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ABSTRACT

An Ionic Liquid (IL) (Cyphos IL 101: tetradecyl(trihexyl)phosphonium chloride was immobilized on Amberlite XAD-7 for preparing extractant
impregnated resins (EIRs). The IL content was varied between 59 and 586 mg IL g~! EIR. The EIRs were tested for Bi(lll) recovery from (0.01-8 M) HCl
solutions. The EIRs were very efficient at extracting Bi(Ill), the sorption efficiency increased with IL content in the resin, but decreased with HCl
concentration. Bi(Ill) was extracted through an ion exchange mechanism involving the binding of its anionic chloro-complexes to IL phosphonium cation.
Sorption isotherms were fitted with the Langmuir equation and they were found to be very favorable with maximum sorption capacities up to 84.3 mg Bi
g ' EIR (in 1 M HCI solution using an EIR with 401 mg Li g~! EIR at 20 °C). Temperature slightly influenced Bi(Ill) sorption capacity. Bi(lll) recovery
selectivity was studied in bimetallic (1 M HCl) solutions, where, Cu(Il) and Ni(Il) were not removed but Zn(II) was partially extracted slightly affecting
Bi(III) recovery. Sorption kinetics was not affected by agitation speed: the resistance to film diffusion is not the limiting step. The uptake kinetics were
controlled by the resistance to intraparticle diffusion. The intraparticle diffusivity coefficients decreased with increasing IL loading but increased with
temperature due to the decrease of IL viscosity (in the EIRs). Bi(Ill) can be easily desorbed from EIRs using either citric acid, nitric acid or sodium sulfate

solutions. The EIRs could be recycled maintaining high efficiencies for sorption and desorption for at least five cycles.
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1. Introduction

The regulations concerning the discharge of contaminants in
the environment, the strong incentive to recover valuable sub-
products (including metal ions) from waste materials, which is
sometime called the “urban mine” (including industrial waste
materials), have initiated for the last decade an increasing atten-
tion to alternative processes for waste valorization. However, there
is still a need to develop new processes that could improve the
recycling of end-of-life products [1]. Strategic, precious or toxic
metals are concerned to face environmental reasons, economic
issues or strategic independence criteria. However, the cost of base
metals has extended this interest for metal recycling to copper.
Waste materials (from electronic materials for example) have
become an interesting resource for multi-metal recovery [2]. The
valorization of these wastes requires developing processes that
allow their selective separation [3]. The valorization of these
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materials may appeal either pyro-metallurgical or hydrometallur-
gical processes. In the hydrometallurgical way bismuth is
frequently found in the effluents issued from the dismantling of
printed circuit boards [2], the purification of copper refinery elec-
trolytes [4], where it is associated with several metals including
copper. The acidic leaching of the waste materials and the copper
refinery electrolyte could be valorized under the condition to
develop selective separation processes. Bismuth can be recovered
from water solutions using different mechanisms depending on
the composition of the solutions: especially pH but also the pres-
ence of competitor ions, high ionic strength etc. Extractants such
as Cyanex 301 (and other organophosphoric and organophosphinic
acids) were efficiently used for Bi(Ill) recovery by direct solvent
extraction [5,6] or using supported membranes [7]. These solvent
extraction processes are preferentially oriented toward the treat-
ment of concentrated solutions. Sorption processes are more
appropriate for the recovery of metal ions from dilute solutions.
Biosorbents were tested for the recovery of Bi(Ill), using for exam-
ple bayberry tannins immobilized on collagen fibers [8], or deriva-
tives of chitosan [9]. Some synthetic resins have been tested for
Bi(Ill) recovery from solutions [10-13]. Mineral sorbents such as
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silica-grafted materials revealed to be promising for recovery of
bismuth from dilute (and weakly acidic) effluents [14]. Extractant
impregnated resins represent alternative solutions that combine
the confinement/immobilization of liquid extractants and their
high affinity for metal ions [15]: they are suitable for the treatment
of dilute solutions and they retain the selectivity of extractants
while avoiding loss of toxic and/or expensive materials (as it may
occur in certain cases in solvent extraction processes). A new gen-
eration of extractants have been recently developed combining a
high efficiency for metal binding, a low vapor pressure and a high
solvating effects: ionic liquids (IL, including phosphonium-based or
imidazolium-based ILs) have retained a great deal attention for the
last decades for extraction processes [16-21]. Hence, phosphonium
ionic liquids have been also used as the impregnation phase in dif-
ferent systems including silica materials [22], synthetic polymers
[23], resins [24-26] or encapsulated in biopolymers [27-29].

This study focuses on the use of Cyphos IL101 (a phosphonium
ionic liquid) for the impregnation of a synthetic resin (Amberlite
XAD-7). The extractant-impregnated resin (EIR) has been tested for
Bi(Ill) solutions. SEM-EDX analysis is used for characterizing the
materials before and after metal binding. The impact of IL content
and HCI concentration have been investigated and the sorption iso-
therms are established at different IL loadings, and different temper-
atures. The uptake kinetics are thoroughly investigated with a
special attention paid to the resistance to intraparticle diffusion in
relation with ILloading and temperature (considering also the effects
of metal concentration and agitation speed). The selectivity of the
resin for against different metals is investigated from binary solu-
tions (including Zn(II), Ni(II) and Cu(Il)). Metal desorption and resin
recycling are finally carried out for 5 sorption/desorption cycles.

