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The chitosan microparticles were prepared using the inverse phase emulsion dispersion method and
modified with thiourea (TCS). TCS was characterized by scanning electron microscope (SEM), the Fourier
transform infrared (FT-IR) spectra, sulfur elemental analysis, specific surface area and pore diameter.
The effects of various parameters, such as pH, contact time, initial concentration and temperature, on the
adsorption of Pt(IV) and Pd(1I) by TCS were investigated. The results showed that the maximum adsorption
capacity was found at pH 2.0 for both Pt(IV) and Pd(II). TCS can selectively adsorb Pt(IV) and Pd(II) from
binary mixtures with Cu(II), Pb(II), Cd(II), Zn(II), Ca(Il), and Mg(Il). The adsorption reaction followed
the pseudo-second-order kinetics, indicating the main adsorption mechanism of chemical adsorption.
The isotherm adsorption equilibrium was well described by Langmuir isotherms with the maximum
adsorption capacity of 129.9 mg/g for Pt(IV) and 112.4 mg/g for Pd(Il). The adsorption capacity of both
Pt(IV) and Pd(Il) decreased with temperature increasing. The negative values of enthalpy (AH°) and
Gibbs free energy (AG°) indicate that the adsorption process is exothermic and spontaneous in nature.
The adsorbent was stable without loss of the adsorption capacity up to at least 5 cycles and the desorption
efficiencies were above 95% when 0.5 M EDTA-0.5 M H,SO4 eluent was used. The results also showed that
the preconcentration factor for Pt(IV) and Pd(Il) was 196 and 172, respectively, and the recovery was found
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to be more than 97% for both precious metal ions.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Platinum group are precious metals (PGM) and are widely used
in industries because of their specific physical and chemical prop-
erties. Therefore, the effective recovery of PGM from both natural
ore and industrial waste is quite important from the viewpoint
of full utilization of resources. There are several methods, such as
solvent extraction [1], ion-exchange [2], membrane separation [3]
and adsorption [4], available in the literature for the removal of
these precious metals from aqueous solutions. Comparatively, the
adsorption seems to be the most suitable method for the recov-
ery of PGM in the case of low concentration due to low cost and
high efficiency. Due to the technical and economical point of view,
now much attention has been focused on low cost adsorbents, such
as chitosan for the removal and recovery of precious metal ions
[5,6].

Chitosan is a partially acetylated glucosamine biopolymer and
mainly results from deacetylation of chitin. It is an aminopolysac-
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charide constituted of both glucosamine and acetylglucosamine
moieties. Chitosan is nontoxic, bioabsorbable and possesses var-
ious biofunctionalities, including antithrombogenic, homeostatic,
immunityenhancing, and wound-healing properties [7]. Chitosan
has already been described as a suitable natural polymer for the
removal of metal ions [5]. The high content of nitrogen atoms
in the chitosan allows the uptake of several metal ions through
various mechanisms such as chelation, electrostatic attraction or
ion-exchange, depending on the metal ion and the pH of the solu-
tion [6]. The amine and two hydroxyl groups on each glucosamine
in the repeating unit of chitosan can act as a reactive site for chem-
ical modification. The acido-basic properties of chitosan lead to a
cationic behavior in acidic conditions (pK; near 6.2). The cationic
properties of chitosan make the biopolymer efficient at sorbing
anionic compounds, including metal anions or anionic dyes through
electrostatic attraction [4,6].

However, chitosan can be dissolved in acid media and its appli-
cations are limited. To overcome these problems chitosan was
modified with different crosslinking agents. Several crosslinkers
such as glutaraldehyde [8], epichlorohydrin [9], and ethylenegly-
coldiglycidylether [10] have been used to modify the chitosan for
metal ion removal. The selectivity for a specific metal ion depends
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on what kind of complexing agent is introduced into the polymeric
chain. Several chelating ligands such as poly(ethylenimine) [4],
ethylenediaminetetraacetic acid [11], thiocarbamonyl [12], crown
ethers [13], L-lysine [14], and thiourea [15] were used to functional-
ize the crosslinked chitosan for adsorption of metal ions. According
to the theory of hard and soft acids and bases (HSAB) defined by
Pearson, metal ions will have a preference for complexing with lig-
ands that have more or less electronegative donor atoms. Chelating
agents with N and S groups are highly efficient for the selective
sorption of precious metal ions. The sulfur group is known to form
stable complexes with metals such as Hg, Pt, Ag, Au, and to a lesser
extent, Cd and Zn [16]. Due to their high nitrogen content and poros-
ity, chitosan-based sorbents have exhibited relatively high sorption
capacities and fast kinetics for most metals [17-19]. However, lack
of specificity towards several precious metals limits the use of chi-
tosan as an effective sorbent.

