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Abstract The impregnation of Amberlite XAD-1180 with
Cyphos IL101 (trihexyl(tetradecyl)phosphonium chloride ion-
ic liquid, IL) confers to the resin highly efficient extraction
properties for Au(Ill), Pd(II), and Pt(IV) in highly concentrated
HCI solutions. Extraction isotherms (fitted by the Langmuir
equation) show maximum extraction capacities proportional
to IL loading. Increasing the IL loading has a limiting effect
for extraction kinetics, which are controlled by the resistance to
intraparticle diffusion: the complete filling of the porous
volume of the extractant-impregnated resin (EIR) with the IL
considerably hinders mass transfer of target metal ions. The
EIRs are selective for precious metals (PGMs) over base
metals (BMs), and the selection of appropriate eluents (HCI,
HNO3, acidic thiourea) allows recovering almost selectively
the three metals in pure or highly enriched proportions.
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Introduction

Precious metals (platinum group metals, PGMs) are involved
in the manufacturing of many electronic-based materials, au-
tomotive and industrial catalysts, jewelry, coins, and so on.
Their resources are limited both in terms of extracted amounts
from primary sources (mining activities) and in their geo-
graphical distribution. All these reasons make their recovery
very strategic. In many developed countries, important pro-
grams are developed for (a) collecting waste materials (the so-
called waste electric and electronic equipment, WEEE;
spent catalysts; etc.) and (b) treating these resources (which
are part of the so-called Urban Mine) for recovering valuables
and decreasing the waste of strategic resources [1]. This com-
bines both environmental purpose, rationale use of limited and
non-renewable resources, and economical objective. While
the extraction of PGMs (and more specifically gold) from
primary mining resources usually proceeds through
cyanidation or biohydrometallurgy, the recovery of metals
from industrial resources may also involve alternative pro-
cesses based on pyrometallurgy or advanced hydrometallurgy
(thiosulfate, halide leaching, for example) [2—4]. These spe-
cific wastes generated in the treatment of WEEEs may involve
other types of leachates including HCI solutions containing
both base metals (BMs) and PGMs [5]. The challenge, at this
stage, consists in developing treatment routes that can first
separate PGMs from BMs and, ideally, selectively recover
individual metals from the PGM family.

After acidic leaching, the metal-bearing effluents may be
treated by different processes depending on the concentration
of the metals. While solvent extraction (SX) is a powerful and
competitive technique for the recovery of metals from highly
concentrated solutions [6—10], the application of SX is not
tailored for diluted effluents as the leachates generated in the
treatment of printed circuit boards (PCB) or spent catalysts.
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For such low-concentration solutions, ion-exchange and che-
lating resins [11-21] or biosorbents may be more competitive
[22-24]. Impregnated resins are combining the beneficial ef-
fects of high recovery efficiency of solvent extraction and
stability (associated to resin support) [25]: the immobilization
of the extractant in macroporous resins allows both fast and
efficient metal removal and the retention of the extractant. The
release of the extractant in the environment may induce haz-
ardous effects and economic loss [26-29]. New generations of
extractants have been recently developed: ionic liquids (ILs)
are constituted by a large family of compounds associating, as
ion pairs, an organic cation (pyridinium, phosphonium, or
imidazolium, for example) and an organic or inorganic anion.
These ILs are very interesting for solvent extraction processes
due to their high thermal stability, non-flammability, ultra-low
vapor pressure, great chemical inertness, and tunability. They
have been widely investigated over the last decade for metal
extraction [30—43] and for the recovery of organic compounds
[44-46]. They have been also efficiently used by immobiliza-
tion in inorganic materials [47-50], resins [51-56], synthetic
polymers [44, 57], and activated carbon nanotubes [37], and
by encapsulation in biopolymer matrices [58—60].

A previous study on Cd(II) extraction using Cyphos IL101
(trihexyl(tetradecyl)phosphonium chloride) immobilized on
Amberlite XAD-7 resin reported the strong influence of the
resistance to intraparticle diffusion on the extraction perfor-
mance of the EIR, especially in terms of uptake kinetics [51].
The IL loading of the porous network of the resin is a key
parameter in the control of uptake kinetics: as the IL loading
increases the EIR requires longer times for reaching the equi-
librium and the apparent intraparticle diffusion coefficient de-
creases. The progressive saturation of the porous volume of
the resin with the IL limits both the diffusion of water and
metal ions. More recently, the investigation of the sorption
of Bi(Ill) with the same EIR showed a correlation of the ap-
parent intraparticle diffusion with the variations of the viscos-
ity of the IL when the temperature increases [61]. These con-
clusions tend to prove the importance of a correct selection of
the filling of the porous network of the resin in relation to its
textural properties. The influence of the textural properties of
the resin on Au(Ill) sorption was investigated by Lira et al.
[62]: eight XAD resins with different textural properties were
studied. The extraction kinetics are enhanced while using sup-
ports of high pore volume and large pore size. This study
concluded that Amberlite XAD-1180 is a good candidate for
immobilizing Cyphos IL101.

The present study proposes an extensive study of extraction
properties of XAD-1180 resin impregnated with Cyphos
IL101 for the recovery of Au(Ill), Pd(Il), and Pt(IV) from
HCl solutions. The performances of the EIR are tested varying
the IL loading, and HCI concentration. Then the extraction
isotherms are determined in 0.01 M HCI solutions varying
IL loading (and temperature for Au(Ill)). The extraction
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kinetics are compared for different IL loadings (and also par-
ticle size for Au(Ill)). The selectivity of the EIR for PGMs
(against BMs) is tested in complex solutions. The metal strip-
ping is also investigated testing various eluents, and the
recycling of the EIR is established for at least five cycles using
an acidic solution of thiourea. The desorption processes
showed specific interactions between the EIR and thiourea,
and complementary experiments have been performed using
thiourea-treated EIR. SEM-EDX analysis was performed to
evaluate the distribution of both the extractant and the metals
in the EIR.

Materials and methods
Materials

Cyphos IL101 was kindly supplied by Cytec (Canada). This is
a phosphonium salt (trihexyl(tetradecyl)phosphonium chlo-
ride, C.A.S. number, 258864-54-9, formula weight,
519.4 gmol ). It is a slightly viscous room temperature ionic
liquid. It is less dense than water (d, 0.8819 g mL™! at25 °C)
and colorless to pale yellow. It is immiscible with water al-
though it is sparingly soluble in water and can dissolve up to
8% water. The chemical structure is [P R3R']" CI”, where
R = hexyl and R’ = tetradecyl. Standard metal solutions were
supplied by Perkin Elmer (USA). Stock metal solutions were
prepared by dissolving analytic-grade reagents in
demineralized water (1 g metal L™"): further solutions were
prepared by dilution of the stock solution. Metal reagents were
tetrachloroauric acid trihydrate (HAuCl,:3H,0, Sigma-
Aldrich, USA), hexachloroplatinic acid (H,PtCls, Pressure
Chemical Co., USA), palladium(II) chloride (PdCl,,
Pressure Chemical Co., EUA), zinc(Il) nitrate hexahydrate
(Zn(NO3),°6H,0, Baker, USA), iron(Ill) chloride hexahy-
drate (FeCl5-6H,O, Baker, USA), nickel(IT) nitrate hexahy-
drate (Ni(NOs), 6H,0, Monterrey, Mexico), cadmium nitrate
tetrahydrate (Cd(NO3),'4H,0, Monterrey, Mexico),
copper(Il) chloride dihydrate (CuCl,2H,0, Karal, Mexico),
and cobalt(Il) nitrate hexahydrate (Co(NO3), 6H,0,
Monterrey, Mexico). Other reagents (acids, methanol, ace-
tone, thiourea, salts, etc.) were analytical grade and supplied
by KEM (Mexico).

