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a b s t r a c t

Cyphos� IL-101 (tetraalkyl phosphonium ionic liquid, IL) was immobilized in a synthetic resin (Amberlite
XAD-7) for preparing an solvent impregnated resin (SIR). This SIR was tested for Cd(II) sorption in HCl
solutions. Optimum sorption occurs for HCl concentrations close to 3–4 M through an ion exchange
mechanism involving phosphonium cation and CdCl2�

4 . Sorption capacity increased with IL loading,
though a fraction of the IL remained inactive, being bound to the polymer support. Sorption capacity is
poorly influenced by metal ions that do not form chloroanionic species. Uptake kinetics are controlled
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1. Introduction

The regulations concerning metal discharge to the environment
are becoming more and more drastic. Uncontrolled release to the
environment may cause serious health problems due to their accu-
mulating effect in the food chain. For example, the case of mercury
contamination in the Minamata bay in Japan showed that the accu-
mulation of the metal along the food chain induced dramatic dam-
ages. Cadmium is also part of the topic contaminants that retained
great attention from Health Authorities and Regulation Agencies.
Indeed, cadmium intake may have long-term effects such as kidney
damage, or impact on blood, bone and liver. Short-term exposure
may cause diarrhea, vomiting, nausea.

Apart of environmental impacts, the ethical and political de-
mand for sustainable growth requires from industry developing
processes for minimizing waste production and in a growing num-
ber of countries the final discharge to landfill is only authorized
after proving that the material cannot be valorized. For this reason
there is a need for the recovery of metals from secondary sources
(including low-grade ores and industrial wastes). Cadmium is
widely used in Ni–Cd batteries. Hydrometallurgy can be used to
recover and separate these metals: the first step (after dismantling
the material and magnetic separation) consists in bioleaching or
.

acidic leaching using sulfuric acid or hydrochloric acid [1–3]. Sev-
eral methods can be used for cadmium binding: sorption using dif-
ferent materials such as ion exchange resins [4–6], biosorbents
[7,8], activated carbon [9], polymer inclusion membranes [10], sol-
vent extraction [2,11], extractant impregnated resins [12–24].

Polymers-supported reagents are widely employed in metal
ions separations [25,26]. Extractant impregnated resins have re-
tained much attention for the last decades. Indeed, immobilizing
an extractant in a resin support allows maintaining their high
recovery efficiency and preventing their dispersion in the aqueous
solution (expensive and hazardous compounds). Additionally, the
presence of the resin may enhance the removal efficiency of the
extractant. For example, Muraviev et al. [27] compared the extrac-
tion behavior of DEHPA and DEHDTPA toward Cu(II)/Zn(II) mix-
tures in the bi- and triphase systems of different types. They
showed that the presence of the resin significantly facilitates the
solvent extraction of the ionic species that are not extracted in
the liquid/liquid systems; they attributed this effect to the changes
of both hydration of metal ions and pH in the resin phase [27].

Different methods of SIR preparation have been published [28].
More recently, new SIR have been designed [29]. Different strate-
gies have been proposed using biopolymers for the immobilization
of the extractant [30,31], using less hazardous extractants (ionic
liquids) immobilized in conventional resins [32,33], or in biopoly-
mer matrices [34–39]. Ionic liquids offer very promising properties
for metal recovery in solvent extraction processes; among
them, Cyphos products (based on the chemistry of tetraalkyl
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phosphonium salts) have been tested for the recovery of Pd(II) and
Zn(II) [40–42]. Metals forming anionic complexes with chloride
ions can be bound in 1–5 M HCl solutions [32–42]. They have been
also used for the extraction of organic compounds [43–45].

This work focuses on the synthesis of a SIR based on the immo-
bilization of Cyphos� IL-101 (tetraalkyl phosphonium chloride) in
Amberlite XAD-7 and its application to recovery of Cd(II) from
HCl solutions. The SIR are characterized using optical microscopy,
scanning electron microscopy coupled with energy dispersive X-
ray microanalysis (SEM-EDAX), and textural analysis, looking at
the impact of IL loading. The sorption properties are studied eval-
uating the impact of HCl concentration, the sorption isotherms,
and the effect of the presence of competitor ions. The kinetics are
investigated with the double objective of identifying the limiting
step in the mass transfer and measuring the effect of increasing
the IL loading on the resistance to intraparticle diffusion. The last
part deals with metal desorption and SIR recycling. A great atten-
tion is paid to the understanding of IL loading on sorption capacity
(availability of IL) and uptake kinetics (mass transfer properties).

2. Materials and methods

2.1. Materials

Amberlite XAD-7 was supplied by Sigma–Aldrich (Saint-Louis,
USA). This is a polyacrylic acid ester type resin ([CH2–CH(COOR)]n).
The physical characteristics of the resin are summarized in Table 1
[32]. Amberlite XAD-7 can be considered as a nonionic, moderately
hydrophilic porous polymer (pore diameter: 90 Å). It is commer-
cialized as a macroporous polymer, although it must be considered
as a mesoporous material (pore diameter: 20–500 Å) according to
IUPAC. The resin was conditioned by the supplier with NaCl and
Na2CO3 to retard bacterial growth. It was necessary to clean it to
remove salts and monomeric material present on the resin. The re-
sin was therefore 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. Then, it was washed with
nitric acid (0.1 M) for 24 h. The resin was filtered under vacuum
and then rinsed with de-mineralized water to constant pH. Finally,
the resin 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 phospho-
nium salt (tetradecyl(trihexyl)phosphonium chloride, C.A.S. num-
ber: 258864-54-9, formula weight: 519.4 g mol�1). It is a slightly
viscous room temperature ionic liquid. It is less dense than water
and colorless to pale yellow. It is immiscible with water although
it is sparingly soluble in water and can dissolve up to 8% water.
The chemical structure is [P R3R0]+ Cl�, where R = hexyl and R0 =
tetradecyl. Other reagents (salts, acids, etc.) were analytical grade
and supplied by KEM (Mexico). Standard metal solutions 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
Table 1
Physical characteristics of Amberlite XAD-7 resin [32].