In the present work, chitosan microspheres were prepared
and modified with sulfur groups. The high content of sulfur
groups makes possible chemical modification in chitosan with
the purpose of improving its features as an adsorbent, such as
selectivity and adsorption capacity. The influences of experimen-
tal parameters such as pH, contact time, initial concentration
and temperature on adsorption were studied. The kinetic models
used to describe the rate data were discussed. Desorption studies
were conducted by suitable agents to regenerate the spend adsor-
bent.

2. Experimental
2.1. Materials

Chitosan with 40 mesh, 90% degree of deacetylation (DD) and
molecular weight of 1.3 x 10° was purchased from Yuhuan Ocean
Biology Company (Zhejiang, China). All the other reagents used
in this work were of analytical grade. Thiourea, HCI, NaOH and
buffer solutions (Wako chemicals, Japan) were used. K, PtClg (>99%,
Sigma) and PdCl, (>99%, Sigma) were analytical reagents. The stock
solutions were prepared by dissolving these metal salts in deionized
water and were further diluted as required.

2.2. Preparation of chitosan microspheres

The water/oil (W/O) emulsion crosslinking technique was used
for the preparation of chitosan microspheres. 1.0 g of chitosan pow-
der was dissolved in 100 mL of 2 wt.% aqueous acetic acid solution.
The W/O emulsion was prepared by dropwising the acetic acid solu-
tion containing chitosan into the dispersion medium, which was
composed of cyclohexane, n-hexanol (11:6, v/v) and an emulsifier
(2.5 mL Triton X-100). The W/O ratio of the W/O emulsion was 4:17
(v/v). During this process, the dispersion medium was stirred with
a mechanical stirrer at about 1000 rpm at room temperature. Ten
minutes later, an additional 1 mL of glutaraldehyde was added to
the dispersion medium. Similarly, 1h later, another 1 mL of glu-
taraldehyde was added to the medium, which was then stirred for
a further 2 h. At the end of this period, the chitosan microspheres
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(CS) were collected and rinsed with ethanol and deionized water
for three times.

2.3. Modification of chitosan microspheres with thiourea

Grafting of sulfur groups using epichlorohydrin as a crosslink-
ing agent was carried out according to the procedure described
by Chassary et al. [4] with chitosan flakes. Four milliliters of
epichlorohydrin was dissolved in 100 mL of acetone, the chitosan
microspheres (2 g) were added, and the slurry was mixed at 308 K
for 24 h. Thiourea (2 g) was added, and stirring was continued for
6h at 333K, followed by addition of further thiourea (4.6 g) with
stirring at 333 K. NaOH (1M, 50mL) was added, and the slurry
was agitated (4h, 333K). The solid product (thiourea derivative
of chitosan, TCS) was filtered and successively washed with ace-
tone, deionized water, and methanol, and dried in a vacuum oven
at 333 K. The synthesis is shown in Scheme 1.

2.4. Characterization of the adsorbents

Scanning electron microscopy (SEM, Hitachi, S-4500) was used
to analyze the surface morphology of the chitosan microspheres.
FT-IR spectra were measured on a Nicolet, Magna-550 spectrom-
eter. The unmodified and the modified chitosan was mixed with
KBr and pressed to a pellet for measurement. The sulfur content
of TCS was determined by a Thermo Finnigam 1112 Elemental
Analyzer. The specific surface area was measured by N, adsorp-
tion isotherm using an ASAP 2010 Micromeritics instrument and
by Brunauer-Emmett-Teller (BET) method, using the software of
Micromeritics. Pore diameter greater than 20 A were determined
by mercury porosimeter up to 2000 kg/cm? using a Carlo Erba mer-
cury porosimeter (model 200, Carlo Erba Co. Ltd.). Temperature
controlled bio-shaker (BR-30L, Taitec) was used for agitating the
sample solutions.