Amberlite XAD-1180 resin (styrene-divinylbenzene resin,
dipole moment <0.3 Debye) was supplied by Sigma-Aldrich
(Saint Louis, USA). Standard average particle size was
680 pum: sieving was performed for investigating the impact
of particle size on extraction kinetics. The textural properties
of the resin are reported (commercial data):

—  Specific surface area, 600 m* g’
—  Pore diameter, 300 A
—  Pore volume, 1.68 cm’ gf1
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Resins are generally conditioned with NaCl and Na,COj; to
prevent bacterial growth (in addition, they may also contain
some residual monomers and mineral ions). The resins were
therefore conditioned: first the resins were put into contact
with acetone for 24 h at 25 °C (for removing residual mono-
mers). After filtration under vacuum to remove the excess of
acetone, the resin was rinsed with demineralized water. Then,
it was washed with nitric acid (0.1 M) for 24 h (for removing
mineral ions). The resin was filtered under vacuum and then
rinsed with demineralized water to constant pH. Finally, the
resin was put into contact with acetone for 12 h before being
filtered under vacuum and dried in a roto-vapor at 80 °C.

Resin impregnation

The IL was immobilized on the resin by the dry impregnation
method: 5 g of conditioned Amberlite XAD-1180 resin was
mixed with 25 mL of acetone for 24 h. Varying amounts of
Cyphos IL101 diluted in acetone (0.5 M) were added to resin
slurry for 24 h, under agitation. The solvent was then slowly
removed by evaporation in a roto-vapor. Five lots of EIRs
were prepared with IL loadings in the range 100-592 mg
IL g '. Previous studies have shown the complete incorpora-
tion of the IL in the porous network of the resins under these
experimental conditions. The amount of extractant
immobilized on the resin (g1 ) was quantified by the following
“washing” procedure. A known amount of impregnated resin
(250 mg) was mixed with methanol (5 mL) for 24 h to dis-
solve the IL, and the solvent was separated from the resin by
decantation. This washing treatment was carried out twice.
Finally, the resin was dried at 50 °C for 24 h for complete
evaporation of the solvent. The mass difference (M ) between
impregnated (Mxapr.) and washed resin (Mxap) was used to
calculate the amount of extractant immobilized in the
EIR (Eq. 1):

Mxap/L—Mxap
qan = T Meanm
XAD/IL

Characterization of EIR

For the textural characterization of EIR, nitrogen N, adsorp-
tion isotherms were obtained (at —196 °C) using a BET surface
area analyzer (Micromeritics ASAP 2010). The adsorption
isotherms were used for the determination of the specific sur-
face area (using the BET method [63, 64]), the pore size dis-
tribution, and the pore volume (using the BJH method [65]).
The resins were initially conditioned under vacuum at 50 °C
(to remove the gas contained in the porous network and mea-
sure the dry weight of the sample) before varying the pressure

of gas (i.e., N,) in the tank and measuring at equilibrium the
volume of gas adsorbed and the saturation pressure.

The morphology and the distribution of elements in the
EIRs were determined with scanning electron microscopy
coupled with energy-dispersive X-ray analysis (SEM-EDX).
These analyses were performed using a scanning electron mi-
croscope, Zeiss EVO HD 15 LS (Germany), equipped with a
Quantax Bruker energy-dispersive X-ray (EDX) microanaly-
sis system. The resin particles (before and after metal sorption)
were frozen in liquid nitrogen prior to mechanical breaking
with a thin slice in order to obtain observable cross sections.
SEM-EDX facilities were used for obtaining the distribution
map of target metal and P element as the tracer of the
extractant.

Extraction studies

Metal solutions were prepared in HCI solutions of different
concentrations (0.001-8 M) with a metal concentration of
300 mg metal L™'. The extraction experiments were per-
formed by mixing the EIR with metal solutions for 1 week
with a solid/liquid ratio (EIR dosage, SD) fixed to m/
V=2g¢g L (m mass of EIR, g; V volume of solution, L).
The contact was operated on a reciprocal shaker (SEV,
model INO 650 V-7, Mexico) with an agitation speed of 150
movements per minute at constant temperature. After filtra-
tion, the samples were analyzed by atomic absorption spec-
trometry (AAS Perkin Elmer AAnalyst 200). The amount of
metal extracted (¢, mg metal g ' EIR) was calculated by the
mass balance equation: g = V(C, — C,q)/m, where Cy and Ceq
(mg metal L") are the initial and equilibrium metal concen-
trations, respectively. The tests were performed with the dif-
ferent resins loaded with 231 and 391 mg Cyphos IL101 g™
EIR; a reference test was also systematically performed with
non-impregnated resin.

For multi-component metal extraction, the solution was
prepared mixing Au(IIl), Pd(IT), and Pt(IV) solutions (at the
same concentration, 0.3 mmol metal L' in 0.1 M HCI solu-
tions). The same experiment was performed adding to the
solution Fe(III), Co(II), Ni(I), Cu(II), Zn(II), and Cd(II) salts
(at the same initial metal concentration, 0.3 mmol metal L 'in
0.1 M HCI solution; gy, 391 mg IL g~ EIR). After contact
with the EIR for 1 week (SD, 2 g L_l), equilibrium concen-
trations in the filtrate were analyzed by ICP-AES (Perkin
Elmer Optima 8300 DV).

Extraction kinetics were performed by contact under agita-
tion of a fixed amount of EIR (containing between 100 and
592 mg IL g ' EIR) with a fixed volume of 0.01 M HCI
solution containing metal ions (Cy: selected concentrations
are systematically reported in the caption of the relevant fig-
ures), m/V being set to 0.4 g L™". Samples were collected at
fixed times, and the metal content was determined by visible
spectrometry (UV-Vis Varian Cary 50 probe
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spectrophotometer) at the wavelength A, 267.5 nm for Au(IIl),
340.5 nm for Pd(II), and 214.4 nm for Pt(IV), after filtration.
After analysis, the solutions were returned to the kinetic
reactor.

Stripping studies

Stripping of metal-loaded EIRs (for single-PGM solutions,
multi-PGM solutions, and composite PGM and BM solutions)
was operated under the same conditions: SD, 2 g Lfl; T,20°C
and contact time, 24 h; gy, 391 mg IL g71 EIR; extraction:
C(HCI), 0.1 M; Cy, 0.3 mM. Eluents were thiourea (1 M in
0.1 M HCI solution), Na,SO5 (0.1 M), HCIO,4 (1 M), HCI1
(8 M), HNO; (5 M), and water. Filtrated solutions were ana-
lyzed by ICP-AES to evaluate the stripping efficiency. The
stripping with thiourea was associated to a fast change in the
color of the metal-loaded resin; in addition, the extraction
kinetics for the next step (following stripping) were apparently
faster and the pre-treatment of the EIR with thiourea was test-
ed for the comparison of extraction kinetics.