Parameter Value

Particle size 20/60 mesh – 250–850 lm
Specific surface area 450 m2 g�1

Resin porosity 0.55
Pore size (mean value) 85–80 Å
Pore volume 0.97–1.14 cm3 g�1

Skeletal density 1.24 g cm�3
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 [46]. 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 contact of 5 g of conditioned Amberlite
XAD-7 with 25 mL of ketone for 24 h. Varying amounts of Cyphos�

IL-101 diluted in ketone (0.5 M) were added to resin slurry for 24 h,
under agitation. The solvent was then slowly removed by evapora-
tion in a roto-vapor. The amount of extractant immobilized on the
resin (qCyphos IL-101) was quantified by the following procedure. A
known amount of impregnated resin (250 mg) was mixed with
methanol (5 mL) for 24 h to dissolve the extractant and the solvent
was separated from the resin by decantation. This washing treat-
ment was carried out twice. Finally, the resin was dried at 50 �C
for 24 h for complete evaporation of solvent. The mass difference
(MCyphos IL-101) between impregnated (MXAD-7/Cyphos IL-101) and
washed resin (MXAD-7) was used to calculate the amount of extract-
ant immobilized on the SIR:

qCyphos IL-101 ¼
MXAD-7=Cyphos IL-101 �MXAD-7

MXAD-7=Cyphos IL-101
ð1Þ

The experimental procedure allowed the preparation of SIR con-
taining 25 mg extractant g�1 up to 595 mg extractant g�1. Table 2
reports the characteristics of a series of impregnated resins pre-
pared according this procedure and for the evaluation of impregna-
tion method, optical microscopy, and textural analysis. For
sorption experiments another series of impregnated resins were
used with the following IL contents: 48, 99, 144, 200, 287, 416,
493 and 595 mg IL g�1 SIR.

2.3. Characterization

For the textural characterization of SIR, nitrogen N2 adsorption
isotherms were obtained using a BET surface area analyzer
(Micromeritics ASAP 2010). The adsorption isotherms were used
for the determination of the specific surface area, the pore size
and the pore volume, following the BET method [47], and the Kel-
vin equation [48]. The resins were initially conditioned under vac-
uum at 50 �C (to remove the gas contained in the porous network,
and measure the dry weight of the sample) before varying the
pressure of gas (i.e., N2) in the tank, and measuring at equilibrium
the volume of gas adsorbed and the saturation pressure.

The macroscopic characteristics (external aspect) of the SIR
were obtained from an optical digital stereomicroscope (National
DCS-420TH). Element distribution (especially Cd and P, as the trac-
ers of metal sorption and IL distribution, respectively) in the beads
was investigated by Environmental Scanning Electron Microscopy
(ESEM) Quanta FEG 200, equipped with an OXFORD Inca 350 en-
ergy dispersive x-ray microanalysis (EDAX) system. The system
can be used to acquire qualitative or quantitative spot analyses
and qualitative or quantitative X-ray elemental maps and line
scans. This ESEM allows analyzing samples at pressures and
humidity levels that approach normal laboratory conditions and
avoids experimental artifact. The preparation of the cross-section
of impregnated resin was performed by particle freezing in liquid
nitrogen followed by knife cutting of the spherical particles.

2.4. Sorption and desorption studies

Cd(II) solutions were prepared in HCl solutions of different
concentrations (0.001–8 M) with metal concentrations ranging
between 5 and 200 mg Cd L�1. The sorption experiments were
performed by mixing the resin with Cd(II) solutions for 24 h with
a solid/liquid ratio (sorbent dosage, SD) fixed to m/V = 4 g L�1



Table 2
IL loading for different lots of Cyphos IL-101 impregnated Amberlite XAD-7 resins (for surface analysis and optical microphotographs).

Resin L1 L2 L3 L4 L5 L6 L7 L8 L9 L10

IL loading (mg g�1) 25 50 88 101 139 193 310 402 487 579
IL loading (mmol g�1) 0.048 0.096 0.169 0.195 0.277 0.372 0.597 0.774 0.938 1.115
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Fig. 1. Resin impregnation (amount of IL immobilized in the resin, qIL, in function of
the amount of IL used for resin impregnation, WIL). Symbols represent experimental
data and solid line represents the theoretical curve considering the amount of IL
used in the impregnation solution.
(m: mass of sorbent, V: volume of solution). The contact was oper-
ated on a reciprocal shaker (Cole Parmer 51502) with an agitation
speed 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, mg Cd g�1) was calculated by the mass balance
equation: q = V(C0 � Ceq)/m, where C0 and Ceq (mg Cd L�1) are the
initial and equilibrium Cd(II) concentrations, respectively.

Several sorption kinetic experiments were performed by con-
tact under agitation of a fixed amount of SIR (loading in the range
99–416 mg extractant g�1) with a fixed volume (m/V: 4 g L�1) of
1 M HCl solution containing varying Cd(II) concentrations (in the
range 60–200 mg Cd(II) L�1). In order to compare the different lots
of SIR on the same basis of reactive groups, a series of kinetics was
performed adjusting the amount of SIR to fix the amount of Cy-
phos� IL-101 at the value of about 800 mg per L of solution (C0:
100 mg Cd L�1). A complementary series of kinetics was performed
adjusting the amount of SIR to obtain the same Cd(II) concentra-
tion at equilibrium. Temperature was varied in the range 10–
40 �C. Detailed experimental conditions are reported in the caption
of the figures. Samples were collected at fixed times and analyzed
for determination of residual metal concentrations.

For the study of Cd(II) desorption, an amount of 100 mg of SIR
(extractant loading: 416 mg IL g�1) was mixed with 25 mL of Cd(II)
solution (1 M HCl solution, initial metal concentration: 100 mg
Cd(II) L�1) for 24 h. The residual concentration measured by AAS
after filtration served to determine the amount of metal bound
to the resin. The metal-loaded resin was mixed for 24 h with
25 mL of a series of eluents: water, 0.1 M Na2SO4, 0.1 M HNO3,
0.1 M H2SO4. After filtration the metal concentration in the eluent
was determined by AAS in order to obtain the amount of Cd des-
orbed from the resin. The amount of metal desorbed divided by
the amount of metal bound to the SIR served for calculating the
desorption yield (or efficiency). For the evaluation of sorption/
desorption cycles, the same procedure was used for five cycles.
3. Results and discussion

3.1. Resin characterization

3.1.1. Resin impregnation
Ten lots of resins were prepared with increasing concentrations

of IL (from 25 to 579 mg IL g�1; i.e., 0.048–1.115 mmol IL g�1).
Fig. 1 shows the IL content in the resin in function of the amount
of IL used in the impregnation solution (given for a standard
amount of resin of 10 g). The experimental data (experimental
points) are compared to the ‘‘theoretical’’ curve (which represents
for each resin the total immobilization of the IL). This curve shows
that under selected experimental conditions (concentration range)
the IL was completely absorbed in the porous network of the resin.