2. Material and methods
2.1. Materials

Amberlite XAD-7 was supplied by Sigma-Aldrich (Saint-Louis,
USA). This is a polyacrylic acid ester type resin ([CH,-~CH(COOR)]n).
Amberlite XAD-7 can be considered as a nonionic, moderately
hydrophilic macroporous polymer. It is commercialized as a mac-
roporous polymer, although it must be considered as a mesoporous
material (pore diameter: 20-500 A) according to IUPAC. The size
range of resin particle was 250-850 pm (20/60 mesh). The specific
surface area was 450 m? g !, the porosity was 0.55 and the pore
volume was in the range 0.97-1.14 mL g~ ! (skeletal density close
to 1.24gmL™") [30]. The resin was conditioned by the supplier
with NaCl and Na,COs to retard bacterial growth. It was necessary
to clean it to remove salts and monomeric material present on the
resin. The resin was therefore rinsed with de-mineralized water,
and then it was put into contact with ketone for 24 h at 25 °C. After
filtration under vacuum to remove excess ketone, the resin was
rinsed with de-mineralized water. It was then washed with nitric
acid (0.1 M) for 24 h. The resin was filtered under vacuum and then
rinsed with de-mineralized water to a constant pH. Finally, it was
put into contact with ketone for 12 h before being filtered under
vacuum and dried in a roto-vapor at 80 °C. Cyphos IL-101 was
kindly supplied by Cytec (Canada). This is a phosphonium salt ([P
R3R']* CI7, where R = hexyl and R’ = tetradecyl: tetradecyl(trihexyl)
phosphonium chloride, C.A.S. number: 258864-54-9, formula
weight: 519 gmol™'). It is a slightly viscous room temperature
ionic liquid. It is less dense than water and looks colorless to pale
yellow. It is immiscible with water although it is sparingly soluble
in water and can dissolve up to 8% water. Other reagents (metal
salts: BiCls, nickel, copper and zinc nitrate salts, acids. . .) were ana-
lytical grade and supplied by KEM (Mexico). Standard metal solu-
tions were supplied by Perkin Elmer (USA).

2.2. Resin impregnation

In the present work, the extractant was immobilized on the
resin by a physical technique. Different processes may be used
for the physical impregnation of the resin including (i) the wet
method, (ii) the dry method, (iii) the impregnation in the presence
of a modifying agent, or (iv) the dynamic method [31]. Previous
studies have shown that the dry method increases the stability of
the extractant on the resin. The dry impregnation of the resin
was actually performed by contacting 5 g of conditioned Amberlite
XAD-7 with 25 mL of ketone for 24 h [32]. Varying amounts of
Cyphos IL-101, diluted in ketone, were added to the resin slurry
for 24 h, under agitation. The solvent was then slowly removed
by evaporation in a roto-vapor. The amount of extractant immobi-
lized on the resin (g, mgIL g~ ' EIR) was quantified by the follow-
ing procedure. A known amount of impregnated resin (250 mg)
was mixed with methanol (5 mL) for 24 h to dissolve the extract-
ant, and the solvent was separated from the resin by decantation.
The washing treatment was repeated four times. Finally, the
resin was dried at 50°C for 24 h for final evaporation of the
solvent. The mass difference (Mcyphosii-101) between impregnated
(Mxap-7/cyphosii-101) and the washed resin (Mxap-7) was used to
calculate the amount of extractant immobilized on the EIR:

Mxap-7/cyphos 1L-101 — Mxap—7 (1)

Q=
MXAD—7/Cyphos IL-101

The experimental procedure allowed the preparation of EIR con-
taining from 59 mgIL g~ EIR up to 586 mg IL g~ ! EIR.

2.3. Sorption procedures

Bi(Ill) solutions were prepared in HCI solutions of different con-
centrations (0.5-6 M) with metal concentrations ranging between
50 and 400 mg Bi L~'. The sorption experiments at equilibrium
were performed by mixing the resin with Bi(Ill) solutions for 24—
120 h with a sorbent dosage (SD, solid/liquid ratio) fixed to
m/V=2gEIRL™! (m: mass of sorbent, V: volume of solution). The
suspensions were agitated on a reciprocal shaker (SEV, INO
650V-7) with an agitation speed (v) of 150 movements per minute
at constant temperature. After filtration the samples were analyzed
by atomic absorption spectrometry (AAS Perkin Elmer AAnalyst
200). The amount of metal adsorbed (q, mgBig~' EIR, or mmol
Bi g~! EIR) was calculated by the mass balance equation: q = V(Co
— Ceq)/m, where Cp and Ceq (mg Bi L', or mmol Bi L") are the ini-
tial and equilibrium Bi(Ill) concentrations, respectively. Several
sorption kinetic experiments were performed by contact under
agitation of a fixed amount of EIR (1 g of resin loaded with IL in
the range 207-586 mg extractant g~! EIR) with a fixed volume
(500 mL; SD: 2 g EIRL™!) of 1 M HCI solution containing varying
concentrations (in the range 150-500 mg Bi(Ill) L~!). The sorption
took place in a closed jacketed tank reactor under mechanical agi-
tation (Shaker IKA, RW-20, at 150 or 250 rpm). The spaces available
around the axis of the stirrer and for sampling were small enough
to prevent water evaporation and temperature variation. Temper-
ature (T) was varied in the range 10-40 °C. The samples were col-
lected at fixed times by a syringe connected to a filtration grid and
residual bismuth concentrations were determined by AAS. After
analysis, the samples were returned to the reactor in order to avoid
variation in solution volume.

Modeling of sorption isotherms and uptake kinetics are
described in the Additional Material Section (together with some
examples of modeling, Fig. AM1).