The recycling of the resin was performed by operating five
successive extraction/stripping cycles. For extraction, the ex-
perimental conditions were SD, 2 g L' 7. 20 °C; contact
time, 24 h; gy, 391 mg IL gfl EIR; C(HCI), 0.01 M; and
Co, 250 mg metal L™". For stripping, thiourea (1 M in 0.1 M
HCI solution) was used (SD, 2 g L' contact time, 24 h).
Between each cycle extraction and stripping steps, the EIR
was rinsed three times (for 8 h, each) with 0.01 M HCI solu-
tions. The amounts of extracted metals and stripped metals
were compared at each step.

Results and discussion
Characterization of EIR

The textural analysis of the impregnated XAD 1180 resins at
different loadings was performed by nitrogen adsorption. The
systems were characterized by a type II sorption isotherm
according the classification proposed by Brunauer et al.
[63]: this means that the mechanism can be described as a
multilayer physical sorption. The isotherms are characterized
by poorly marked hysteresis loops that are usually associated
to slit-shaped pores or spaces located between parallel plates
(hysteresis type B according to de Boer classification) [66].
Table 1 reports the main textural characteristics of XAD-
1180 resin impregnated with increasing amounts of Cyphos
IL101 (see Figure AMI in Additional Material Section). It is
noteworthy that for ¢;; 592 mg IL g, the EIR is saturated
with the IL and the textural analysis is not accurate (taking into
account analytical conditions and the equipment used for the
analysis): for example, the pore volume is below 0.1 cm? g_1
and the specific surface area below 6 m”> g '. The pore
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volume (PV, cm® gfl) of the EIR linearly decreases with ¢y
(mg IL g EIR), according

PV = 1.483-0.0019¢;, (R*> =0.978) (2)

The average pore size (APS, A) increases with ¢y :
APS =76.6 + 1.036g;,  (R* =0.963) (3)

The specific surface area (SSA, m” g ') varies exponential-
ly with qmn.:

SSA = 594.5 "% (R* = 0.986) (4)

The increase of the average pore size with increasing IL
loading can be explained by the progressive filling of the
thinnest pores with the IL and then a relative increase in the
size of residual pores.

The SEM-EDX analysis of the EIR loaded with Au(IIl),
Pd(1), and Pt(IV) metal ions from multi-component solutions
is shown in Figure AM2 (see Additional Material Section).
The distribution of the P element is homogeneous in the whole
mass of the particle: this means that the totality of the porous
volume of the resin is accessible to the IL. On the other hand,
the concentration of target metals (Au(IIl), Pd(II), and Pt(IV))
remains constant over the cross section of the particle: all
reactive groups are accessible for metal ions.

Influence of HCI concentration and IL loading on metal
extraction efficiency

The XAD-1180/Cyphos IL101 EIR shows significant differ-
ences in the extraction of Au(Ill), Pd(Il), and Pt(IV) (at
Co ~ 1.5 mmol metal L") when varying IL loading and HCI
concentration (Fig. 1). The EIR has a much stronger affinity for
Au(II) than for other metals: with a loading of 391 mg IL g
EIR, extraction efficiency exceeds 90% over the whole range of
HCI concentrations while for Pt(IV), the extraction efficiency

Table1 Textural characteristics of XAD-1180/Cyphos IL101 EIR with
varying IL loadings

qi Pore volume Average pore Specific surface
(mg IL g1 EIR) (em® gfl) diameter (A) area (m? gfl)

0 1.44 92.1 629

100 1.34 172 312

231 1.03 318 142

307 0.94 347 119

391 0.69 520 59.2

592¢ 0.07 598 5.9

 [L-saturated resins
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Fig. 1 Influence of HCI concentration and IL loading on Au(III), Pd(1I),
and Pt(IV) extraction efficiency using XAD-1180/Cyphos IL101 (Co,
300 mg Au L', or Cy, 162 mg Pd L', or C,, 293 mg Pt L™'; EIR
dosage, SD, 2 g L™'; agitation time, 7 days for Au(IIT) and 2 days for
Pd(II) and Pt(IV); agitation speed, v, 150 rpm; 720 °C)

remained between 40 and 50%, regardless of HCI concentra-
tion. On the other hand, for Pd(I) extraction, the efficiency
progressively decreases from 90% to less than 20%. Pd(Il)
extraction is more sensitive to HCI concentration than Au(III)
and Pt(IV) for extraction by XAD-1180/Cyphos IL101. These
trends are confirmed by the experiments performed with lower
IL loading (i.e., 231 mg IL gfl EIR). For Au(IIl) extraction, the
efficiency decreases from 90% at 0.001 M HCI concentration
(70% in 0.1 M HCI solutions) to 60% in 2 M HCl solution and
tends to stabilize for higher HCI concentrations. For Pd(I) and
Pt(IV), the extraction efficiency linearly decreases (from 60 to

10% for Pd(II) and from 28 to 12% for Pt(IV)) with increasing
HCI concentration from 0.1 to 8 M.

The extraction process is expected to proceed through an
ion-exchange mechanism between the counterion (here CIl)
hold by the phosphonium cation (R;R'P*) and the chloro-
anionic metal species. The speciation of the metal is thus a
critical parameter. However, under selected experimental con-
ditions (i.e., HCI solutions ranging between 0.1 and 8 M), all
the metals are present under the form of chloro-anionic spe-
cies: AuCly , PtCls> (85% or more) and PtCl;~ (15% or less),
and PdCl,> [67]. These results are consistent with the trends
observed for Au(Ill), Pd(Il), and Pt(IV) extraction using
XAD-7 impregnated with Cyphos IL101 [53-55]. The rela-
tive decrease in metal extraction at high HCI concentration
may be associated to the ability of the IL to extract HCI: this
effect is more marked at low IL loading. Cieszynska and
Wisniewski [33, 68] used both Cyphos IL101 and Cyphos
IL104 in toluene for the extraction of Pd(I) from HCI solu-
tions. They report the change in the extraction mechanism
with HCI concentration: in 0.1 M HCI solutions, Pd(II) is
extracted as (R;R'PY)PdCl;, while in 3 M HCI solutions, it
is extracted as (R3R’P*),PdCl,>". These results are consistent
with the extraction mechanism reported for Pd(II) extraction
using XAD-7 impregnated with Cyphos IL101 [54]. At low
HCI concentration, the extraction mechanism may include the
extraction of PdCl;~ by one ion R3R'P* (Eq. 5a), while at high
HCI concentration, the reaction involves two R;R'P* and one
PdCl4*” (Eq. 5b):

PdCl427aq_ + R3R’P+C1751R<—>(R3R’P+)PdCl{EIR
+2CI (5a)

PdCL? 4 + 2 R3R'PTCI pre>(R3R'PT),PACL* R
+2Cl (5b)

For Au(Ill) and Pt(IV) extraction using XAD-7/Cyphos
IL101, the reported mechanisms were [53, 55]:

PtClg? g + 2 R3R'PTCl grre>(R3R'PT),PICl6? kR

+2Cl g (6)
AuCly "4y + RsRPTCI grr>RsR'PTAUCLy gz

+Cly, (7)

In the case of Pd(II), the change in the binding mechanism
with increasing HCI concentration results in the interaction of
two IL for binding a single chloro-metal anion (contrary to a
1:1 stoichiometry at low HCI concentration), meaning a
higher decrease of extraction efficiency compared with the
other metals. For Pt(IV), the expected 2:1 stoichiometric ratio
(IL/metal) is not changing with HCI concentration and the
decrease at high HCI concentration is mainly due to
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competitive HCI extraction and higher stoichiometric factor
for chloride ion (Eq. 6). Moreover, the level of metal extrac-
tion (halved compared with Au(Ill)) is due to the less favor-
able stoichiometric ratio (2:1 versus 1:1 for Au(IIl)).