3.1.2. Optical microscopy
Fig. 2 shows optical microphotographs for a selection of SIRs

(compared to the raw resin). As the amount of IL immobilized on
the resin increases a substantial change in the aspect of the SIRs
is observed: raw resin is translucent, when the resin is loaded with
increasing amounts of IL the beads become opaque. However, at
the higher IL loading (L10) a new change in the aspect of the beads
appears: the resins become again translucent and even almost
transparent.
3.1.3. Textural analysis
The observation of the SIRs made interesting a more specific

analysis of the surface properties of these materials. Nitrogen
adsorption/desorption isotherms were carried out for the different
SIR lots (see Additional Material, Fig. AM1). And these data were
used for calculating the pore size and the specific surface area
(Fig. 3a), as well as the pore volume (Fig. 3b). As the IL content in-
creased the apparent size of the pores increased, while the specific
surface area (SSA) drastically decreased. The IL filled the smallest
mesopores (<40 Å) of the resin leading to a predominance of larg-
est mesopores (40–400 Å) (see Additional Material, Fig. AM2: Ef-
fect of IL loading on the distribution of pore sizes). The filling of
mesopores logically resulted in a decrease of the SSA. At very high
loading (i.e., 487 mg IL g�1), the SSA was close to 20 m2 g�1. At the
highest loading (i.e., at 579 mg IL g�1), the SSA was not represented
(due to inaccuracies in the determination of the SSA); however, the
SSA tended to a few m2 g�1. This means that the internal porosity
was almost completely filled and the SSA, under these conditions,
only corresponded to the external surface area of the resin beads.
The density of IL is supposed to be close to 0.9 g mL�1 (Cytec data),
based on the pore volume of Amberlite XAD-7 (Table 1), this means
that the amount of IL that can be bound in the porous network can
reach up to 0.9 g IL per g of Amberlite XAD-7 (or 1.7 mmol IL g�1),
or 0.47 g IL per g of SIR. This is slightly lower than the levels
reached in the impregnation of the resin: this can be probably
attributed to the swelling of the resin.

The pore volume linearly decreased with increasing IL loading
(Fig. 3b). The projection of the curve for the highest loading (not
shown on the figure) would approach 0 mL g�1. This is consistent
with previous observations (specific surface area) and the hypoth-
esis of full saturation of the porous network.

Fig. 4 shows a schematic view of the resin in its free form (A)
and with different IL loading (B–E) (see Additional Material,
Fig. AM2, for supporting information on the evolution of the size
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Fig. 2. Optical microscope photographs in function of resin loading (raw resin; L2 – qIL: 50 mg IL g�1 SIR; L6 – qIL: 193 mg IL g�1 SIR; L10 qIL: 579 mg IL g�1 SIR).
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Fig. 3. Textural analysis of impregnated resins in function of IL loading (a: SSA:
specific surface area (m2 g�1); PS: pore size (Å); b: pore volume (mL g�1)).
of the pores with increasing IL loading). The IL initially forms (at
low IL loading) a thin layer at the internal surface of the resin
(B). At intermediary IL loading, the extractant loading fills the
smallest mesopores (<40 Å) (C). At high IL loading, the extractant
progressively fills the intermediary mesoporous network (40–
200 Å) (D) and then the biggest pores (>200 Å). At the highest IL
loading (E) the porous network is completely filled and the excess
of IL remains bound on the external surface of the resins. This is
consistent with the observations made on specific surface area:
increasing the IL content caused a significant decrease in the sur-
face available for interacting with the solution.
3.1.4. SEM-EDAX analysis
Amberlite XAD-7 (the support), Amberlite XAD-7 impregnated

with Cyphos� IL-101 (the SIR) and Cd-loaded SIR were analyzed
using an environmental scanning electron microscope coupled
with an energy dispersive X-ray microanalysis system (ESEM-
EDAX). Fig. 5 shows the cross-section view of the resins together
with the cartography of target elements. The distribution of C
and O elements on Amberlite XAD-7 shows that the supporting re-
sin is homogeneous. The ESEM-EDAX analysis of P and Cl elements
(the tracers of the presence of the IL) shows that the SIRs were
homogeneously filled for an IL loading close to 400 mg IL g�1. The
same analysis was performed on a SIR loaded with 100 mg IL g�1

(i.e., much under saturation conditions) and a similar trend was
observed: P element was homogeneously distributed (no gradient
of concentration; image not shown). After Cd(II) sorption, the
homogeneous distribution of the metal in the whole mass of the
resin indicates that reactive groups are accessible even at the cen-
ter of the particle (shown for the SIR loaded with 400 mg IL g�1 but
this was also observed for an IL loading of 100 mg IL g�1; image not
shown).
3.2. Sorption studies

3.2.1. Influence of HCl concentration
Fig. 6 shows the influence of HCl concentration on Cd(II) sorp-

tion efficiency for the different lots of s. Raw Amberlite XAD-7,
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Fig. 4. Schematic representation of the porous network of Amberlite XAD-7 loaded with increasing amounts of Cyphos IL-101 – a: Raw Amberlite XAD-7 resin; b: low IL
loading (covering of surface with a thin film of IL); c: intermediary IL loading (smallest mesopores, around <40 Å, are completely filled; the surface of mesopores is covered
with IL but space remains available for access of the aqueous solution to this porous network and interfacial area progressively diminish); d: the intermediary and biggest
mesopores are progressively filled with IL; the volume accessible for aqueous solution decreases; e: the porous volume is completely filled with the IL.
without IL impregnation, adsorbed negligible amounts of Cd(II): at
HCl concentration below 1 M, Cd(II) was not adsorbed; above 1 M,
sorption efficiency slightly increased but remained systematically
lower than 6%. The sorption may result from the reaction of Cd(II)
species with the resin that was partially hydrolyzed by the strong
acid media. Several studies have shown that in strong acid solu-
tions, the acrylic resins bearing ester groups (such as Amberlite
XAD-7) can bind small amounts of metal cations as chloroanionic
complexes through interaction with the oxygen of partly hydro-
lyzed ester groups [33,49–52].