2.4. Desorption and recycling procedures

For the study of Bi(Ill) desorption, 20 mg of EIR (extractant load-
ing: 401 mg extractant g~' EIR) was mixed with 10 mL of Bi(Ill)
solution (100 mg Bi(IlI) L™ in 1 M HCI solution) for 24 h. The resid-
ual concentration measured by AAS after filtration served to deter-
mine the amount of metal bound to the resin. The metal-loaded
resin was mixed for 24 h with 10 mL of eluent solution (including
KI (0.25 M in 0.1 M HCl), Na,SO, (0.5 M, pH 2), EDTA (0.05 M, pH
6), citric acid (0.05 M, pH 6) and nitric acid (2 M)). The desorption
step was repeated once (when necessary). After filtration, the con-
centration in the eluent was determined by AAS in order to obtain
the amount of Bi desorbed from the resin. The amount of metal
desorbed divided by the amount of metal bound to the EIR served
for calculating the desorption yield (or efficiency). Washing steps
were performed under agitation for 2 h after metal sorption (using
10 mL of demineralized water) and after metal desorption (using
10 mL of 1 M HCI solution, washing step being repeated one time).
Bi(Ill) in the washing phase was analyzed to evaluate the necessity
of these washing steps. For the evaluation of sorption/desorption
cycles, the same procedure was used for five successive cycles.

2.5. SEM and SEM-EDX analyses

An environmental scanning electron microscope (ESEM),
Quanta FEG 200, coupled with an Oxford INCA350 energy disper-
sive X-ray microanalysis (EDX) system was used for SEM-EDX
characterization of materials before and after metal sorption. The
system can be used to acquire qualitative or quantitative spot anal-
yses and qualitative or quantitative X-ray elemental maps and line
scans. This ESEM allows samples to be analyzed at pressure and
humidity which approach normal laboratory conditions and avoids
experimental artifact. More specifically, this is possible to analyze
the samples at much higher pressures than with conventional SEM.
For cross-section analysis, the resin particles were frozen in liquid
nitrogen prior to a mechanical breaking in order to obtain observa-
ble cross-sections.

3. Results and discussion
3.1. Characterization of EIRs

3.1.1. IL loading

The impregnation of Amberlite XAD-7 with Cyphos IL101 was
extensively described in a previous study on the synthesis of Cd
sorbent [24]. Different lots were prepared with IL loading varying
between 59 and 586 mgILg~! EIR. The impregnation procedure
allowed complete retention of the IL till the limit amount of 15 g
of IL (diluted in ketone) for 10 g of Amberlite XAD-7: the amount
of IL released from EIR after ethanol washing corresponded to
the amount of IL introduced in the impregnation bath. Above, IL
release imparted the possible use of the EIR for metal sorption.
The EIRs were analyzed by optical microscopy [24]. Amberlite
XAD-7 aspect changed with increasing IL loading: the resin parti-
cles progressively became more opaque up to 500 mgILg™! EIR,
above the resins became translucent due to light diffraction effects
at the surface of the resin particles fully covered by the IL: the por-
ous network of the resin being saturated. The textural study of EIRs
revealed that the pore diameter increased with IL loading (from
84 A for Amberlite XAD-7 to 434 A for EIRs with a 498 mgILg !
EIR load) [24]: the porous network was progressively filled begin-
ning with micropores, and following with mesopores. As a conse-
quence the specific surface area of EIRs strongly decreased from
499 m? g~! for Amberlite XAD-7 to 22 m? g~! for high IL loaded
resins (498 mg IL g~! EIR). SEM-EDX analysis of EIRs also showed

that the IL (traced by the P element) was homogeneously distrib-
uted in the whole mass of the sorbent.

3.1.2. SEM-EDX analysis of Bi(Ill)-loaded EIR

The Bi(Ill) sorption on the EIR was characterized using SEM-
EDX analysis. Fig. 1 shows (a) the cross-section of the EIR after
Bi(Ill) sorption, (b) the X-ray spectrum (identifying the main ele-
ments present on the section; i.e.,, C and O elements that trace
Amberlite XAD-7 core; P element that traces the IL; and Bi ele-
ment; C element can come from both the IL and bound metal,
under the form of chloro-complex), and (c) the cartography of main
elements. The cross-section is characterized by the presence of an
homogeneous and dense dispersion of small dots at the periphery
of the resin particle (first external 20 um) and the presence of a
scarce (but homogeneous) distribution of largest dots in the core
of the particle. The cartography of main elements clearly shows
the homogeneous distribution of C/O elements (for the resin struc-
ture), P element (for IL) and Bi element (for solute): this confirms
that both the IL and the metal are equally distributed in the whole
mass of the sorbent. This is confirmed by Fig. AM2 (see Additional
material Section) that shows the distribution of the elements along
the cross-section of the cut particle (following white line): the dis-
tribution profile is homogeneous for all elements. The P and Bi
(together with Cl) elements are correlated confirming that the
metal binding occurs directly by interaction with the IL. Fig. AM3
(See Additional Material Section) compares the X-ray spectra of
“white spots” (called Spectre 1) and “mass zone” of the resin par-
ticle (called Spectre 2). Though the “analytical pear” is not selective
enough for analyzing only the white spot (analysis of a given vol-
ume around the spot, including the first internal layers of the resin)
the inversion in the intensity of Bi and P elements (white spot:
Bi >> P; mass zone: P > Bi) clearly shows that some heterogeneities
exist at the microscopic scale. White spots are enriched in Bi com-
pared to other zones of the Bi(lll)-loaded EIR: this is probably due
to the aggregation of Bi nanoparticles as the result of possible
localized precipitation phenomena.