2.5. Effect of pH

Uptake experiments were performed at controlled pH (1-9) and
298K by shaking 0.1 g of dry TCS with 30 mL (30 mg/L) metal ion
solution for 4h at 150 rpm. The solution pH was adjusted to the
desired value by adding hydrochloric acid or ammonia solution.
After filtration, The concentrations of Pt(IV) and Pd(Il) in aque-
ous solutions were analyzed using Inductively Coupled Plasma (ICP,
ARL- 340, ICP-AES Fison Instruments).

2.6. Binary metallic systems

The relative higher uptake of Pt(IV) and Pd(II) at lower pH values
was taken as indication for their selective separation from other
metal ions. The initial concentration of all metal ions in the mixture
was 30 mg/L. The uptake behavior of Pt(IV) and Pd(II) from a binary
mixtures with Cu(Il), Pb(II), Cd(II), Zn(II) and Ca(Il) was studied at
pH 2.0 and the same other adsorption conditions as those in Section
2.5. The procedures were similar to those of Section 2.5.

S
CH2 = CH — CH2C1 OH || OH
\O | HQ_N*C_NHE
NH,CSNH, —— NH,CSNH  CH €l —> NH,CSNH  CH NH  NH,
R F Ny Y ST AN
CH; CH, CH, CH, |C|
S

Scheme 1. Synthesis of thiourea-modified crosslinked chitosan.
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2.7. Kinetics

Kinetic studies were conducted by placing 0.1 g TCS in a flask
containing 200 mL (80 mg/L) metal ion solution at pH 2.0. The con-
tents of the flask were agitated on a shaker at 150 rpm and 298 K.
Three milliliters of samples were taken at time intervals for the anal-
ysis of residual metal concentration in solution. The concentrations
of metal ions in the aqueous solutions were calculated after the
correction of volume.

2.8. Adsorption isotherms

The effect of initial concentration of the metal ion on the uptake
by TMCS obtained was carried out by placing 0.1 g TCS in a series
of flasks containing 30 mL of metal ions at definite concentrations
(10-400 mg/L) and pH 2.0. The flasks were agitated on a shaker at
150 rpm for 4h while keeping the temperature at 298, 308, 318,
or 328 K. After adsorption, solution was filtered and the residual
concentration of the metal ions was determined.

2.9. Desorption of precious metals and reuse

Batch desorption experiments were carried out using various
concentrations of H,SO4, EDTA, and EDTA-H,S0O4 solutions. The
adsorbed precious metal ions (100 mg/L) onto TCS were washed
with deionized water several times and transferred into stoppered
reagent bottles. To this 30 mL of the desorption agent was added,
and then the bottles were shaken at room temperature (298 K) using
mechanical shaker for 4 h. The concentration of precious metal ion
released from the TCS into aqueous phase was analyzed by ICP-AES.
The TCS after desorption was reused in adsorption experiment, and
the process was repeated for five times.

2.10. Preconcentration and recovery

The sample solution contained the Pt(IV) or Pd(II) in the concen-
tration of 10 pg/L, and the pH was adjusted to desired value with HCI
or ammonia solution. The solution was passed through the micro-
column (50 mm x 3.0 mmi.d.) containing 0.15 g of TCS, at a flow rate
of 1.0 mL/min. Then the column was rinsed with 5 mL of deionized
water. Afterwards, the retained metal ions were eluted with 5mL
of 0.5M EDTA-0.5M H;SO4 solution at a flow rate of 1.0 mL/min.
The concentrations of the analytes were determined by ICP-AES.
The preconcentration factor was calculated as the ratio of the con-
centration of Pt(IV) and Pd(II) after preconcentration to that prior
to preconcentration.

2.11. Replication of batch experiment

Each batch adsorption experiment above was conducted twice
to obtain reproductive results with error <5%. In the case of devia-
tion larger than 5%, more tests were carried out. The experimental
data could be reproduced with an accuracy greater than 95%. All
the data of batch adsorption experiments listed in Section 3 are the
average values of two tests.