It is noteworthy that for Au(Ill), Pd(Il), and Pt(IV) extrac-
tion using the raw Amberlite XAD-1180 resin the efficiency
for metal recovery was negligible. This is completely different
to the trends obtained for Au(Ill) extraction with Amberlite
XAD-7. XAD-1180 is a styrene-divinylbenzene resin much
less reactive for Au(Ill) than XAD-7 acrylic ester resin. In the
case of XAD-7, in strongly acidic solutions, the resin is
suspected to be partially hydrolyzed, forming carboxylic
groups that can react with Au(Ill) chloro-anions to form ion
pairs (HAuCly). In addition, HCl is extracted through interac-
tion with oxygen groups of polyacrylic matrix (=O--H*CI"),
before chloride ions could be exchanged with chloro-anionc
metal species (=O--H*AuCl,").

Extraction isotherms
Influence of IL loading

The extraction isotherms were established at 0.01 M HCl with
the different metal ions with two or three different IL loadings
(Fig. 2). As expected, increasing IL loading improves maxi-
mum extraction capacity. All the curves show similar trends:
(a) steep initial slope and (b) saturation plateau reached at low
equilibrium metal concentration. The general form of the ex-
traction isotherm appears to be more consistent with the as-
ymptotic form of the Langmuir equation (saturation plateau)
than with the power-like function given by the Freundlich
equation. Experimental data were thus modeled using the
Langmuir equation (solid lines on Fig. 2):

Gm X b x Ceq

= 8
1 1+bx Ceq ®

where ¢ and g,,, (mg metal g or mmol metal g ') are the
extraction capacities in equilibrium with the residual concen-
tration C,q (mg metal L™ or mmol metal L") and at satura-
tion, respectively, while » (L mg ™' or L mmol ") is the affinity
coefficient.

The Langmuir equation was developed for describing the
distribution of a solute (in gas or liquid phase) between a
sorbent and the mobile phase. This is a surface phenomenon.
As a consequence, the Langmuir model is not strictly designed
for describing the extraction of metal species into the aqueous
phase immobilized in the porous network of the EIR.
However, this equation was frequently used for simulating
the solid/liquid distribution of the solute between the two
phases in EIRs.
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Fig.2 Au(lIl), Pd(II), and Pt(IV) extraction isotherms using XAD-1180/
Cyphos IL101—effect of IL loading (C(HCI), 0.01 M; agitation time,
7 days; SD, 2 g LY T, 20 °C; solid lines, fitting of experimental data
with the Langmuir model)

Table 2 reports the parameters of the Langmuir model as well
as the metal/IL ratio (at saturation, based on the extraction ca-
pacity at saturation, from Langmuir equation, and IL loading).
For Pd(II), the stoichiometric ratio (IL/metal) is close to 1; this
means that extraction proceeds through the interaction of one IL
with one PdCl,*, according to Eq. (5a). The 1:1 stoichiometric
ratio is consistent with the average value (0.99) of IL/metal
molar ratio (Table 2). For Pt(IV), the IL/Pt molar ratio was close
to 2 (1.79-1.82); this is consistent with the stoichiometric ratio
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Table 2  Extraction isotherms—Langmuir model parameters and stoichiometric molar ratio (IL/metal) at saturation (in brackets: parameters in molar
units)

Metal qi T (°C) qm [qm] (mg gfl) b [b] (L mgfl) qm * b IL/metal Average IL/metal
(mgIL g™ [mmol g '] [L mmol '] Lgh (molar ratio) (molar ratio)
Au(III) 231 20 125.5[0.637] 0.806 [158.8] 101.2 0.70 0.77
307 20 151.5[0.769] 0.686 [135.1] 103.9 0.77
391 20 174.5 [0.886] 0.580 [114.2] 101.2 0.85
391 10 166.9 [0.847] 0.367 [72.3] 61.3 0.88
391 40 201.7 [1.02] 0.332 [65.4] 67.0 0.74
Pd(II) 231 20 45.9[0.431] 0.074 [7.88] 3.40 1.03 0.99
391 20 85.3 [0.801] 0915 [97.4] 78.0 0.94
Pt(IV) 231 20 48.0 [0.246] 0.202 [39.4] 9.70 1.82 1.80
391 20 82.6 [0.424] 0.958 [186.9] 79.1 1.79

given by Eq. (6). For Au(Ill), the IL/metal stoichiometric ratio
increases with increasing IL loading (from 0.70 to 0.85): this
means close to the expected 1:1 M ratio between target Au(I1I)-
anionic species (i.e., AuCl") and R;R'P* (Eq. (7).

Comparing the maximum extraction capacities (in molar
units) for the three metals, it comes that at low IL loading
(i.e., qu, 231 mg IL g ' EIR), the metals can be ranked ac-
cording to the sequence: Au(Ill) > > Pd(Il) > > Pt(IV) while at
high IL loading (i.e., gi1, 391 mg IL g~' EIR), the differences
are less marked (at least between Au(Ill) and Pd(II):
Au(IIl) > PA(II) > > Pt(IV)). It is noteworthy that the product
g * b (which is analogous to a distribution coefficient, L g ")
remains almost constant (101-104 L g_l) for Au(IIT) when the
IL loading increases while it substantially increases from 3 to
10L g ' to 7879 L g" for Pd(II) and Pt(IV). This result can
be explained by the reciprocal trends followed by the three
metals concerning the affinity coefficient (the so-called b pa-
rameter of the Langmuir equation): for Pd(I) and Pt(IV), the
affinity coefficient (i.e., b) increases with IL loading, while it
decreases in the case of Au(Ill). While for Pt(IV) extraction
using Cyphos IL101 impregnated on XAD-7 resin the trend
was consistent with that obtained with XAD-1180 resin [53], a

Influence of temperature on Au(Ill) extraction

A focus was made on the effect of temperature on gold extrac-
tion using XAD-1180/Cyphos IL101 (Fig. 3 and Table 2). The
maximum extraction capacity increases with temperature from
167 to 202 mg Au g ', while the affinity coefficient does not
show a clear trend. However, the poor fit of experimental data at
40 °C (weak fit of the curved zone of the isotherm) makes more
complex the comparison of affinity coefficients. Under these
conditions, it is rather difficult to calculate the thermodynamic
parameters. It is thus impossible to conclude on the spontaneity
of the reaction (Gibbs free energy, AG®) or the variation of the
randomness of the reaction (reaction entropy, AS®) [69]. It is
just possible concluding that the reaction is endothermic since
the sorption slightly increases with temperature.

Extraction Kinetics

Extraction kinetics may be controlled by a number of different
steps or mechanisms including resistance to film diffusion,

200

reciprocal trend was observed for Au(Ill) (increase of affinity
coefficient with IL loading) [55]. The affinity coefficient is o—
correlated to the initial slope of the isotherm curve (at low 160 =
equilibrium metal concentration): the decrease of the affinity &
coefficient with IL loading means that the IL is progressively i:) 120
losing its reactivity against Au(Ill) compared with Pd(Il) and - T¢0)
Pt(IV), consistently with the molar ratio IL/metal at saturation. g 80
For Au(IIl), less loaded EIRs offer a more rational use of = 040
reactive groups. Since the affinity coefficients may be impact- 40 020
ed by a certain experimental variability, this conclusion should Al0
be considered as a trend. 0 y T T T T

0 50 100 150 200 250 300

Based on these results, the EIR sounds to have a little
preference for Au(Ill) over Pd(Il) and Pt(IV) but probably
not sufficient to separate these metals from multi-component
solutions; better separation will require playing with the ex-
perimental conditions for the stripping step (see below).