3.2. Influence of HCl concentration and IL loading on Bi(lll) sorption
efficiency

Fig. 2 describes the cross effects of HCl concentration (0.5-6 M)
and IL loading (q.: 0-586 mgILg ' EIR) on Bi(lll) sorption effi-
ciency (Fig. 2A) and on the distribution coefficient (D: [Bi]gr/
[Bi]solution, at equilibrium, L kg~'; Fig. 2B). Amberlite XAD-7 can-
not bind Bi(Ill) whatever the concentration of HCl: this contrasts
with other systems that showed that, especially at high HCI con-
centration, the partial oxidation of some reactive groups at the sur-
face of the resin (conversion of polyacrylic acid ester groups to
carboxylic acid groups) can bind small amounts of metal ions such
as chloro-anions of Au(IIl) [33], or Cd(II) [24]. As expected, increas-
ing the IL load in the EIR progressively and linearly increased the
sorption efficiency of the EIR, especially at low HCI concentration.

On the other hand the concentration of HCI strongly influenced
Bi(IIl) recovery. For low IL loading (0-207 mgIL g~! EIR) the sorp-
tion efficiency progressively decreased when increasing HCI con-
centration. For higher IL loading three HCI concentration ranges
can be identified: (a) for 0.5-2 M HCI solutions the sorption effi-
ciency hardly varied, (b) for 2-4 M HCl solutions the sorption effi-
ciency slightly decreased, and (c) for HCl concentration above 4 M
Bi(III) sorption efficiency more significantly decreased.

The curves can be analyzed taking into account Bi(Ill) speciation
in HCl solutions. Fig. AM4 (See Additional Material Section) shows
the distribution of the different chloro-species of Bi(Ill) in function
of chloride ions concentration (which in turn corresponds to HCI
concentration). The species distribution diagram was established
using the overall formation constants of Bi(Ill) chlorocomplexes
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Fig. 1. IL-impregnated Amberlite XAD-7 after Bi(Ill) sorption: cross-section view, cartography of elements (C, O, P, Cl and Bi) and X-ray pattern.

(BiCI3~) cited by Hogfeldt: log pi=2.53, 4.66, 6.32, 7.93, 8.18, and
6.00, fori = 1-6, respectively [34]. Grey-shaded zone represents the
HCI concentration range that was investigated in this study (0.5-
6.0 M). Bi(Ill) can form, in the presence of chloride ions a series
of different chloro-complexes, including: (a) Cationic complexes:
BiCI?*, BiCl3, (b) Neutral complexes: BiCls, and (c) Anionic com-
plexes: BiCls, BiCIZ~, BiCI3~. As the concentration of chloride ions
(and HCl) increases the speciation of Bi(Ill) changes toward the for-
mation of more anionic species. In the range of HCl concentrations
that was studied in the present work the anionic species represent
more than 95% of total Bi(Ill). Cyphos IL101 is a tetraalkylphospho-
nium IL that can be schematized under the form R*R'P*Cl". Previ-
ous studies have shown the affinity of the cationic phosphonium
moiety for anionic species [17,30,33,35]; through ion exchange
with chloride ions (counter anion of the IL). Bismuth recovery from
HCl solution will thus proceed through different possible reactions:

BiCl, + RsR'P*Cl™ « RsR'P*BiCl; + CI- 2)
BiCI2™ + 2RsR'P*Cl™ « (RsR'P*),BiCI2™ + 2CI~ 3)
BiCI™ + 3RsR'P*Cl™ — (RsR'P*),BiCI}™ + 3CI (4)

The decrease in sorption efficiency at high HCl concentration can be
explained by the effect of large chloride ions excess that contributes
to the dissociation of the (RsR'P*); BiClis; complexes. Since the pre-
dominating species are the mono and di-anionic chloro-complexes
and the reversal effect less extended for these two species the
extraction mechanism will probably involve the extraction of one
(or both) of them by Cyphos IL101 immobilized in the porous struc-
ture of Amberlite XAD-7.

The log-log plot of the distribution coefficient D vs. gy and ayq
can be used to determine the stoichiometric ratio between the
metal and the extractant, and between the metal and chloride ions,
respectively. The slope of the plot allows identifying the number of

phosphonium cations and chloride ions that were exchanged. Here,
ayc is the mean activity of H" and Cl~ ions and can be used for esti-
mating the chloride ion activity in order to determine the number
of chloride ions that are involved in metal sorption (taking into
account the impact of ionic strength). The plot of D vs. gy (in
log-log units; Fig. 2B) at all HCl concentration values systemati-
cally shows two linear sections with approximately the similar
slopes and with a common demarcation at g, =207 mglILg!
EIR. At low IL loading the slope of the logarithmic plot of D vs. gy
was 1.51 £ 0.17 while it increased to 2.54 + 0.14 at higher IL load-
ing. Based on Eqgs. (2)-(4) the slope was expected to be close to 1
(sorption of BiClz), 2 (sorption of BiCIZ~) or 3 (sorption of BiCI3").
Moreover, the values of slopes for the plots log D vs. log ayc; (not
shown) are closed to —0.5. Actually the values of slopes are not
consistent with the stoichiometric coefficients on Eqs. (2)-(4).
The interpretation of phenomena is made complex because Cyphos
IL101 can extract significant amounts of water and HCl [36]. The
discussion of slopes (and stoichiometric ratios) is thus difficult.