3. Results and discussions
3.1. Characterization of the adsorbents

SEM micrograph of TCS is shown in Fig. 1a. Most of the TCS
microspheres have a diameter between about 6 wm and around
30 wm. The FT-IR spectra of CS and TCS are shown in Fig. 1b. The
adsorption band around 3420 cm~!, revealing the stretching vibra-
tion of N-H group bonded with O-H group in chitosan, and at
1661 cm~! confirms the N-H scissoring from the primary amine,

TCS

1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm'1)

Fig. 1. (a)SEM of TCS and (b) infrared spectra of CS and TCS.

due to the free amino groups in the crosslinked chitosan [20]. The
band around 1065cm~! is attributed to the combined effects of
C-N stretching vibration of primary amines and the C-O stretch-
ing vibration from the primary alcohol in chitosan. The spectrum
of TCS displays new bands near 1548 cm~! which are assigned to
VC-N of thiourea moiety [21]. The increasing intensity at 1661 and
1062cm~! in the spectrum of TCS indicates that TCS has more
amine groups than the unmodified chitosan. The peak due to sulfur
group vibration was not detected, probably due to the weak sig-
nal [21]. Elemental analysis of sulfur indicated that the chitosan
modification with thiourea resulted in a product with a sulfur con-
tent of 3.26 mmol/g. The BET surface area for TCS was 95.6 m?/g.
According to mercury porosimetry data, the average pore size of
TCS microspheres was 869 nm.

3.2. Effect of pH

The effect of pH on the adsorption of Pt(IV) and Pd(Il) was
studied individually by varying the pH of 30 mg/L initial metal con-
centration for a fixed adsorbent dosage of 3.33 g/L at 298 K and the
results are presented in Fig. 2. The results demonstrated that the
maximum adsorption capacity occurred at pH 2.0 for both Pt(IV)
and Pd(II). The data indicated that the adsorption percentage was
slightly changed between pH 1.0 and 4.0, later it decreased drasti-
cally for tested precious metal ions. At low pH, when the solution
pH was controlled by HCl, the amount of chloride in the solution is
high enough to favor the formation of chloro-anioinc species that
will be adsorbed on protanated amine groups of TCS [4]. Moreover,
the protanation of amine groups on the TCS induced an electrostatic
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Fig. 2. Effect of pH on the uptake of Pt(IV) and Pd(II) by TCS (initial metal ion con-
centration 30 mg/L, contact time 4 h, adsorbent dose 0.1 g). The symbols represent
the average values of two tests under the identical conditions with error <5%.

attraction of anionic metal complexes and increased the number
of available binding sites for precious metal ions uptake. At acidic
solutions the dominant mechanism of interaction is probably due
to the formation of salts [(R NH3*),PtClg2~ or (R NH3*), PdCl42~]
[4]. This interaction mechanism may take place along with adduct
formation (R-S — PtClg2~ or R-S — PdCl42~) due to the strong oxi-
dizing power of PtClg2~or PdCl42~ species. At higher pH values the
sorption capacity decreases, this may be explained by the presence
of less adsorbable Pt(IV) and Pd(II) species because of the lower
availability of chloride anions. Previous results also indicated that
higher adsorption capacity for precious metal ions was obtained at
pH 1.0-4.0 [22-24].

3.3. Binary metallic systems

Selective separation of Pt(IV) and Pd(Il) from binary mixtures
with Cu(II), Pb(II), Cd(II), Zn(II) or Ca(Il) was studied at pH 2.0 and
same other adsorption conditions. The uptake obtained for Cu(II),
Pb(II), Cd(II), Zn(II) and Ca(Il) in the presence of Pt(IV) was 0.10,
1.10, 0.24, 0.15 and 0.30 mg/g, respectively, while that for Pt(IV) was
8.54-8.86 mg/g. The uptake obtained for Cu(Il), Pb(II), Cd(II), Zn(II)
and Ca(Il) in the presence of Pd(II) was 0.50, 0.70, 0.55, 0.40 and
0.35mg/g, respectively, while that for Pd(Il) was 8.02-8.28 mg/g.
This data indicate no appreciable uptake for the studied metal ions
relative to that of Pt(IV) and Pd(II).

3.4. Kinetic

The effect of contact time on the adsorption of Pt(IV) and Pd(II) is
shown in Fig. 3. The kinetic curve for Pt(IV) and Pd(Il) showed that
the adsorption was rapid for the first 30 min, when the removal
rate reached 73% and 67%, respectively, and then slowed consid-
erably. Experimental results suggest that the amount of Pt(IV) and
Pd(II) adsorbed (mg/g) increased with increasing contact time and
reached equilibrium at 300 min for Pt(IV) and around 150 min for
Pd(II). Hence, in the present study, we used 4 h contact time for
further experiments.

