equilibrium likely
shifted towards the protonated species im the IL-rich phase [36] A similar reasoning

applies in the case of sulfuric acid to the [H50 ] 535042 pair.

Based on these findings, it is possible to tune the selectivity of the systems as exemplified
below. In the [Pasas]CHH2504-H20 system increasing H:50sconcentration from 3.0 to 4.0 mol-kg™
was found to cause significant changes in the distribution coefficient and the extraction efficiency
of Cu(ll), which improved from 0.70 to 2.67 and from 39 to 73 %, respectively (cf. Table 59 and
510 in the Supporting Information). Since Hz504 is the acid most extensively used in the industry,
the selectivity of the [Pis4]Cl-Hz50s-Hz0 system is of interest. Aiming to take advantage of

different acid selectivity, 1, 5 or 10 wt % of HCl was added to this system to improve Cufll)



355
400

401
402

403

405

distribution. Values obtained for metal distribution coefficients and UV spectra of the top phases
of these systems are depicted in Figure 5 and further details can be found in Table 514.
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Figure 5. (&) Metal distribution coefficient (D) of different metals and separation factor [5f] of

Culll) over Colll) on the [Pacwa]Cl-H:50.-Hz0 system at 4.0 mol-kg™ of Hz50s, and 0, 1, 5 or 10 wt
% of HClat (298 * 1) K. (B) UV spectra of the top phases of each [Pasaya]Cl-H;504-Hz0 system

spiked with 0, 1, 5 or 10 wt % of HCL

Addition of 1 wt % of HCl caused a small decrease in the extraction of Cu(ll] to the top phase
and a significant decrease in the extraction of the remaining metals, causing the Sfojyicon) to

improve from 1.2 to 3.8. Addition of higher amounts of HCl caused the formation of chloro-
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complexes and a better distribution of Co{ll) to the top phase. This is further confirmed by the
UV spectra of the top phases of these systems (Figurs SB). At 0 and 1 wt % HCI, no traces of
[CeCl® complexes are visible (% 600 to 730 nm). However, increasing the HCI to 5 and 10 wt %
leads to the formation of cobalt-chloride complexes (= 600 to 730 nm), followed by their
migration to the top phase resulting in higher distribution coefficients for Co(ll). According to the
obtained UV spectra, copper-chloride complexes are present in the system regardless of the
addition of HCI (% 250 to 500 nm ). This shows that in this system, CI™from the IL anion is sufficient
to form copper-chloride complexes, leading to their partition to the top phase. Regarding the
selectivity of the systemn, addition of & wt % HCl leads to a Sfojnycon) = 6.4. However, increasing
the amount of added HCl to 10 wt % caused Colll) to partition to a higher extent towards the top
phase, decreasing the Sfouupycou to 2.9. Adding 5 wt % of HCI provided the best selectivity, but
depending on the application, it may be profitable to simultaneocusly extract Cofll) and Cu(ll) to
a higher extent by adding 10 wt % of HCI [EEy% = 93 % and EEg, % » 83 %, see Table 515). The
addition of small amounts of HCl to the [Psays]Cl-H;504-Hz0 system and the subsequent
formation of Culll)fColll}-chloro-complexes iz a good way to promote system selectivity.
Although it is beyond the scope of this work, a similar behavior is anticipated if HCI is substituted
by chloride salts.

To gain a better understanding of the metal extraction mechanism of AcABS at ligand
concentrations below that for which anionic metal complexes are reported, the chloride deficient
[Pasasa]Cl-H2504-Hz0 system spiked with 5 wt % of HCl was further studied for the extraction of
Cofll}. The system was prepared in the monophasic region by using 0.85 mol-kg™! of [Pasa1s]C1, 1.0
miol-kg™ of Ha504 and CoS047H:0 as a metal source. The type of cobalt-complexes and the IL
ageregate size were studied with temperatures ranging from 296 K to the appearance of the
biphasic regime at 313 K by UN-Vis and DLS, respectively. The obtained results are represented
in Figure 6. The same mixture was prepared with the same CI” amount but without IL and