3.3. Bi(Ill) sorption isotherms

Sorption isotherms for Bi(Ill) using Cyphos IL101 immobilized
in Amberlite XAD-7 were obtained from 1 M HCl solutions at dif-
ferent temperatures (20-40 °C, Fig. 3) and different IL loadings
(106-401 mg IL g~ ! EIR, Fig. 4). The shape of the curves was sys-
tematically characterized by a sharp initial increase of sorption
capacity followed by a saturation plateau. This is the typical shape
of Langmuir-type sorption isotherm. Actually, the Langmuir equa-
tion roughly fitted experimental data: some discrepancies could be
observed in the curved part of the isotherms.

3.3.1. Effect of temperature on sorption isotherms
The temperature had a limited impact on sorption isotherms:
the sorption capacities slightly increased with temperature,
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Fig. 2. Effects of HCl concentration and IL loading in the EIR on Bi(Ill) sorption
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Fig. 4. Effect of IL loading on B(III) sorption isotherm (A) and correlation between IL
loading and Bi(Ill) maximum sorption capacity (B) using IL-impregnated resin (Cyc:
1M; SD: 2 g EIRL™Y; T: 20 °C; v: 150 rpm; contact time: 120 h).

Table 1

Effect of IL loading and temperature on sorption isotherms - parameters of the

Langmuir equation. (Cyg: 1 M; SD: 2 g EIR L™'; v: 150 rpm; contact time: 120 h).

IL loading T Gm b R? Bi(III)/IL
(mgILg ! EIR) (°C) (mgBig! (Lmg™") (mol/mol)
EIR)

106 20 13.9 0.128 0912 0.32

207 20 47.1 0.104 0.998 0.57

291 20 61.3 0.283 0.988 0.52

401 20 83.5 0.080 0.997 0.52

401 30 86.4 0.835 0.996 0.54

401 40 84.2 0.551 0.995 0.52
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Fig. 3. Effect of temperature on Bi(IlI) sorption isotherm using IL-impregnated resin
(Chci: 1 M; SD: 2 g EIRL™'; qy: 401 mg IL g~ ! EIR; v: 150 rpm; contact time: 120 h).

indicating that the reaction is endothermic. However, the effect
could only be detected for the shift 20 °C to 30 °C, above (i.e., at
40 °C) the sorption isotherms overlapped both in terms of maxi-
mum sorption capacity and initial slope, which is correlated to
the affinity of the sorbent for Bi(Ill) (Fig. 3). The variations for the
coefficients of the Langmuir equation (Table 1) are not showing
clear and continuous trends. The sorption capacity at saturation
of the monolayer (i.e., ¢n) only varied in the range

83.5-86.4mgBig ' EIR. The affinity coefficient (i.e., b) shows
much larger variations especially between 20 °C and 30-40 °C:
the difference reaches one order of magnitude between 20 °C and
30 °C. This is a clear evidence that the sorbent has a greater affinity
for Bi(Ill) at higher temperatures. The variations of the parameter
are not clear enough to make possible the calculation of thermody-
namic parameters.

3.3.2. Effect of IL loading on sorption isotherms

As expected, increasing IL loading in the EIR increased sorption
capacities (Fig. 4A). Table 1 shows the increase of sorption capacity
at monolayer saturation (i.e., ). The plot of g, vs. g (in molar
units) follows a linear trend (Fig. 4B). The slope of the curve is close
to 0.57; this is consistent with the molar ratio Bi(Ill)/IL calculated



in Table 1 on the basis of sorption capacities at monolayer satura-
tion and IL content in the EIR. Except for the lowest IL loading
(which decreased to 0.32) the molar ratio Bi(Ill)/IL at saturation
varied between 0.52 and 0.57: average value: 0.534; standard devi-
ation: 0.020. A molar ratio close to 0.5 is consistent with the
hypothesis of a reaction involving 2 IL molecules per bismuth mol-
ecule. This means that the interaction probably proceeds through
the interaction between 2 R3R'P* ClI~ and BiClZ", according Eq.
(3). Fig. 4B also shows that the linearization does not pass through
the origin. This phenomenon also occurred in the case of Cd(II)
sorption in HCl using the same EIRs [24]. This was attributed to
the tight binding of a thin layer of IL at the surface of the internal
porosity of Amberlite XAD-7: this fraction is supposed to have a
strong interaction with the support that imparts its ability to inter-
act with metal ions. A similar mechanism could occur in the case of
Bi(Ill) sorption on Cyphos IL101/Amberlite XAD-7 EIR and this
could explain that at low IL loading (i.e., 106 mgILg™! EIR) the
molar ratio Bi(Ill)/IL did not respect the expected molar ratio
(0.32 instead of 0.5). Based on the linear plot of gy, vs. q;_ (in molar
units) the amount of inactive IL that could be bound to the support
may reach up to 0.054 mmol IL g~ ! EIR (i.e., 28 mg IL g~ ! EIR). This
is consistent with the values calculated in the case of Pd(II) sorp-
tion using the same EIRs (i.e., 0.04 and 0.07 mmolILg ! EIR,
depending on the concentration of HCl solutions) [25]. For the
low IL loading (i.e., 106 mg IL g~! EIR or 0.204 mmol IL g~! EIR) cor-
recting the IL loading with the fraction of IL tightly bound to the
support would result in recalculating the Bi(IIl)/IL molar ratio to
0.44 closer to the expected value (i.e., 0.5).

The stoichiometric ratio Bi(III)/IL close to 0.5 is consistent with
previous results using the same EIRs for Cd(II) sorption ((R3R'P*),
CdCI%™) [24], for Pd(II) sorption ((RsR'P*), PACI3™) [25] and Zn(II)
sorption ((RsR'P*), ZnCl%~) [30], while the stoichiometric ratio
was close to 1 for Au(Ill) sorption ((RsR'P*) AuCly) [33]. In the case
of Bi(Ill) sorption on Cyphos IL101 immobilized in alginate cap-
sules, Campos et al. observed that the stoichiometric ratio
exceeded 1 between the IL and Bi(Ill) (i.e., in the range 1.3-1.6):
they suggested that metal binding involved the reaction ((R3R'P*)
BiClz) with a number of IL molecules not being available or acces-
sible to metal ions [27].