A detailed observation of the curves shows that in the first part
of the curve (below 0.5–2 M) the sorption efficiency increased with
HCl concentration, while above 1–2 M the sorption efficiency de-
creased; the limit between the increasing and decreasing sections
depended on IL loading. These results can be, at least partly, ex-
plained by the impact of Cd(II) speciation in HCl solutions. Actu-
ally, in HCl solutions, Cd(II) can form a series of complexes:
CdCl+, CdCl2, CdCl�3 and CdCl2�

4 . The expected mechanism for the
extraction of metal ions by Cyphos ILs in HCl solutions has been
previously described in solvent extraction [40,41], and in sorption
processes with Cyphos� IL-101 immobilized in biopolymer cap-
sules or synthetic resins [32–39]. Metal cations form with chloride
ions chloroanionic complexes that bound to tetraalkylphosphoni-
um cations. The variation in the distribution of Cd(II) species with
HCl concentration may explain the observations summarized in
Fig. 6. At low HCl concentration (below 0.8 M) Cd(II) is essentially
present under the form of neutral (CdCl2) or cationic species
(CdCl+); anionic species (CdCl�3 and CdCl2�
4 ) begin to predominate

only above 0.8 M (see Additional Material, Fig. AM3). The propor-
tion of adsorbable species increased with HCl concentration, con-
sistently with experimental data. Above 2 M HCl concentration
the proportion of CdCl�3 begins to decrease and CdCl2�

4 begins to
predominate above 5 M HCl concentration. The decrease in sorp-
tion efficiency above 2–4 M HCl concentration results from the
increasing concentration of CdCl2�

4 and of chloride anions (excess
of chloride anions). The possible interactions between the IL and
Cd(II) species are reported in the following equations:

Cd2þ þ 2LþCl� þ 2Cl� ¡ ðLþÞ2CdCl2�
4 ð2aÞ

CdClþ þ 2LþCl� þ Cl� ¡ ðLþÞ2CdCl2�
4 ð2bÞ

CdCl2 þ 2LþCl� ¡ ðLþÞ2CdCl2�
4 ð2cÞ

CdCl�3 þ 2LþCl� ¡ ðLþÞ2CdCl2�
4 þ Cl� ð2dÞ

CdCl2�
4 þ 2LþCl� ¡ ðLþÞ2CdCl2�

4 þ 2Cl� ð2eÞ

where L+ represents the phosphonium cation (P R3R0+) and
ðLþÞ2CdCl2�

4 represents extracted Cd(II) species (as the anionic chlo-
rocomplex bound to phosphonium cation).

At low HCl concentrations (61 M), an increase of chloride ion
concentration improves the formation of the complex ðLþÞ2CdCl2�

4

(Eqs. (2a) and (2b)): this explains that in the first section of the
curves the sorption efficiency increases with HCl concentration.
In the intermediary HCl concentration range (i.e., 1–5 M) CdCl�3 is
the predominant species in aqueous solution and Equation 2d is



Fig. 5. SEM-EDAX analysis of Amberlite XAD-7, SIR (Amberlite XAD-7 + Cyphos IL-101) and SIR after Cd(II) sorption (qIL: 416 mg IL g�1 SIR).
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Fig. 6. Influence of HCl concentration and IL loading on Cd(II) extraction (T: 20 �C;
agitation: 24 h at 150 rpm; C0: 100 mg Cd L�1; sorbent dosage, SD: 4 g L�1).
the representative reaction. A chloride ion is exchanged so that the
extraction efficiency slightly diminishes. For the highest HCl con-
centration (>5 M), CdCl2�

4 is the predominant species and two chlo-
ride ions are exchanged (Eq. (2e)). Chloride concentration has a
bigger impact for destabilizing the complex and the sorption effi-
ciency significantly decreases. In the case of Zn(II) sorption using
the same SIR, Gallardo et al. [32] concluded that Zn(II) is extracted
by the Cyphos� IL-101 as the species ðLþÞ2ZnCl2�

4 .
3.2.2. Sorption isotherms
The shape of the isotherm curves was not affected by the IL con-

tent (Fig. 7): (a) the curves are characterized by a sharp initial
curve that indicates that the resin has a strong affinity for Cd(II)
ions, (b) the saturation is reached for a residual concentration
has low as 20 mg Cd L�1. The saturation plateau suggests that the
distribution of Cd(II) at equilibrium between liquid (Ceq, mg Cd L�1)
and solid (qm, mg Cd g�1) phases will be governed by the Langmuir
equation:

q ¼ qmbCeq

1þ bCeq
ð3Þ

where b (affinity coefficient, L mg�1) and qm (sorption capacity at
monolayer saturation, mg g�1) are the parameters of the model.
The parameters of the Langmuir equation are summarized in Table
3 (the continuous lines in Figs. 7 and 9 show the modeling of exper-
imental data with the Langmuir equation and the parameters listed
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Table 3
Sorption isotherms – parameters of the Langmuir equation.

IL loading*

(mg IL g�1)
T (�C) qm

** (mg Cd g�1) b (L mg�1) R2 IL/Cd(II)

99 [0.191] 20 4.89 [0.0435] 0.228 0.997 4.4
200 [0.385] 20 13.71 [0.122] 0.999 0.998 3.2
287 [0.553] 20 24.89 [0.221] 3.42 0.999 2.5
416 [0.801] 20 36.57 [0.325] 3.45 1.000 2.5
200 [0.385] 10 13.90 [0.124] 0.744 0.999 3.1
200 [0.385] 40 12.82 [0.114] 0.508 0.999 3.4

* [mmol IL g�1].
** [mmol Cd g�1]; IL/Cd(II): molar ratio between IL in the resin and Cd(II) at
saturation of the SIR.
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in Table 3). The maximum sorption capacity logically increased
with IL content. The affinity coefficient also increased with IL load-
ing; this result contrasts with the results published by Saha et al. for
Cr(VI) sorption on Amberlite XAD-7 loaded with Aliquat 336 [53],
and by Benamor et al. [12], who impregnated Amberlite XAD-7 with
di(2-ethylhexyl) phosphoric acid for Cd(II) sorption from HCl
solutions. They concluded that the accessibility of reactive groups
increased with extractant loading whereas the binding strengths
of the functional groups decreased. In the present case both affinity
and accessibility increased with IL loading. Additionally, the
IL/Cd(II) molar ratio, at saturation, decreased when IL increased.
This means that IL was more efficiently used when the porous
network was ‘‘densely’’ filled with the extractant. When IL loading
decreased the arrangement of the IL in the porous network was less
favorable to the binding of chloroanionic cadmium species. Fig. 8
shows the plot of sorption capacity versus the IL loading: the data
are linearly distributed with a slope close to 0.5 (i.e., 0.47). This
stoichiometric ratio indicates that two phosphonium cations were
involved for the binding of one Cd(II) (probably under the form
ðLþÞ2CdCl2�

4 ), as a confirmation of the mechanism described by
Eqs. (2a)-(2e).