C., (mg Au L)

Fig. 3 Au(Ill) extraction isotherms using XAD-1180/Cyphos IL101—
effect of temperature (gy, 391 mg IL g{1 EIR; C(HCI), 0.01 M; agitation
time, 7 days; SD,2 g L' solid lines, fitting of experimental data with the
Langmuir model)
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resistance to intraparticle diffusion, and the proper extraction
kinetic rate combined with interface equilibrium conditions
(extraction isotherm parameters) [70]. Previous studies on
the extraction of metal ions with phosphonium-based ionic
liquids have shown that tetrachloropalladate species, for ex-
ample, are extracted from HCl solutions in a few minutes [34].
The proper metal extraction can thus be considered instanta-
neous (at least compared with overall sorption kinetics on
resin-supported systems). Previous studies have shown that
with XAD-7/Cyphos IL101 EIRs, several hours of contact
were required for reaching equilibrium [51, 52, 54, 55]. In
an attempt to evaluate the apparent intraparticle diffusion co-
efficient, without using mathematic concepts that require com-
plex numerical solving, the kinetic data were fitted with the
so-called Crank equation (herein called resistance to
intraparticle diffusion equation, RIDE), assuming the solid
to be initially free of metal and the kinetics to be only con-
trolled by the resistance to intraparticle diffusion [71]:

_De Zt
6 (o + 1)exp <r2q”)

9+ 9a + q2a?

ﬁﬁ?:lgg (9)

€
M(t) and M., are the amounts of the metal in the resin at

time ¢ and equilibrium, respectively; 7 is the radius of the
particle; and ¢,, non-zero roots of the equation:

3q
ang, = - Tod (9b)
with
Mg 1
VG, 1+ta (9¢)

The Mathematica™ software was used for the determina-
tion of the apparent intraparticle diffusion coefficient, D, and
for the simulation of experimental data. It is noteworthy that
this model was initially developed by Crank for describing
mass transfer for homogeneous solid supports. Obviously,
the EIR cannot be considered a homogeneous system being
constituted of a porous compartment filled with the ionic lig-
uid and by the solid phase (the resin). Anyway, in a first
approximation, the equation was tested (concurrently to other
models such as the pseudo-first-order rate equation and the
pseudo-second-order rate equation) and gave good fit of ex-
perimental profiles.

Influence of IL loading

A preliminary study was performed on Au(IIl) extraction using
XAD-1180/Cyphos IL101 EIR loaded with increasing
amounts of IL (in the range 100-592 mg IL g ' EIR).
Figure 4 (long-term kinetic profiles) shows that very long
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Fig. 4 Long-term Au(lll) extraction kinetics using XAD-1180/Cyphos
IL101—effect of IL loading (C(HCI), 0.01 M; Cy, 62 mg Au LT
20°C; SD, 04 gL ™)

contact times are required for achieving complete metal recov-
ery (at high IL loading) or reaching equilibrium. Extraction
kinetics are characterized by a very fast initial extraction step
that represents between 50 and 90% of total extraction; this step
lasts for 3-5 h, followed by a very slow phase that can take up
to 30 days. At very low IL loading (i.e., ¢y, 100 mg IL g~
EIR), the extraction is limited to a few percent: the weak re-
moval can be correlated to very slow kinetics and to the possi-
ble interaction of the IL with the resin. Indeed, a fraction of the
IL is tightly bound to the surface of the support limiting its
reactivity for metal extraction [51]. When IL loading increases,
the equilibrium concentration progressively decreases, accord-
ing to the stoichiometric ratio IL/metal (i.e., 1:1). Increasing the
amount of IL increases the amount of metal to be bound.
However, for the highest IL loading (i.e., gy, 592 mg IL g
EIR), the initial pseudo-equilibrium (end of the initial fast step)
occurs at a quite high level: the residual relative concentration
tends to stabilize around 0.5-0.4. The extraction continues over
several weeks to tend to a complete recovery of the metal
consistently with the expected levels of metal recovery (based
on the stoichiometric ion exchange capacity and the values
reached with ¢i, 391 mg IL g”' EIR). This is a clear and
complementary evidence that the saturation of the porous net-
work of the resin (with the IL) strongly impacts the resistance to
intraparticle diffusion. The diffusion coefficient of metal ions in
phosphonium-based ionic liquids (example of rare earth metal
ions [72, 73]) is about one or two orders of magnitude lower
than the values of their diffusivity in water [74]. As a conse-
quence, when the entire porous network is filled with the IL, the
speed of mass transfer (of metal ions) is considerably reduced.
This very long second step can last for several weeks but con-
tributes for limited sorption. This is not really representative of
the standard use of the EIRs, and for further investigations, the
plots of extraction kinetics have been truncated at 3000 min
(i.e., about a little more than 2 days) (Fig. 5).

The Crank equation roughly fits experimental kinetic pro-
files (solid lines on Fig. 5, short-term kinetic profiles). Table 3
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Fig. 5 Short-term Au(Ill), Pd(Il), and Pt(IV) extraction kinetics using
XAD-1180/Cyphos IL101—effect of IL loading (C(HCI), 0.01 M; T,
20 °C; Cp, 62 mg Au L or Gy 23 mg Pd L 'orc, 28 mg Pt L
SD, 0.4 g L™'; solid lines, fitting of experimental data with the Crank
equation, RIDE)

reports the values of the apparent intraparticle diffusion coef-
ficient for Au(Ill), Pd(Il), and Pt(IV) extraction using XAD-
1180/Cyphos IL101 EIR. Based on the observations made on
long-term kinetic profiles and the pseudo-equilibria reached
within the first 2 days of contact, the apparent intraparticle
diffusion coefficients (D.) should be taken as indicative
values. The overestimated value obtained with ¢g;; 100 mg
IL g " EIR was explained above in relation to the slow kinet-
ics and the partial inactivation of the IL tightly bound to the

Table 3  Extraction kinetics—apparent intraparticle diffusion
coefficient (calculated by the Crank equation, RIDE)
Metal g (mg IL g ' EIR) T (°C) D, x 10"
(m® min ")

Au(Ill) 100 20 19.74

231 20 2.18

307 20 1.44

391 20 0.34

592 20 3.56

391 10 0.11

391 40 0.37
Pd(II) 231 20 4.18

391 20 1.01
Pt(IV) 231 20 1.34

391 20 0.21

resin surface: the amount of reactive IL is low and the satura-
tion of the IL occurs quite fast. In the range ¢;;. 231-391 mg
IL g”', D, progressively decreases. This is consistent with
previous studies on Cd(II) uptake using XAD7/Cyphos
IL101 [51], or Pd(IT) and Pt(IV) uptake using the same EIR
[53, 54]: the progressive saturation of the porous network
limits the free diffusion of the metal ions in the water phase
and the resistance to intraparticle diffusion increases. At
higher IL loading, the impact of the complete saturation of
the porous network leads to both very slow kinetics and over-
evaluation of D.. The kinetic profiles for Pd(I) and Pt(IV)
follow the same trend: with increasing IL loading from 231
to 391 mg IL g ' EIR, the D, decreases. The order of magni-
tude of the intraparticle diffusion coefficient is consistent with
previous values obtained with XAD-7 resins impregnated
with Cyphos IL101: 1.8 x 107"'-16.6 x 107" m? min" for
Au(IIl) [55], 1.6 x 1071120 x 10" m? min™" for Pd(II) [54],
or 0.5 x 10 ""-4.3 x 107" m? min"" for Pt(IV) [53]. These
values are also consistent with the values obtained in the case
of Cyphos IL101 encapsulated in alginate beads: 1 x 10"
4 x 107" m? min~! for Au(Ill) [75], 0.2 x 10 "=
2 x 107" m? min~! for Pt(IV) [59], or around
0.5 x 10" m? min"' for Pd(II) [60]. This means two or three
orders of magnitude higher than the self-diffusivity of these
metal ions in water. Indeed, the self-diffusivity of PdC1427 and
PtClg> is close to 8.4 x 10~® m? min™' [74]. The diffusivity in
water and in the ionic liquid phase may be affected by the
possible changes in the speciation of metal ions, but the dif-
ferences between the diffusivity coefficients in water (or IL)
and in the EIR are probably too large to be only explained by
speciation effect.