The comparison of sorption capacities for Bi(Ill) for different
supports is made difficult by the difference in pH or acid concen-
trations that were investigated. Belkhouche and Didi [15] reported
maximum sorption capacities as high as 490 mg Bi g~! EIR at pH 3-
4 for di(2-ethylhexyl)phosphoric acid (D2EHPA) impregnated on
Amberlite XAD-1180. In the case of Cyphos IL101/Alginate capsules
the maximum sorption capacity reached up to 150 mg Bi g~ sor-
bent in 1 M HCl solutions [27]. Bismuth sorption at pH 2 on coco-
nut activated carbon reached 55 mg Big~! [37].

3.4. Influence of metal cations on Bi(Ill) sorption efficiency - selectivity

The presence of other metals may interfere on the sorption of
target metal. This is representative of most common types of efflu-
ents where competitor metals may be present in complex solu-
tions. In order to verify the selectivity of the EIR for Bi(Ill) a
series of experiments was performed in binary solutions contain-
ing increasing concentrations of competitor metals (100, 200 and
400 mg metal L~! vs. 100 mg Bi L), including Cu(Il), Ni(Il), and
Zn(Il). Fig. 5 shows the influence of these metal ions on Bi(III) sorp-
tion efficiency. The metals can be classified in two groups: (a)
Cu(II) and Ni(Il) (whose even in large excess hardly affected Bi(llI)
sorption capacity, less than 2%), and (b) Zn(Il) (which weakly
decreased Bi(Ill) sorption capacity). The presence of Zn(Il) even
with a 12-fold excess (in molar units) compared to Bi(Ill) reduced
the sorption efficiency by less than 10%. The difference in the
competitive behavior of these metals can be correlated to their
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Fig. 5. Effect of the presence of competitor metal ions (Ni(II), Cu(II) and Zn(II)) on
Bi(1ll) sorption efficiency using IL-impregnated resin (Cyci: 1 M; Co: 100 mg Bi L™;
SD: 2 g EIRL™'; qy.: 401 mgILg ! EIR; T: 20 °C; v: 150 rpm; contact time: 120 h).

speciation properties in HCI solutions. Indeed, Cu(Il) and Ni(II) do
not form stable anionic chloro-complexes, contrary to Zn(Il) that
can form chloro-anionic complexes: ZnCl3~ and ZnCl5. As a matter
of fact, Cyphos IL101 was carried out for the solvent extraction of
Zn(Il) from chloride-containing synthetic and industrial solutions
[20,38,39]. Zn(II) was also recovered from HCI solutions (optimum
concentration range 2-4 M) using Cyphos IL101/Amberlite XAD-7
EIR: maximum sorption capacity reached 20 mgZng~! EIR [30].
Similar results were observed in the sorption of different metals
ions using Cyphos IL101 immobilized on Amberlite XAD-7 or in
alginate capsules: the sorption of Pd(II) [40], Pt(IV) [29], or Au(III)
[35] was weakly affected by the presence of Zn(Il) or Fe(Ill) and
almost not influenced by the presence of Ni(Il) and Cu(Il). The
effect of the matrix on target metal sorption can thus be roughly
predicted based on the stability of chloro-anionic complexes of
the competitor metal ions.

3.5. Bi(Ill) uptake kinetics

In order to identify the limiting step in the uptake kinetics of
Bi(Ill) by the Cyphos IL101/Amberlite XAD-7 several equations
(see Egs. (AM2)-(AM9) in Additional Material Section) were tested
for fitting experimental data. Fig. AM1 (See Additional Material
Section) shows an example of model testing (i.e., HDM and SCM
affected by film diffusion (FD), intraparticle diffusion (PD) or chem-
ical rate (CR)). The best results were obtained with HDM-PD and to
a lesser extent with SCM-PD and SCM-FD (in these cases the linear
section was obtained but the fitted curves did not pass through the
origin. This is the first evidence that the resistance to intraparticle
diffusion is probably the main controlling step in the uptake kinet-
ics. In addition, the pseudo-first order rate equation (PFORE) and
the pseudo-second order rate equation (PSORE) failed to accurately
fit experimental data: the PSORE failed to fit the curvature zone
while the PFORE significantly overestimated the last part of the
uptake kinetics (Fig. AM1, See Additional Material Section). For
these reasons the uptake kinetics have been modeled using the
model of resistance to intraparticle diffusion (the so-called Crank’s
equation) (see below the fit of experimental curves: solid lines
superimposing to experimental dots).

3.5.1. Effect of agitation speed

The increase of agitation speed from 150 rpm to 250 rpm did
not significantly affect the kinetic profiles: the curves superim-
posed (Fig. AM5, See Additional Material Section). This is
confirmed by the value of the intraparticle diffusion coefficient



Table 2
Uptake kinetics - intraparticle diffusion coefficient (Crank’s equation). (Cyc: 1 M; SD:
2gEIRL™'; v: 150 rpm).

v qr (mglLg™! Co (mg Bi T D, x 10" MSR
(rpm)  EIR) L (°C)  (m*min~")

150 401 250 20 2.75 0.018
250 401 250 20 3.54 0.006
150 207 250 20 35.2 0.068
150 586 250 20 0.54 0.054
150 401 150 20 1.85 0.015
150 401 500 20 8.53 0.083
150 401 250 10 1.36 0.099
150 401 250 30 6.56 0.015
150 401 250 40 14.4 0.073

MSR: minimum square of residuals.