In order to evaluate the kinetic mechanism that controls the
adsorption process, pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models were employed to interpret the
experimental data [25,26]. A good correlation of the kinetic data
explains the adsorption mechanism of the metal ions on the solid
phase [27].
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Fig. 3. Effect of adsorption time on the uptake of Pt(IV) and Pd(Il) by TCS (initial
metal ion concentration 80 mg/L, solution pH 2.0, adsorbent dose 0.1 g). The symbols
represent the average values of two tests under the identical conditions with error
<5%.

The pseudo-first-order equation was represented by
1 k1
RIS W 1
gt get  ge (1)

where k; (min~1) is the pseudo-first-order adsorption rate con-
stant, g; is the amount adsorbed at time ¢t (min), and g. denotes the
amount adsorbed at equilibrium, both in mg/g.

The linear form of pseudo-second-order equation can be written
as

1.1
qr  k2Ge? Qe

(2)

where k; (g/(mgmin)) is the adsorption rate constant of pseudo-
second-order.

The initial adsorption rate (h) can be determined from k, and g,
values [25] using

h=k?q? 3)

The linear form of the intra-particle diffusion equation is given
by
In gr =Ink;y +0.5Int (4)
where k;; (mg/(gmin'/2)) is the intra-particle diffusion rate con-
stant.

Table 1
Kinetic Parameters for Pt(IV) and Pd(II) adsorption by TCS.

Metals First-order model
ky (min-1) Ge1(mg/g) R?
Pt(IV) 21.92 135.14 0.9829
Pd(II) 29.91 120.48 0.9849
Metals Second-order model
h (mg/(g min)) k> (g/(mg min) e (Mg/g) R?
Pt4* 10.04 6.11 x 104 128.20 0.9995
Pd2?* 6.37 5.05 x 10~ 112.36 0.9987
Metals Intra-particle diffusion model
kia (mg/(g min'2)) R?
Pt#* 41.66 0.8173
Pd?* 27.65 0.8391
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Fig. 4. Pseudo-second-order kinetics of the uptake of Pt(IV) and Pd(II) by TCS.

The results of kinetic parameters are shown in Table 1. The valid-
ity of each model could be checked by the fitness of the straight lines
(R? values). Accordingly as shown in Table 1 and Fig. 4, adsorption of
Pt(IV) and Pd(II) on TCS is perfectly fit pseudo-second-order model
rather than other ones. In addition, the experimental and theoret-
ical values of g, (obtained from pseudo-second-order model) are
closely similar, confirming the validity of that model to the adsorp-
tion system under consideration. This suggests the main adsorption
mechanism of chemical adsorption. It is more likely to predict that
the adsorption behavior may involve valency forces through shar-
ing of electrons between precious metal anions and adsorbent. The
pseudo-second-order rate constant (k;) and initial sorption rate (h)
for Pt(IV) were higher when compared to Pd(Il). The adsorption
of Pt(IV) and Pd(Il) onto TCS may be consist of two processes: the
first process is interpreted to be the instantaneous adsorption stage
or external surface adsorption. The second process is interpreted
to be the gradual adsorption stage where intraparticle diffusion
controls the adsorption rate until finally the metal uptake reaches
equilibrium.

In many cases, the pseudo-second-order kinetic model provided
better results on the adsorption of Fe on chitosan and crosslinked
chitosan beads [28], Cu, Cd and Ni on chemically modified chitosan
[18], Cr and Cu ions on chitosan [29].

3.5. Adsorption isotherms

Fig. 5 shows the isotherms of adsorption of Pt(IV) and Pd(II)
on TCS, respectively at 298, 308, 318 and 328 K. The results found
that the adsorption capacity decreased with increasing tempera-
ture. This indicates that the adsorption process is exothermic in
nature. The adsorption data were plotted according to Langmuir
equation

Cc C . 1

= 5
Ge Qqm qmKp (5)

where ge and C, are the amount adsorbed (mg/g) and the adsorbate
concentration in solution (mg/L), both at equilibrium. g, and K are
the Langmuir constants which are related to the adsorption capac-
ity and energy of adsorption, respectively, and can be calculated
from the intercept and slope of the linear plot, with C¢/qe versus
Ce.