analyzed by UV-Vis for comparison purposes [see Figure 53).
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Figure &. [A) UV=Vis spectrum of the [Pass] C-H2504-Hz0 minture at 1.0 mol-kg™ of H250s, 5 wt
% of HCl and Cofll) as a metal source at different temperature values. The spectrum was taken at
the monophasic region and standardized according to the peak at 514 nm. (B) Correlation
between the average aggregate diameter present in the [Passa]Cl-Hz250:-H:0 mixture and Cofll)
relative absorbance at 695 nm [Abs = Abs655/Abs514) throughout the different evaluated

tem perature va lues.

At the lowest temperature values there is a high-intensity peak corresponding to Co** {514 nm)
and a less intense peak corresponding to CoCli™ (695 nm). As the temperature increases and the

system gets closer to the biphasic region, the peak intensity of CoClji™ increases. Recent SAXS
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analysis on the [Passs]Cl-HCI-HZO system showed that the increase of both acid concentration
andjor temperature leads to micelle flocculation and s consistent with the presented DLS
analysis (Figure &B).[16] Furthermore, increased [Paza]Cl micelle counter-ion binding was
observed as the system approaches phase separation, resulting in the local accumulation of
chloride anion at the aggregate imnterface relative to the bulk concentration, thereby favoring the
interfacial formation of CoCli~. Moreover, in the absence of [Paa2]Cl, no CoCli™ is present in
the mixture regardless of the temperature (see Figure 53), reinforcing this interpretation.
Altogether, the obtained data suggest that the local increase in chloride anions through IL
aggregation induces the formation of CoCl™ even at low chloride concentration, suggesting an
ion-pair mechanism of extraction.

Owerall, AcABS can be a promising altermative to conventional metal extraction technigues,
showing a good diversity of selectivities depending on the acid-IL conjugation, acid
concentration, temperature and target metal. The unalike distribution coefficient of the
transition metals and the rare earth studied herein also shows that AcABS could be a valuable
tool to separate lanthanides from transition metals. Besides the selectivity and versatility of
ACABS, these systems unlock the possibility to use the acid to simultanecusly leach metals and
form the AcABS. This dual function of the acid is one of the main advantages of AcABS, enabling
to reduce the used amount of acid, the cost of the process and reducing the generated wastes.
In the case of split-anion extraction where significant anion-exchange occurs, care must be taken
during the stripping stage to regenerate the IL anion as this will otherwise affect the behavior of

the system over multiple extraction cycles.

4, Conclusion

Four AcABS and two hydrophobic liguid-liguid extraction systems were evaluated for the
separation of the transition metals Cu{ll), Cofll), Ni{ll} and Mn{ll} and the rare earth C2(IV). The
influence of the IL anion, acid and its concentration and temperature on metal distribution was
studied. The acid has a preponderant impact on metal distribution, the latter generally improving
as follows: HNO3z < Ha504 < HCl for transition metals and HCl < HNOz for Ce|lV). The temperature
affected the distribution of metals and the phase ratio within the biphasic systems. This was

attributed to the migration of water from the top to the bottom phase. The [Pass|Cl-Hz50s-Hz0
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afforded good Cufll) selectivity which was further improved by the addition of 1 to 10 wt % of
HCI. The best selectivity was achieved at 5 wt % of HCI [Sfoup)icoin = 6.4) and the metal extraction
mechanism of this system was studied. The extraction of cobalt even at low chloride
concentration was induced by the IL aggregation, highlighting the favorable nature of the ion-
pair extraction mechanism and the versatile nature of AcABS. The versatility of AcABS makes
them a promising alternative to cenventional liquid-liguid extraction systems, with ILs having a
dual role as phase forming agents and extractants. Altogether, this unlocks the possibility of

simultaneous leaching and extraction of metals in a one-pot way.
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