(i.e., D,) that hardly varies around 3 x 10~!'' m? min~! (Table 2).
The limited effect of agitation speed confirms that the resistance
to film diffusion is not the predominant controlling step. This also
justifies the modeling of experimental data with the Crank’s equa-
tion (resistance to intraparticle diffusion): the experimental points
are well described by Eq. (8).

3.5.2. Effect of IL loading in the EIR

The kinetic profiles have been compared under identical condi-
tions using EIRs that contain different IL loadings (Fig. 6A and B). As
expected increasing the IL loading contributed to a drastic reduc-
tion of the residual concentration at equilibrium. More interesting
is the impact of this parameter on the initial section of the curve.
When the IL loading increases the initial slope of the curve tends
to decrease and the time required for reaching the equilibrium dra-
matically increases. This is confirmed by the drastic decrease in the
intraparticle  diffusion coefficient from 35.2x107'! to
0.54 x 107" m? min~!'. With similar material Arias et al. [24]
reported that when increasing the loading of the EIR, the IL pro-
gressively fills the porous network: in a first step the micropores
are filled with the ionic liquid before filling the mesopores (and
even macropores when the EIR is saturated). The diffusion of solute
is hindered in the IL (compared to water). This limitation can pro-
ceed through different mechanisms including viscosity effect: the
IL has a greater viscosity than water. For example Alguacil et al.
[41] showed that the apparent diffusion coefficient of Cr(VI) in
the organic phase (made of Cyphos IL101 and cumene) of a
pseudo-emulsion membrane is about one order of magnitude
lower than the self-diffusion coefficient of Cr(VI) in water. As a
consequence the resistance to intraparticle diffusion increases
with the progressive saturation of the internal porous network of
the EIR (Table 2). The direct correlation of diffusion coefficient with
viscosity is made difficult by the impact of water and HCl extrac-
tion by the IL. Indeed, while the water content in the IL increases
its viscosity tends to significantly decrease. This means that the
diffusivity coefficient in the organic phase will vary along the sorp-
tion process with the simultaneous extraction of water and HCI. All
these facts contribute to explain the significant contribution of
intraparticle diffusion in the control of uptake kinetics.

The intraparticle diffusion coefficients for Bi(Ill) in Amberlite
XAD-7/Cyphos IL101 EIR can be compared to the values obtained
with the values obtained with Cyphos IL101 immobilized in algi-
nate capsules [27]. Though the experimental conditions (IL loading,
metal concentration) are different the diffusion coefficients are in
the same orders of magnitude: 6 x 10" m? min~'-14.3 x 10~ !
m?min~! (for alginate encapsulated materials with IL varying
between 314 and 573 mg IL g~ sorbent) vs. 5.4 x 107> m? min~'-
3.52 x 107'°m? min~! (for the present system with IL varying
between 207 and 586 mgILg~' EIR). Surprisingly, in the case of
alginate-based material the variation in the diffusion coefficient
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Fig. 6. Effect of IL loading on Bi(Ill) uptake kinetics using IL-impregnated resin at:
(A) the initial stage, and (B) the later stage of process (Cyci: 1 M; Co: 250 mg Bi L™1;
SD: 2 g EIRL™'; T: 20°C; v: 150 rpm).

was less marked and did not show a continuous trend as it
occurred with Amberlite XAD-7 supported IL. It is noteworthy that
in alginate-based materials the IL is immobilized in the core of the
gel-like structure compared to the present system. The decreasing
effect of IL loading increase on diffusion coefficient was also
observed for the sorption of Au(lll) [33] (5.2 x 107" m? min~'-
16.6 x 107" m?min~"), Pd(Il) [25] (1.6 x10~"" m?min '-
105 x 107" m? min~!), zn(ll) [30] (1.2 x 107" m?min~'-
58 x 107" m?min™'), and Cd(Il) [24] (1 x 1072 m? min~!-
8 x 1071 m? min~'): the differences being especially marked for
Bi(IIl) and Cd(II).

3.5.3. Effect of metal concentration

The change in the initial metal concentration affects the time
required to reach equilibrium while the initial slope was almost
not affected (Fig. 7). The concentration gradient is the driving force
for mass transfer: increasing the concentration of the metal
increase the intraparticle diffusion coefficient. Actually, D, linearly
varied with the equilibrium concentration according to: De
(m?min~")=1.25 x 107" +2.34 x 107 '3 C¢q (mg Bi L") (R*: 0.997).
Due to the limited number of data, this equation should be consid-
ered a simple indication on the trend followed by intraparticle dif-
fusion coefficient against metal concentration effect. In the case of
Bi(Ill) sorption on Cyphos IL101/alginate capsules, Campos et al.
[27] also observed an increase of intraparticle diffusion coefficient
with metal concentration. Similar variation in the apparent
intraparticle diffusion coefficient were observed when increasing
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Fig. 7. Effect of initial metal concentration on Bi(Ill) uptake kinetics using IL-
impregnated resin (Cyci: 1 M; qu: 4011Lg ! EIR; SD: 2¢g EIR L™!; T: 20°C; v:
150 rpm).

metal concentration for the sorption of Au(Ill), Zn(II), Cd(Il) or
Pd(II) with the same EIR [24,25,30,33].