The values of K; and g, at different temperatures for adsorption
of Pt(IV) and Pd(II) were reported in Table 2. It is seen that the
value of g, (obtained from Langmuir plots) is consistent with that
experimentally obtained, indicating that the adsorption process is
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Fig.5. Adsorptionisothermsof Pt(IV)(a)and Pd(II) (b) at different temperatures (ini-
tial metal ion concentration 10-400 mg/L; solution pH 2.0; adsorbent dose 3.33 g/L;
contact time 4 h). The symbols represent the average values of two tests under the
identical conditions with error <5%.

mainly monolayer. The chelation adsorption mechanism for Pt(IV)
and Pd(II) may give controlled monolayer adsorption [4,5].

The adsorption curves show that the maximum uptake values
for Pt(IV) and Pd(II) are 129.87 and 112.36 mg/g. The g, values of
the unmodified chitosan microspheres (CS) obtained at 298 K and
in the same other conditions as in TCS for Pt(IV) and Pd(II) are 101.2
and 80.6 mg/g, respectively, which are lower than those of TCS. The
higher maximum adsorption capacity obtained for Pt(IV) and Pd(II)
on TCS is because of the fact that the incorporation of thiourea in CS
increases the number of sorption sites in TCS to interact with Pt(IV)
and Pd(II) ions, which enhances the adsorption capacity.

Table 3 compares the adsorption capacity of different types
of adsorbents [30-35] used for Pt(IV) and Pd(Il) adsorption. The
adsorption capacity of TCS was relatively high when compared

Table 2
Langmuir parameters for the adsorption of Pt(IV) and Pd(II) onto TCS.
Temperature Pt(IV) Pd(II)
(K)

gm (mgfg) Ki (L/mg) R? qm (mgfg) Ki (L/mg) R?
298 129.9 0.389 0.9858 1124 0.978 0.9993
308 125.0 0.141 0.9704 108.7 0.308 0.9978
318 120.5 0.077 0.9623 104.2 0.192 0.9886
328 117.6 0.050 0.9692 102.0 0.123 0.9952
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Table 3

Maximum adsorption capacities for the adsorption of Pt(IV) and Pd(II) onto various adsorbents.

Adsorbent Adsorption capacity (mg/g)
Pt(IV) Pd(II)

Sulfur-derivatives of chitosan [30] 213
Glycine-modified chitosan [31] 122.47 120.39
Fe;04 nanoparticles [32] 13.27 10.96
PA-Lignin [33] 104.57 22.66
Amberlite IRC 718 [34] 42.93 40.43
Poly(vinylbenzylchloride-acrylonitryle-divinylbenzene) modified with tris(2-aminoethyl)amine [35] 245 280
TCS [this work] 129. 87 112.36
Table 4
Themodynamic parameters for the adsorption of Pt(IV) and Pd(II) onto TCS.
Metal ion Temp. (K) AG° (kJ/mol) AH° (kJ/mol) AS° (J/mol K) TAS® (kJ/mol) R?
Pt4* 298 —27.52 —55.25 -92.99 -27.71 0.9293

308 —-26.60 —-28.64

318 —-25.66 —29.57

328 —24.73 -30.50
Pd2* 298 -28.18 —54.77 -89.19 —-26.58 0.9929

308 -27.29 -27.47

318 -26.39 —28.36

328 —-25.50 -29.25

to several other adsorbents. The differences of precious metal ion
uptake on various adsorbents are due to the properties (function
groups, surface area, particle size, etc.) of each of them.

The degree of suitability of resin towards metal ions was esti-
mated from the values of separation factor constant (R;) which
gives indication for the possibility of the adsorption process to
proceed. R; > 1.0 unsuitable; R; =1 linear; 0<R; <1 suitable; R, =0
irreversible [36]. The value of R; could be calculated from the rela-
tion

1

Ri=—
L=17K.G

(6)
where K; (L/mg) is the Langmuir equilibrium constant and Cy is
the initial concentration of Pt(IV) and Pd(II). The values of R; lie
between 0.0064 and 0.6667 for Pt(IV), 0.0026 and 0.4484 for Pd(II),
indicating that the adsorption of Pt(IV) and Pd(II) on TCS is favorable
and useful for the removal of precious metal ions.