This result could explain that the porous network should be
well filled for optimizing the arrangement of the molecules of
extractant to fit the interaction mode of the divalent anion. Addi-
tionally, a fraction of the IL immobilized in the resin remained
inactive (negative ordinate intercept): this is probably related to
a direct interaction of the IL with the polymer support (Amberlite
XAD-7).

Sorption isotherms were obtained at different temperatures
(Fig. 9). The curves obtained at 10 �C and 20 �C were almost over-
lapped, while a small shift was observed at 40 �C. Table 3 summa-
rizes the parameters of the Langmuir equation: the sorption
capacity at saturation of the monolayer (qm) decreased with
increasing the temperature; however, the variation did not exceed
10%. The affinity coefficient did not follow a continuous trend: it
reached a maximum at 20 �C; however, the variation was relatively
weak (about 30% around the optimum value). The temperature, at
least in the range 10–40 �C, did not significantly impact the sorp-
tion behavior of Cd(II) with Cyphos� IL-101 impregnated Amberlite
XAD-7.
3.2.3. Influence of the composition of the solution
The treatment of spent batteries or waste materials, after

mechanical treatment and magnetic separation frequently involves
a leaching treatment in acidic solutions [54]. This acidic treatment
induces the simultaneous leaching of different metal ions: the
most frequent being Fe(III), Ni(II), Co(II) apart of Cd(II). Two kinds
of acids can be used: HCl and H2SO4 (in single solutions or binary
solutions). For this reason, a series of experiments have been per-
formed in order to measure the impact of the acid and of the pres-
ence of competitor metals on Cd(II) recovery. Fig. 10a shows the
recovery of Fe(III), Cd(II), Ni(II) and Co(II) (at equimolar concentra-
tion) in different HCl concentration solutions (0.001–8 M). Ni(II)
and Co(II) ions were not adsorbed whatever the acid concentration.
This is probably due to the fact that these metals do not form an-
ionic complexes with chloride ions: their charge is not favorable to
electrostatic attraction/ion exchange. The case is different for
Fe(III) that forms a chloroanionic complex in concentrated HCl
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Fig. 10. Influence of the composition of the solution on Cd(II) sorption: (a) influence
of the presence of Fe(III), Ni(II) and Co(II) (impact of HCl concentration); (b)
influence of the presence of Fe(III), Ni(II) and Co(II) in 1 M HCl solution and the
addition of sulfuric acid at increasing concentrations (agitation: 24 h at 150 rpm;
qIL:200 mg IL g�1 SIR; sorbent dosage, SD: 4 g L�1; metal concentration:
8.9 � 10�4 M).
solutions (above 2 M; see Additional Material, Fig. AM4). For this
reason Fe(III) can be removed from acidic solutions at concentra-
tion above 2 M, these competitor anions induce a decrease of Cd(II)
sorption since both Cd(II) and Fe(III) anionic species compete for
the same binding sites (i.e., R3R0P+). The sorption of Cd(II) increased
with HCl concentration as shown in previous sections and the
presence of other metals did not significantly interfere at low
HCl concentration (below 2 M); above 2 M HCl concentration the
chloroanionic Fe(III) species caused a progressive decrease of Cd(II)
binding.

In 1 M HCl solutions, the addition of increasing amounts of sul-
furic acid (between 1 and 4 M) did not change the sorption of Cd(II)
(Fig. 10b), that remained in the whole concentration range around
60%. Ni(II) and Co(II) were not adsorbed for the same reasons as
above: these metal ions do not form anionic complexes that could
bind to tetraalkyl phosphonium cation. The dissociation of the acid
(formation of HSO�4 ) did not influence Cd(II) sorption. The sorption
of Fe(III) occurs on the complete sulfuric acid concentration range
at the level reached with 1 M HCl solution (Fig. 10a); however,
when sulfuric acid concentration increased above 2 M, the sorption
efficiency increased again up to 45–48%. This increase is less than
the levels reached with HCl at comparable concentrations (proton
and dissociated anion): the formation of Fe(III) sulfate complexes
does not exceed 10% (calculations made with Medusa software
[55]) contrary to chloroanionic complexes that can reach up to
50% in 8 M HCl solutions. This small increase in the proportion of
anionic Fe(III) sulfate complexes (added to chloroanionic com-
plexes) may explain that the impact of sulfuric acid on the sorption
efficiency of Cd(II) was almost no detectable.
Cyphos� IL-101 impregnated on Amberlite XAD-7 has a prefer-
ence for Cd(II) over other base metals at HCl concentrations close
to 1 M, the presence of sulfuric acid (a co-acid that could be pres-
ent in the leaching of spent batteries and industrial wastes) did not
significantly impact Cd(II) uptake efficiency. These preliminary re-
sults reveal that when ‘‘playing’’ with HCl concentration it is pos-
sible to roughly separate Cd(II) from Fe(III) and both metals
totally from Ni(II) and Co(II).