Influence of temperature on Au(lll) extraction kinetics

The temperature has a limited impact on kinetic profiles
(Fig. 6): at 20 and 40 °C, extraction kinetics overlap and the
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apparent intraparticle diffusion coefficient remains constant
(3.4 x 107"-3.7 x 107" m? min"). A slight decrease both
in kinetics and equilibrium performance (as expected) is ob-
tained when reducing the temperature to 10 °C: D, decreased
to 1.1 x 107" m? min"". A similar increase in the apparent
intraparticle diffusion coefficient with the temperature was
observed for Bi(Ill) recovery from HCI solutions using
XAD-7/Cyphos IL101 EIR [61]: this was associated to the
change in the viscosity of the IL. Indeed, increasing the tem-
perature significantly reduces the viscosity of the solution,
especially when the IL contains water. The decrease in the
viscosity of the IL improves the mobility of metal species
and consequently the intraparticle diffusion coefficient.
Martak and Schlosser [76, 77] investigated the impact of water
content on the extraction of organic acids in liquid/liquid sys-
tems. They show that Cyphos IL101 may extract significant
amounts of water (close to 14%, w/w) [76]. This strong water
extraction is influenced by the acid concentration [77] through
a dual mechanism: (a) co-extraction of butyric acid with water
(at high acid concentration) and (b) competitive extraction of
the organic acid (at low acid concentration). Obviously, in the
present study, the interaction of water and acid (co-extracted)
and the effect of hydration on the metal complexes may also
affect the mass transfer properties.

Influence of EIR particle size on Au(lll) extraction kinetics

Figure 7 shows the impact of the particle size of XAD-1180/
Cyphos IL101 on the Au(Ill) extraction kinetics. Decreasing
the size of the particles from 630 to 420 pm allows drastically
increasing the extraction kinetics: while several hours (about
1012 h) are necessary for achieving the complete recovery of
the metal for large particles, with the smallest particles, total
gold recovery was observed within the first 2 h of contact.
This is confirmed by the slight increase in the apparent
intraparticle diffusion coefficient (Table 4). This result

T
(°O
Al0
020
o040
e Q
1200 1800 2400 3000
Time (min)

Fig. 6 Short-term Au(Ill) extraction kinetics using XAD-1180/Cyphos
IL101—effect of temperature (C(HCI), 0.01 M; Cp, 62 mg Au L qi,
391 mgIL g ' EIR; SD, 0.4 g L™'; solid lines, fitting of experimental data
with the Crank equation, RIDE)
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confirms that resistance to intraparticle diffusion plays a sig-
nificant role in the control of extraction kinetics. The benefi-
cial effect of decreasing the size of EIR particles may be ex-
plained by the decrease in the intraparticle diffusion length in
the particle.

It is noteworthy that the size effect on extraction kinetics is
important and the wide range of particle sizes in the Amberlite
XAD-1180 resin stock [46] may induce significant variations
in the impregnation and extraction efficiencies. A thorough
size selection (narrower) would contribute to more precise
determination of the intraparticle diffusion coefficient.

Metal stripping

The cost of the EIR requires the recycling of the material after
metal loading; the easy recovery of the metals from the eluent
and the expected concentrating effect are also critical param-
eters for improving the competitiveness of the process. In
addition, stripping can be a very efficient step for enhancing
the separation of metal ions in complex solutions. The choice
of the eluent is thus an important issue for concluding on the
feasibility of EIR processing.

Selection of eluent

Table 5 summarizes the tests of Au(Ill), Pd(II), and Pt(IV)
stripping using a series of eluents. Water reveals completely
inefficient at removing PGMs from IL-impregnated resins:
only a negligible amount (i.e., 1.2%) of Pt(IV) was recovered
through water stripping. This is interesting since some BMs,
such as Cd(II) that were bound with similar systems (XAD-7/
Cyphos IL101), were significantly stripped with water [51]:
this can contribute to improved separation of PGMs from
BMs. Pd(Il) can be quite easily removed: with HNO; (5 M),
Na,SO; (0.1 M), thiourea (1 M in 0.1 M HCI solution), and
HCIO4 (1 M), the metal is completely recovered, while
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Fig. 7 Comparison of Au(Ill) extraction kinetics for XAD-1180/Cyphos
IL101 for different particle sizes (g1, 391 mg IL g ' EIR; SD, 0.4 gL ™";
C(HCI), 0.01 M; Co, 40 mg Au L™"; T, 20 °C; solid lines, fitting of
experimental data with the Crank equation, RIDE)
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Table 4  Au(Ill) extraction kinetics—effect of particle size of the EIR
on intraparticle diffusion coefficients (D.; obtained by the Crank
equation) for two different particle sizes (d,) for Cyphos IL101-
impregnated XAD-1180 resin (¢, 391 mg IL g ' EIR; 7; 20 °C)

Table 6  Au(lll) extraction and stripping using XAD-1180/Cyphos
IL101—EIR recycling

Cycle 1 2 3 4 5

Particle diameter (dj, 1m) D, x 10" (m? min™")

630 1.5
420 2.0

stripping does not exceed 84% with HCl (8 M) solutions.
Other PGMs were less easily removed from loaded EIR. For
instance, Au(IIl) was poorly eluted from the EIR when using
H,0, HCI (8 M), HNO; (5 M), and HCIO4 (1 M) (less than
8%); the stripping efficiency increases to 84% with Na,SOs3;
and only an acidic solution of thiourea succeeds in completely
removing Au(Ill) ions. Gold (in its trivalent form) being quite
easily reduced, metal stripping from loaded sorbent is fre-
quently hindered by this reduction mechanism; here, despite
the use of oxidizing eluents, the stripping efficiency is not
especially improved and only a strong complexing agent (such
as thiourea) can efficiently extract the metal from the saturated
impregnated resin. The case of Pt(IV) is substantially differ-
ent: Na,SOj3 has a negligible effect on Pt(IV) stripping (less
than 6%) and HC1 (even at 8 M concentration) does not extract
more than 23% of the metal-loaded EIR. Other eluents (nitric
acid, perchloric acid, and acidic thiourea solution) have good
stripping properties (in the range 82—-86%), but none of them
succeeds in completely removing Pt(IV) from loaded EIR.

Thiourea (in HCI solution) is the most efficient eluent for
broad and unselective recovery of PGMs from the EIR. On the
other hand, nitric acid and perchloric acid show good stripping
properties for both Pd(II) and Pt(IV) while Au(Ill) is not sig-
nificantly removed from metal-loaded EIR. Nitric and
perchloric acids can be used to separate Au(Ill) from the two
other PGMs.