3.5.4. Effect of temperature

The temperature frequently affects the thermodynamics of
sorption process, though Fig. 6 showed a limited impact of increas-
ing temperature from 20 to 40 °C. However, this parameter can
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Fig. 8. Effect of temperature on Bi(Ill) uptake kinetics of IL-impregnated resins at:
(A) the initial stage, and (B) the later stage of process (Cyci: 1 M; qi.: 401 mgILg™!
EIR; SD: 2 g EIR L™ ; Co: 250 mg Bi L™'; v: 150 rpm).
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Fig. 9. Correlation of effective diffusion coefficient with temperature (O) and IL
viscosity (A) (Cua: 1 M; qu: 401 mg ILg ' EIR; SD: 2 g EIRL™Y; Cp: 250 mg Bi L™'; v:
150 rpm).

also influence the uptake kinetics. Fig. 8 shows that the tempera-
ture significantly changed the kinetic profile both at the initial
stage of the process (within the first hours of contact) and at the
later stage. More specifically, the initial slope of the uptake kinetics
increased with increasing the temperature (Fig. 8A). This can be
probably correlated to the effect of temperature on the viscosity
of the IL within the porous network. Indeed, according the data
sheet of Cytec for Cyphos IL 101, the viscosity of IL varied from
0.51 Poise to 0.09 Poise (values for Cyphos IL101 containing about
10% of water, close to saturation, about two orders of magnitude
greater for a 1% w/w water content) when increasing the temper-
ature from 10 to 40 °C. Fig. 9 correlates the effective diffusion coef-
ficient (i.e., D.) with the temperature (exponential function) and
with the viscosity (power function; assuming the IL to be water
saturated at 10%). While decreasing the viscosity the mobility of
metal ions species is improved and the resistance to intraparticle
diffusion decreases. The effect of temperature on viscosity, which
in turn affects intraparticle diffusion coefficient (Table 2), is thus
consistent with the conclusions reached on the effect of IL loading
(see above).

3.6. Metal desorption and EIR recycling

The possibility to desorb the target metal and the ability of the
EIR to be recycled are key parameters for the development and the
transfer of the process for large-scale applications. A series of elu-
ents have been tested for five sorption/desorption cycles including:
(a) KI (0.25M in 0.1 M HCl), EDTA (0.05M, pH 6) and Na,SO,
(0.5M, pH 2) (their sorption and desorption performances did
not follow a clear trend; irregular sorption and desorption efficien-
cies, progressive decrease of efficiency, necessity to perform at
least two successive desorption step before sorption, not shown),
and (b) citric acid (0.05 M, pH 6) and nitric acid (2 M) (whose sorp-
tion/desorption properties were maintained at high level over the
5 cycles) (Fig. 10). Both nitric acid and citric acid solutions have
sorption efficiency almost constant; two successive desorption
steps were necessary to completely remove Bi(lll): however, the
amount released at the second desorption steps was slightly higher
for nitric acid than for citric acid. The mass balance performed on
Bi(III) over the five cycles showed that with nitric acid the overall
desorption efficiency approached 95% while with citric acid the
overall desorption (cumulative sorption and desorption) exceeded
99%. Citric acid (0.05 M, pH 6) achieved efficient desorption and
made possible the re-use of the sorbent for a minimum of five
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Fig. 10. Sorption (EC)/desorption (DC) cycles using citric acid or nitric acid as eluent
(Sorption: Cyci: 1M; qy: 401 mgILg' EIR; SD: 2 g EIR L™'; Co: 100 mg Bi L™'; v:
150 rpm; contact time: 24 h/Desorption: two successive treatments with contact
time: 24 h; SD: 2 g EIR L™'; [citric acid]: 0.05M and pH 6; [nitric acid]: 2 M;
preconditioning of the resin after desorption: twice with 10 mL of 1 M HCI solution
for 2 h).

cycles. These results demonstrate the potential of these materials
for Bi(Ill) recovery from HCI solutions.

4. Conclusions

Cyphos IL101 immobilized on Amberlite XAD-7 can be effi-
ciently used for Bi(Ill) recovery from HCI solutions (in the range
of concentration 0.5-2 M). Sorption efficiency proceeds to chloride
ion exchange with Bi(Ill) chloro-anionic species. The sorption effi-
ciency depends on both HCl concentration and IL loading. Sorption
capacity increases with IL loading and the stoichiometric ratio at
saturation of the EIR correspond to a molar ratio Bi(IIl)/IL close to
0.5: this means that BiClZ~ is the preferential species to be
exchanged with chloride ions. The presence of competitor ions,
such as Cu(II) and Ni(Il) does not interfere on sorption performance
since these metals do not form stable chloro-anionic species; on
the opposite hand Zn(Il) forms stable anionic chloro-complexes
and tend to slightly decrease Bi(Ill) sorption capacities. However,
even with a large molar excess the loss of sorption efficiency
remains rather limited. The negligible effect of agitation speed on
uptake kinetics means that film diffusion is not the main rate lim-
iting step. The good fit of experimental data by the Crank’s equa-
tion confirms that uptake kinetics are mainly controlled by the
resistance to intraparticle diffusion. The diffusion of metal species
is hindered (compared to diffusion in water) and the progressive
saturation of the porous network induces an increasing resistance
to intraparticle diffusion. Increasing the temperature allows
limiting this resistance to diffusion, probably due the decrease of

IL viscosity. Bi(Ill) can be readily desorbed from loaded EIR using
citric acid solution (0.05 M, pH 6), which is slightly better than
2 M nitric acid solution in terms of Bi(Ill) sorption and desorption:
the performances are maintained at a constant level for a mini-
mum of five sorption/desorption cycles.
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