3.2.4. Uptake kinetics
Uptake kinetics can be controlled by several mechanisms

including resistance to mass transfer (i.e., film diffusion, intraparti-
cle diffusion), chemical reaction rate. In most cases, binding in sor-
bents is controlled by diffusion mechanisms rather than the
reaction rate; though some systems have been shown to be gov-
erned by a reaction mechanism in relation with the parallel ionic
reactions (which change the speciation of the ions involved in
the principal reaction). Since the pioneering work on dynamics of
ion exchange processes by Streat [56], and Helfferich [57], Juang
and Ju discussed a series of simplified modeling systems derived
from the homogeneous diffusion model (HDM) and the shrinking
core model (SCM) [58]. The HDM involves counterdiffusion of
exchangeable species in quasi homogeneous media, with a contri-
bution from film diffusion (HDM-FD) and/or particle diffusion
(HDM-PD). Solute molecules and exchangeable species (immobi-
lized on the resin) follow a similar diffusion mechanism (but in
the opposite direction). In the case of the SCM, a sharp virtual
boundary exists between the reacted shell of the particle and the
unreacted core, and this boundary moves towards the center of
the particle [59,60]. This model was developed with different sys-
tems depending on the controlling step: film diffusion (SCM-FD),
particle diffusion (SCM-PD) and chemical reaction rate (SCM-CR)
[58]. A number of mathematical equations have been developed
to simulate these mechanisms, they are listed below:

Homogeneous diffusion model

Film diffusion : F1ðXÞ ¼ � lnð1� XÞ ¼ f ðtÞ ð4Þ

Particle diffusion : F2ðXÞ ¼ � lnð1� X2Þ ¼ f ðtÞ ð5Þ

Shrinking core model

Film diffusion : G1ðXÞ ¼ X ¼ g
Z t

0
CðtÞdt

� �
ð6Þ

Particle diffusion : G2ðXÞ ¼ 3� 3ð1� XÞ2=3 � 2X ¼ g
Z t

0
CðtÞdt

� �

ð7Þ

Chemical reaction rate : G3ðXÞ ¼ 1� ð1� XÞ1=3 ¼ g
Z t

0
CðtÞdt

� �

ð8Þ

where X is the fractional approach to equilibrium (i.e., q(t)/qeq), the
amount adsorbed at time t divided by the amount of metal ad-
sorbed at equilibrium. Plotting Fi and Gi functions versus time and
the integral term (respectively) determined the most appropriate
mechanism for describing the controlling step. The curve giving a
straight line (good correlation measured by the correlation coeffi-
cient) is assumed to be the predominant limiting step. Examples
of models testing are presented as Additional Material (Figs. AM5
and AM6). At low IL loading (Fig. AM4) the models that best fit
experimental data were related to intraparticle diffusion: both
HDM and SCM gave good fit of experimental data, only physical
observations such as SEM-EDAX analysis in the transient state could
give indication on the prevalent model. At higher IL loading
(Fig. AM5) the selection of the best equation became more difficult
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indicating that several mechanisms could be involved in the control
of uptake kinetics (including intraparticle diffusion and chemical
reaction).

The intraparticle diffusion coefficient (De, effective diffusivity,
m2 min�1) was determined using Crank’s equation, assuming the
solid to be initially free of metal, and the kinetics to be controlled
by intraparticle diffusion resistance [61]:

qðtÞ
qeq
¼ 1�

X1
n¼1

6aðaþ 1Þ exp �Deq2
nt

r2

� �
9þ 9aþ q2

na2 ð9Þ

q(t) and qeq are the concentrations of the metal in the resin at time t
and equilibrium, respectively, r is the radius of the particle
(275 lm), and qn non-zero roots of the equation:

tan qn ¼
3qn

3þ aq2
n

ð10Þ

with

q
VCo
¼ 1

1þ a
ð11Þ

The Mathematica™ software was used for the determination of
the intraparticle diffusion coefficient, De, and for the simulation of
experimental data (represented by the continuous lines on the
Figs. 11–14). Table 4 reports the intraparticle diffusion coefficients
with different experimental conditions corresponding to the com-
parison of kinetics for resins prepared with different IL loadings
(Fig. 11), different initial concentrations (Fig. 12) and for different
sorbent dosages (SD) with constant amount of IL (Fig. 13).

3.2.4.1. Influence of IL loading. The experiments were performed
with 100 mg Cd L�1 solutions. For the resins prepared with IL
loadings of 99 and 200 mg IL g�1, the experimental conditions
correspond to the saturation of the resins (Fig. 11). The calculation
of corresponding sorption capacities at equilibrium fit with
maximum sorption capacities reported in Table 3 (with a variation
less than 5%). The intraparticle diffusion equation fitted well
experimental data and the equilibrium was reached within a few
hours (2 and 4 h for IL loadings of 99 and 200 mg g�1, respectively).
With the most loaded SIR (i.e., 416 mg IL g�1), the experimental
conditions did not reach the saturation of the resin (the sorption
capacity at equilibrium was close to 25 mg Cd g�1 versus
36.6 mg Cd g�1). Plotting the fractional approach to equilibrium
(FATE, see Additional Material, Fig. AM7a) versus time allows
confirming these trends: the curves overlapped at low IL loading
while the highest loaded SIR exhibited a distinct shape. Benamor
et al. [12] obtained perfect superimposition of the FATE versus
time curves for the sorption of Cd(II) using Amberlite XAD-7
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Fig. 11. Cd(II) uptake kinetics. Influence of IL loading at constant sorbent dosage
(4 g L�1). CHCl: 1 M; Cd(II): 100 mg L�1; T: 20 �C; solid lines: modeling of the kinetics
with the intraparticle diffusion equation, Crank’s equation).

Fig. 13. Cd(II) uptake kinetics. Influence of IL loading varying sorbent dosage (SD) to
obtain a constant IL amount (800 mg L�1). ((a): complete kinetics; (b): initial
section); qIL: 99 mg IL g�1 SIR (SD: 8 g L�1); qIL: 200 mg IL g�1 SIR (SD: 4 g L�1); qIL:
287 mg IL g�1 SIR (SD: 2.67 g L�1); qIL: 416 mg IL g�1 SIR (SD: 2 g L�1); CHCl: 1 M; T:
20 �C; C0: 100 mg Cd L�1; solid lines: modeling of the kinetics with the intraparticle
diffusion equation, Crank’s equation).
impregnated with di(2-ethylhexyl) phosphoric acid (DEHPA). The
differences in the experimental conditions were probably not large
enough to give significant differences in the level of saturation of
the resin, and then to make detectable the differences in the pro-
files. In their study, the differences were more marked when the
pH was decreased. For the highest loaded SIR, the intraparticle dif-
fusion equation fitted well experimental data and it is interesting
to observe that the initial section of the curve (within the first
45 min of contact) was almost overlapped with that obtained with
the intermediary IL loading (i.e., 200 mg IL g�1 SIR). However, the
time required to reach equilibrium was drastically increased (up
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Table 4
Uptake kinetics – intraparticle diffusion coefficients (Crank’s equation).