Another “scenario” can be proposed for achieving a certain
separation of PGMs: (a) a first treatment with HCI to remove
most of PA(IT) and only a very small fraction of Pt(IV) (Au(III)
remaining on the EIR), followed by (b) treatment with HNO3
or HCI1O, to remove the residual amount of Pt(IV) (with traces

Table 5 Eluent selection—stripping efficiency (%)

Eluent Au(IIl) Pd(II) Pt(IV)
HNO; (5 M) 4.8 100 85.0
HCI (8 M) 0 83.4 23.1
HCIO4 (1 M) 7.4 100 81.8
Na,SO3 (0.1 M) 83.8 100 57
Thiourea (1 M in 0.1 M HCI) 99.6 100 85.7
Water 0 0 1.2

Experimental conditions (SD, 2 g L' contact time, 24 h; T, 20 °C; qiL
391 mg IL g71 )y—extraction: C(HCI), 0.1 M; Cp, 0.3 mM

>99.9
Stripping efficiency (%) 99.8

>99.9  >99.9 998 99.4
>99.9 98.8 992 >999

Extraction efficiency (%)

Experimental conditions (SD, 2 g L! ; contact time, 24 h; 7, 20 °C; gy,
391 mgIL g ' y—extraction: C(HCI), 0.01 M; Cy, 250 mg L' ; stripping:
thiourea (1 M in 0.1 HCI solution); rinsing with 0.01 M HCI solutions

of Pd(Il) and even less of Au(Ill)), and (c) a final treatment
with acidic thiourea to remove Au(Ill). Rinsing steps with
0.01 M HCl solutions can be intercalated between the different
operations and can be applied at the end of the stripping pro-
cess to re-condition the EIR (before the next sorption step).

Recycling of EIR

The recycling of the resin was tested for Au(Ill) recovery
using thiourea solutions (1 M in 0.1 M HCl solution) for metal
stripping. The results are summarized in Table 6. Gold recov-
ery from metal-loaded EIR is quite efficient, exceeding 99%,
and the extraction properties are maintained, under selected
experimental conditions, at levels higher than 99%: Metal
extraction is complete for the first three cycles and only begins
to slightly decrease at the fifth cycle (99.4%). The EIR can be
efficiently recycled for a minimum of five cycles, at least with
pure synthetic solutions. Complementary steps with complex
solutions would be necessary to definitively establish the re-
generation properties of the sorbent.

Separation properties
Precious metals

An extraction step (not shown) was performed using multi-
component solutions of Au(Ill), Pd(II), and Pt(IV) (at individ-
ual concentrations of 0.3 mM) under fixed experimental con-
ditions (C(HCI), 0.1 M; SD,2 g L™"; gy, 391 mg IL g ' EIR;
contact time, 24 h). Gold extraction was complete, while ex-
traction efficiency reaches 99.2% for Pd(Il) and 95.2% for
Pt(IV). XAD-1180/Cyphos IL101 is very efficient for the ex-
traction of these metal ions from multi-component solutions.
Based on these results, the affinity for selected metals can be
ranked as follows: Au(IIl) = Pd(IT) > Pt(IV); however, these
slight differences are not sufficient for making possible the
selective separation of these metals within the series of PGMs.

Precious metals vs. base metals

A complementary test was performed using complex solu-
tions, made of 0.3 mM solutions of Au(IIl), Pd(Il), and
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Table 7 Selectivity and

separation properties— Step Co(I) Nidl) Cudl) Fe(ll) 2Zn(l) Cdd) PtdV) PdIl)  Au(Il)
distribution of metals (%) in the
solution (S) and in the EIR (R) for ~ Extraction S 974 98 948 968 916 813 135 1.7 1.0
the different steps of the R 26 3.2 5.2 32 8.4 18.7 86.5 98.3 99.0
separation treatment Water washing S 1.0 0.9 12 14 30 164 0.0 03 0.0
R 16 23 40 1.8 5.4 23 86.5 98.0  99.0
HCI (8 M) S 13 13 1.1 0.0 14 0.9 8.5 65.0 0.0
R 03 1.0 29 1.8 4.0 1.4 78.0 330 99.0
HNO; (5 M) S 03 0.7 25 1.8 32 0.0 77.6 31.2 0.0
R 00 0.3 0.4 0.0 0.8 1.4 0.4 1.8 990
Thiourea S 00 0.3 0.4 0.0 0.8 1.4 0.4 1.8 990
R 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Treatment sequence: (1) metal extraction (0.1 M HCI; Cy, 0.3 mM) — (2) water washing of EIR — (3) stripping
with HCI (8 M) — (4) stripping with HNO; (5 M) — (5) stripping with thiourea (1 M in 0.1 M HCI solution).
Experimental conditions: SD, 2 g L!; contact time, 24 h; T, 20 °C; qiL, 391 mg IL g1

Pt(IV) for PGMs, and Co(II), Ni(Il), Cu(II), Fe(III), Zn(Il),
and Cd(II) for BMs. After an extraction test under selected
conditions (reported in the caption of Table 7), a series of
stripping operations (water washing followed by successive
treatments with solutions of 8 M HCIL, 5 M HNO;, and 1 M
thiourea (in 0.1 M HCl)) was completed and the content of the
different metals was determined in the different compart-
ments: residual amounts in the EIR, in the washing solution,
and in the different eluents. Table 7 reports the distribution of
the different metals in the different compartments. The extrac-
tion step is almost selective of PGMs (recovery yield >86%).
The BMs are extracted at a very low level (<8.5%), except
Cd(II) that is adsorbed at a slightly higher level (18.7%). The
selectivity against Co(Il), Ni(Il), and Cu(Il) was expected
since these metal ions are not supposed to form stable anionic
complexes with chloride ions; on the opposite hand, Fe(III),
Zn(Il), and Cd(II) form chloro-anions in HCI solutions that
could compete with PGM chloro-anions for metal extraction
by Cyphos IL101 [51, 52], but under these conditions (espe-
cially 0.1 M HCI), these metals are not efficiently extracted.

Fig. 8 Relative distribution of
individual elements in the
different compartments for metal
recovery (extraction/stripping/
washing steps) from multi-metal
solutions. Experimental
conditions are reported in Table 7
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Both Au(IIl) and Pd(II) are almost completely removed from
the solution, while a significant amount of Pt(IV) (about
13.5%) remains in the solution. This is globally consistent
with previous studies: little preference for
Au(III) over PA(IT) > Pt(IV). The second step (i.e., the washing
with water) almost completely removes the amount of Cd(II)
that was bound to the EIR; a negligible amount of Pd(II)
(about 0.3%) is also recovered from the EIR. As expected,
the treatment with HCI solution does not remove Au(IIl) while
about two thirds of sorbed Pd(I) is released from the EIR; a
little fraction of Pt(IV) (8.5%) is simultaneously desorbed.
The treatment with nitric acid completely removes Pt(IV)
(which remained on the EIR) with most of the remaining
Pd(II) (a fraction, less than 2%, still remains on the EIR),
and Au(II) is not eluted. The final treatment with acidic thio-
urea completely removes all remaining metals including
Pt(IV) (0.4%), PA(IT) (1.8%), and Au(III) (99.0%).