The observed decrease in both values of g, and K; at elevated
temperature indicates the exothermic nature of the adsorption
process. The values of K; at different temperatures were treated
according to van’t Hoff equation [37]

In K; = % + ARS (7)
where AH° (J/mol) and AS° (J/molK) are enthalpy and entropy
changes, respectively, R is the universal gas constant (8.314 J/mol K)
and T is the absolute temperature (in Kelvin). Plotting In K} against
1/T gives a straight line with slope and intercept equal to —AH°/R
and AS°/R, respectively. The values of AH° and AS° were calculated
from Fig. 6 and reported in Table 4. The negative values of AH°
confirming the exothermic nature of adsorption process whereas
the negative values of AS° suggests the high orderness of adsorp-
tion system at equilibrium due to the interaction between active
sites and metal ions. Gibbs free energy of adsorption (AG°) was
calculated from the following relation

AG® = AH® — TAS® (8)

The values of AG° at different temperatures were calculated and
also reported in Table 4. The negative value of AG° indicates that
the adsorption reaction is spontaneous. The observed decrease in
negative values of AG°® with increasing temperature implies that
the adsorption becomes less favorable at higher temperatures [37].

The data given in Table 4 also show a slight change in the value of
TAS® at all temperatures and |AH°|>|TAS°|. This indicates that the
adsorption process is dominated by enthalpic rather than entropic
changes [37].

3.6. Desorption of precious metals, and reuse after desorption

For the adsorption to be useful, the adsorbate has to be desorbed
and spend adsorbent reused. In the present study the desorp-
tion efficiency of adsorbed precious metals (100 mg/L) onto TCS
(3.33g/L) was studied by various concentrations of 30 mL H,SO4,
EDTA, and EDTA-H,SO4 solutions. The systematic influences of
these desorbing solutions on adsorbed precious metals onto TCS are
shown in Table 5. The results show that 0.5M EDTA-0.5M H,S04
solution can effectively desorbed the Pt(IV) and Pd(II) (>97%) metal
ions from adsorbent material. The high percentage of desorption
obtained when 0.5M EDTA-0.5M H;SO4 solution was used may
be explained by both stable complexes and the electrostatic inter-
actions between the Pt(IV) and Pd(II) species and charged species
from elution, through the comparison of the electric double layer,

08
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0.0} .
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Fig. 6. Van't Hoff plots for the uptake of Pt(IV) and Pd(II) on TCS.
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Table 5
Desorption of Pt(IV) and Pd(II) with different eluents.

Desorption agent Desorption efficiency (%)

Pt(1V) Pd(11)
0.1 M H,S0,4 19.23 3.12
0.3 M H,S04 28.08 536
0.5M H,S04 37.36 6.88
1.0M H,S0, 38.18 7.68
0.1 M EDTA 36.28 4328
0.3 M EDTA 70.86 75.16
0.5M EDTA 90.09 93.09
1.0 M EDTA 92.26 95.26
0.1 M EDTA-0.5 M H,S04 4524 4921
0.3 M EDTA-0.5 M H,S0,4 77.06 79.08
0.5M EDTA-0.5 M H,S0, 97.16 98.38
1.0 M EDTA-0.5 M H,S04 98.48 99.64

which would weaken the interaction between the adsorbent and
precious metal ions, promoting desorption.

The stability and the potential regeneration of the adsorbent
were investigated. The adsorbent can be reused after desorption
with 0.5M EDTA-0.5M H;S04 solution. The results showed that
the adsorbent was stable without loss of the adsorption capacity
up to at least 5 cycles and the desorption efficiencies were above
95%. Therefore, TCS could be successfully applied for the recovery
of Pt(IV) and Pd(II) from aqueous solution.

3.7. Preconcentration and recovery

From the measured results, recovery was found to be more than
97% for both Pt(IV) and Pd(II). The preconcentration factor for the
metal ions with TCS was also studied. The results showed that
the preconcentration factor for Pt(IV) and Pd(II) was 196 and 172,
respectively.

4. Conclusions

The recovery of Pt(IV) and Pd(II) from aqueous solutions was
studied using resin derived from thiourea-modified chitosan. The
results demonstrated that the adsorption process is dependent
on contact time, initial metal ion concentration, solution pH and
temperature. The adsorption capacity of TCS is higher than that
of CS. The maximum adsorption capacity was obtained at pH
2.0 both for Pt(IV) and Pd(II). Kinetic studies indicated that the
adsorption reaction follows the pseudo-second-order kinetics; this
suggests the main adsorption mechanism of chemical adsorption.
The adsorption isotherms could be well fitted by the Langmuir
isotherm equation. Thermodynamic parameters obtained indi-
cated that the adsorption process is spontaneous and exothermic.
The resin obtained showed good durability and easy regenera-
tion.
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