Temperature
(�C)

IL (mg IL g�1

resin)
C0

(mg L�1)
SD
(g L�1)

De � 1010

(m2 min�1)

20 200 200 4 7.04
20 200 100 4 3.32
20 200 80 4 2.30
20 200 60 4 1.48
20 99 100 4 8.06
20 416 100 4 0.01
20 99 100 8 1.34
20 287 100 2.67 1.13
20 416 100 2 0.21
20 99 100 11.4 9.91
20 287 100 2.21 1.57
20 416 100 1.27 0.52
10 200 100 4 2.53
40 200 100 4 5.81
to 24 h) for an IL loading of 416 mg IL g�1 SIR. This means that dif-
fusion properties were substantially controlled by IL loading. This
is confirmed by the comparison of the intraparticle diffusion coef-
ficients that decrease with IL loading, moderately at intermediary
IL content but dramatically at high IL content (Table 4). This evolu-
tion is consistent with the variations of the pore volume and
specific surface area (summarized in Fig. 3). The progressive satu-
ration of the porous network with the IL induces supplementary
restrictions to intraparticle diffusion since the diffusivity of metal
ions in organic phase is significantly lower to that in water. This
contributes to reducing mass transfer performance when increas-
ing IL loading. Moreover, the intraparticle diffusion coefficient
increased linearly with specific surface area, may be due to a bigger
interfacial surface available for reaction. This should be taken as an
indicative trend since the comparison of the data was limited to
three values of IL loading.
3.2.4.2. Influence of metal concentration. The concentration of Cd(II)
was varied in the range 60–200 mg L�1 (Fig. 12). Equilibrium was
reached within 4–6 h: the time required to reach equilibrium
slightly increased with decreasing metal concentration. Indeed, a
greater gradient induces a driving force that improves mass trans-
fer. Additionally, higher metal concentration allows reaching resin
saturation faster. The plot of FATE versus time confirms this trend
(see Additional Material, Fig. AM7b): at the highest metal
concentration (i.e., 200 mg Cd L�1) the equilibrium is reached
much faster than for other metal concentrations (the FATE curves
superimposed for concentrations varying between 60 and
100 mg Cd L�1). Crank’s equation was successfully used for model-
ing experimental data. The intraparticle diffusion coefficient in-
creases with metal concentration. This trend is contrary to the
evolution observed by Benamor et al. [12] who observed that the
intraparticle diffusion decreased with increasing Cd(II) concentra-
tion in the case of DEHPA-impregnated Amberlite XAD-7. Nestle
and Kimmich [62] investigated the sorption of Cu with alginate
gel beads and they correlated the concentration-dependent diffu-
sion coefficients with the sorption isotherm that governed the dis-
tribution of the solute at equilibrium. For example, in the case of a
system described by the Langmuir equation the intraparticle diffu-
sion coefficient obeys the equation:

D ¼ ð1þ bCÞ2

ð1þ bCÞ2 þ qmb
D0 ð12Þ

where D0 is the diffusion coefficient in the absence of any sorption
reaction.

Using this equation for the experimental data did not allow lin-
earizing the intraparticle diffusion coefficient with the equilibrium
concentration: calculated values were not linearly distributed
against intraparticle diffusion coefficient calculated from kinetic
profiles. The order of magnitude of the intraparticle diffusion
coefficient for Cyphos� IL-101 impregnated Amberlite XAD-7, i.e.,
1.5–3.3 � 10�10 m2 min�1, is consistent with the values found for
other SIRs: 3–5 � 10�10 m2 min�1 for DEHPA-Amberlite XAD-7
[12], 3.2 � 10�10 m2 min�1 for Cyanex 921-Amberlite XAD-7 [18],
0.01–1.2 � 10�10 m2 min�1 for Cyanex 301-Amberlite XAD-7
(in phosphoric acid solutions) [14], and 3.1 � 10�10 m2 min�1 for
Amberlite XAD-2 impregnated with a bifunctional organophospho-
rous extractant (O-methyl-dihexyl-phosphine-oxide O0-hexyl-2-
ethyl phosphoric acid) [20]. For Zn(II) sorption using Cyanex
921-Amberlite XAD-7, Navarro et al. found an intraparticle diffu-
sion coefficient close to 0.3 � 10�10 m2 min�1 [63]. Gallardo et al.
[32] used the same system (Cyphos IL-101/Amberlite XAD-7) for
the sorption of Zn(II); they observed that, contrary to Cd(II) bind-
ing, the increase in metal concentration tended to decrease the
intraparticle diffusion coefficient from 5.9 � 10�11 m2 min�1 to
2.7 � 10�11 m2 min�1. It is also interesting to compare the results
obtained in this work with those reported by Blahušiak et al. [43]
for butyric acid extraction into Amberlite XAD-1180 N impreg-
nated with an ammonium ionic liquid (trialkylmethylammoni-
um-bis(2,4,4-trimethylpentyl) phosphinate). Although these
systems are very different, this case is interesting due to the higher
intraparticle diffusion coefficient (10.7 � 10�10 m2 min�1). This
value may be probably attributed to the superior textural charac-
teristics of XAD-1180N: surface area (>450 m2 g�1), pore diameter
(average 300 Å) and pore volume (1.4 mL g�1) compared with
those of XAD-7 (Table 1).

3.2.4.3. Uptake at constant amount of IL. A complementary experi-
ment was performed using a constant amount of IL; in this case
the sorbent dosage and the loading of IL were simultaneously
varied. Fig. 13 shows the profiles obtained with a constant dosage
of IL (i.e., 800 mg IL L�1, detailed experimental conditions are re-
ported in the caption of the figure). Despite a constant amount of
IL the residual concentration in the solution strongly varied with
experimental conditions. At high IL loading in the SIR (low sorbent
dosage) the sorption was much more efficient: the sorption effi-
cient approached 80% contrary to the case of low IL loading (high
sorbent dosage) where the sorption did not exceed 40%. This is
consistent with previous observations on the effect of IL loading
on SIR sorption isotherms: a part of the IL is tightly bound to the
support; this fraction being non-reactive for Cd(II) binding. The
fraction of IL bound to the support represents a higher percentage



Table 5
Cd(II) desorption and IL-impregnated resin recycling.