Figure 8 reports the distribution of each individual metal in
the different compartments. The initial solution after extrac-
tion contains more than 93% of BMs (plus 13.5% of Pt(IV)
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Fig. 9 Au(lll) extraction kinetics using XAD-1180/Cyphos IL101—
effect of resin recycling and thiourea treatment for different IL loadings
(C(HC), 0.01 M; Cp, 62 mg Au Lfl; SD,0.4 ¢g L T, 20 °C; solid lines,
fitting of experimental data with the Crank equation, RIDE)

and 1.7% of Pd(Il)). The washing solution contains 4% of
BMs including 16.4% of Cd(II). The eluate produced by
HCI solution contains 65% of Pd(Il) and 8.5% of Pt(IV).
The solution resulting from nitric acid elution contains
77.6% of Pt(IV) and 31.2% of Pd(II). Though some traces
of Pd(II) and Pt(IV) can be detected in the cluate issued from
the thiourea elution step, this solution is almost exclusively
constituted of Au(III).

The BMs are almost exclusively present in the treated so-
lution and in the washing solution (97%). Gold is essentially

recovered in the acidic thiourea solution (almost 99%).
Palladium is mainly distributed in the HCI solution (65%)
and in the HNOj solution (30.3%). Platinum is essentially
recovered in the HNO; solution (77.6%) and in the HCI solu-
tion (8.4%) while a part of PGMs remained in the initial so-
Iution (non-adsorbed fraction, 13.5%).

These results confirm that the PGMs can be efficiently
separated from BMs. A pre-separation (but incomplete) of
PGMs is possible: gold composes more than 95% of the spe-
cific thiourea eluate; HCI essentially recovers Pd(Il) and
HNO; mainly strips Pt(IV) (though in these last two cases,
non-negligible amounts of Pt(IV) and Pd(II) are also released).

Improvement of Au(IIl) sorption properties with thiourea
desorption cycles and pre-treatment

The observation of the resins during the extraction steps fol-
lowing the stripping treatment with acidic thiourea shows that
the change in color of the EIR was much faster than with
original EIRs. It appeared interesting comparing Au(Ill) ex-
traction kinetics for different extraction cycles with different
IL loadings (Fig. 9). The thiourea treatment clearly improves
the extraction efficiency of the EIR: the equilibrium concen-
tration progressively decreases with the recycling; in addition,
the extraction kinetics are faster. The beneficial effect of thio-
urea is especially significant at low IL loading (i.e., g,
100 mg IL g ' EIR): the enhancement continues over the
second cycle while for other gy the kinetic curves overlap
for cycles 2 and 3. Table 8 reports the main characteristics of
the different systems (apparent intraparticle diffusion coeffi-
cient and equilibrium sorption efficiency). The strict compar-
ison of intraparticle diffusion coefficient is difficult since the
pseudo-equilibrium reached after a few hours (with non-
treated EIRs) overestimates D..

Figure 10 compares the kinetic profiles of non-treated EIRs
and thiourea-treated EIRs (TW) for ¢y 100 and 592 mgIL g
EIR. The conditioning of the EIRs with thiourea consisted of
the treatment of the resin with an acidic solution of thiourea
(0.1 M in 0.1 M HCI solution) followed with a rinsing step
with a 0.01 M HCI solution. The “thiourea washing” of the
EIR significantly improves the efficiency of Au(Ill) extrac-
tion. Surprisingly, even the raw XAD-1180 (without IL im-
pregnation) shows a significant improvement in sorption per-
formance when washed with thiourea. The most probable ex-
planation consists of the presence of thiourea in the porous
network of the resin that contributes to metal binding and
accumulation in the resin (and in the EIR).

Conclusion

The mesoporous styrene-divinylbenzene resin (Amberlite
XAD-1180) impregnated with Cyphos IL101
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Table 8 Au(lIl) extraction

kinetics—effect of resin recycling ~ Resin recycling Treatment g (mgIL g' EIR) D, x 10" Extraction
or thiourea washing pre-treatment (m” min"") efficiency (%)°
(TW) on the apparent intraparticle
diffusion coefficient No ™ 0 237 62.2
No No 100 19.7% 3.5
No ™ 100 0.60 19.0
No No 592 3.56 63.3
No ™ 592 0.50 95.0
Cycle 1 No 100 19.7% 3.5
Cycle 2 No 100 0.72 34.5
Cycle 3 No 100 1.07 37.6
Cycle 1 No 391 1.43 21.8
Cycle 2 No 391 0.60 95.0
Cycle 3 No 391 0.44 95.5
Cycle 1 No 592 3.91 63.3
Cycle 2 No 592 1.11 93.7
Cycle 3 No 592 1.67 933

*The intraparticle diffusion coefficient was overestimated: the extraction capacity was very low (a significant
fraction of the liquid covering the internal surface of the porous network through strong interaction may cause a
significant decrease of the extraction capacity of the EIR); then, the equilibrium (saturation of the active part of the
immobilized IL) happens quite early and leads to a high relative value of D,

® Extraction efficiency at equilibrium (or determined at pseudo-equilibrium for the slow kinetics of non-pretreated
(or non-reused) EIRs, effect especially important for EIRs with high IL loading; i.e., ¢i, 592 mg IL g ' EIR)

(trihexyl(tetradecyl)phosphonium chloride) ionic liquid is
very efficient for binding Au(Ill), Pd(I), and Pt(IV) from
HCI solutions. The affinity of the IL for chloro-anions ex-
plains the strong extraction of PGMs in a wide range of HCl
concentrations: Pd(II) is much more sensitive to HCI concen-
tration than Au(IIT) and Pt(IV). At low HCI concentration, the
stoichiometric ratio between the IL and the metal chloro-
anions approaches 1 for Au(IIT) and Pd(Il) and 2 for Pt(IV);
the reaction involves the exchange of one chloride ion with
one AuCl, or PdCl;  and the exchange of two chloride ions
with one PtCls>". The Langmuir equation fits well extraction

Treatment: Thiourea Washing A
(mg IL g! EIR
- 61 oo TW
9
e A100
© 04 —
A100 TW 9
®592
0.2 1
0592 TW
o
00000 6 6o —o—°
0 T T T T T
0 240 480 720 960 1200 1440
Time (min)

Fig. 10 Effect of pre-treatment (thiourea washing, 7W) on Au(IIl)
extraction kinetics using XAD-1180/Cyphos IL101 at different IL
loadings (C(HCI), 0.01 M; Cy, 62 mg AuL™"; SD, 0.4 g L™'; 7; 20 °C;
solid lines, fitting of experimental data with the Crank equation, RIDE)

@ Springer

isotherms: maximum extraction capacity is proportional to IL
loading. Extraction kinetics are controlled by the resistance to
intraparticle diffusion. Increasing IL loading induces increas-
ing resistance to diffusion: the filling of the porous network
with the IL limits the diffusion of metal ions. When the porous
volume of the resin is completely filled, the extraction kinetics
are considerably slow. While the extraction is poorly selective
among PGMs, BMs are almost not bound to the EIR: XAD-
1180/Cyphos IL101 is selective for PGMs over BMs. The
stripping of PGMs can be efficiently operated by nitric and
perchloric acid, with sodium sulfite, and with thiourea (in HCI
solution). The extraction step allows separating PGMs from
BM:s, while a series of different stripping steps (8 M HCI, 5 M
HNOs, and acidic 1 M thiourea) allows recovering pure or
highly enriched individual metal solutions. The extraction
and stripping properties were maintained at a constant level
for Au(IIT) over five sorption/desorption cycles.
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