Eluent Cycle number Extraction (%) Desorption 1st step (%) Desorption 2nd step (%) Total desorption (%)

HNO3 (0.1 M) 1 99.7 >99 0.7 100
2 99.7 98.8 0.9 99.7
3 99.7 96.5 0.6 97.1
4 99.7 98.0 0.9 98.9
5 99.4 >99 0.7 100

H2SO4 (0.1 M) 1 99.7 87.6 15.0 100
2 99.7 98.9 5.4 100
3 99.7 90.3 7.7 98.0
4 99.7 91.8 8.1 99.9
5 99.6 81.1 1.9 83.0

Na2SO4 (0.1 M) 1 99.7 68.9 34.7 100
2 99.6 80.6 21.5 100
3 99.5 84.4 15.0 99.4
4 99.5 87.5 13.0 100
5 98.4 86.0 17.6 100

H2O 1 99.7 8.0 56.7 64.7
2 97.1 24.7 43.8 68.5
3 94.8 24.5 42.7 67.2
4 91.5 28.4 41.7 70.1
5 93.0 21.0 41.6 62.6
of the IL for low IL loadings than for saturated SIRs and the total
amount of metal that can be bound decreases. The second informa-
tion obtained from these kinetic profiles concerns the initial slope
of the kinetic curves (Fig. 13b). The slope decreased with increasing
IL loading and decreasing sorbent dosage. Increasing IL loading,
resin pores progressively are filled, interfacial area diminishes
and IL film thickness on the resin is increased introducing a greater
resistance to metal ion diffusion. Table 4 reports the intraparticle
diffusion coefficients De obtained under these experimental
conditions. The coefficient decreased (from 3.32 � 10�10 to
0.21 � 10�10 m2 min�1) when increasing IL loading (between 200
and 416 mg IL g�1).

These experimental conditions result in different levels of IL
saturation. A complementary experiment was performed with
the objective of reaching the same levels of IL/Cd binding
(Fig. 14). The equilibrium concentration was roughly the same
(around 50 mg Cd L�1). The initial slope of the curve strongly in-
creased with diminishing the IL loading (high amount of SIR): this
corresponds again to a decrease in the IL film thickness and an in-
crease in the interfacial surface available for reaction. The intrapar-
ticle diffusion coefficient linearly increased with the amount of SIR
(R2 = 0.999) and specific surface area (R2 = 0.989).
3.2.4.4. Effect of temperature. Uptake kinetics were weakly affected
by varying the temperature between 10 �C and 40 �C (see Addi-
tional Material, Fig. AM8): the curves almost overlap. However, Ta-
ble 4 shows that the intraparticle diffusion coefficient increases
with the temperature. This variation can be correlated to the
change in the viscosity of the IL with temperature. Actually, the
viscosity of Cyphos� IL-101 progressively decreases with dissolv-
ing a solute (water, hexane, for example) and with increasing the
temperature (Cytec data). The decrease in viscosity improves the
mobility of metal ions in the organic phase and the mass transfer
properties are enhanced: the intraparticle diffusivity increased
from 2.53 � 10�10 m2 min�1 to 5.81 � 10�10 m2 min�1 when tem-
perature increased from 10 �C to 40 �C.
3.2.5. Desorption and resin recycling
The desorption of Cd(II) from loaded sorbents have been tested

using four eluents (nitric acid, sulfuric acid and sodium sulfate at
the same concentration, i.e., 0.1 M, and water). In order to evaluate
the possibility to recycle the sorbent, five sorption/desorption
cycles were performed (Table 5). In each cycle, one extraction
and two desorption steps were performed. Cadmium sorption re-
mained stable over the five cycles when using nitric acid, sulfuric
acid and sodium sulfate while with water a small decrease in
sorption efficiency was observed. The complete desorption was
achieved when using nitric acid, sulfuric acid and sodium sulfate
for the five cycles while with water the desorption did not exceed
60–70%. However, these desorption yield were obtained in two
successive desorption steps except for nitric acid. Indeed, in the
case of nitric acid a single step was sufficient (desorption yield
reached 99%). The eluents can be classified according: HNO3 >
H2SO4� Na2SO4� H2O.

These results confirm that the Cyphos� IL-101/Amberlite XAD-7
resin allows efficiently binding Cd(II) with high levels of metal
recovery and efficient resin recycling for at least five cycles.
4. Conclusions

Immobilizing Cyphos� IL-101 in Amberlite XAD-7 allowed pre-
paring SIRs that are very efficient for Cd(II) binding in HCl solu-
tions. The optimum HCl concentration depends on IL loading but
in most cases sorption reaches a maximum for HCl concentrations
in the range 3–4 M. The maximum sorption capacity was corre-
lated to IL loading: the stoichiometric ratio Cd(II)/IL is close to
0.5. Binding proceeds through an electrostatic attraction/ion ex-
change mechanism involving the reaction between chloroanionic
Cd species (mainly CdCl2�

4 ) and phosphonium cation (R3R0P+). The
presence of metal cations affects Cd(II) sorption only when the
competitor metal forms anionic species that can compete with
chloroanionic cadmium species. It is important to report that a part
of the IL tightly bound to the polymer matrix does not react with
metal ions. This ‘‘inactive’’ fraction has to be taken into account
in the interpretation of sorption performance (equilibrium and ki-
netic performance).

Uptake kinetics are controlled by the resistance to intraparticle
diffusion. The intraparticle diffusion coefficient increases with
increasing metal concentration (increase of the concentration
gradient), and temperature (decrease of IL viscosity in the porous
network). The amount of IL in the porous network controls SIR
specific surface area (interfacial area), IL film thickness, and then
the diffusion of the metal in the SIR (slower diffusion in the organic
phase than in the aqueous phase). At high IL loading the



intraparticle diffusion coefficient was drastically reduced by two
orders of magnitude. Adjusting the sorbent dosage (with different
IL loadings) to reach the same IL amount did not allow reaching the
same equilibrium metal concentration. This is the confirmation
that a fraction of IL bound to the resin remains inactive. The
intraparticle diffusivity decreases with increasing IL loading
(decreasing sorbent dosage). Adjusting the sorbent dosage (with
different IL loadings) to reach the same equilibrium concentration
shows that the initial slope of the kinetics increased with sorbent
dosage. The intraparticle diffusivity linearly increased with sorbent
dosage and interfacial area.

Cadmium adsorbed on SIR can be easily removed using several
eluents. The SIR can be recycled for at least five cycles. Taking into
account the extraction efficiency and the desorption efficiency
(and the number of desorption required to achieve complete
desorption) the eluents were ranked according 0.1 M HNO3 > 0.1 M
H2SO4� 0.1 M Na2SO4�water.
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