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ABSTRACT: Thiourea-formaldehyde (TUF), a well-
known chelating resin, has been synthesized and it was
used in the adsorption, selective separation, and concentra-
tion of Pd(II) ions from Fe(III), Co(II) Ni(II), and Cu(II) base
metal ions. The composition of the synthesized resin was
determined by elemental analysis. The effect of initial aci-
dity/pH and the adsorption capacity for Pd(II) ions were
studied by batch technique. The adsorption and separation
of Pd(II) were then examined by column technique. FTIR
spectra and SEM/EDS analysis were also recorded before
and after the adsorption of Pd(II). The optimum pH was

found to be 4 for the adsorption. The adsorption data fitted
well to the Langmuir isotherm. The maximum adsorption
capacity of the TUF resin for Pd(II) ions was found to be
31.85 mg g�1 (0.300 mmol g�1). Chelating mechanism was
effective in the adsorption. Pd(II) ions could be separated
efficiently from Fe(III), Cu(II), Ni(II), and Co(II) ions using
TUF resin. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 120:
3316–3324, 2011
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INTRODUCTION

Platinum group metals (PGMs) are widely used in
different industries because of their specific physical
and chemical properties. Palladium, a platinum group
metal or a precious metal, is used extensively in
jewelry, electronics, electroplating, medicine, conver-
ters, and some chemical reactions. Increasing demand
and limited resources have encouraged palladium
recovery from secondary metal-containing sources
like electronic, industrial wastes, and separation from
base metal ion solutions.1,2 Solvents for extraction, ion
exchangers, membrane separation, activated carbon,
and chelating resins can be used to separate Pd(II)
ions. Comparatively, chelating resins or ion exchan-
gers with chelating functional groups are more prefe-
rable due to reusability and more selectivity. Based on
hard-soft acid-base theory (HSAB) by Pearson,3 che-
lating resins or ion exchangers with functional groups
containing S or N donor atoms interact strongly with
soft acids like precious metal ions. This condition is
satisfied by Pd(II) ions. A wide range of chelating
resins selective toward Pd(II) ions is known.4–11

Thiourea functional group containing N and S
donor atoms or soft ligand atoms has been studied
by many researchers to separate or adsorb a lot of
soft metals or Pd(II) ions.6,11–20 Thiourea-formalde-
hyde (TUF) resin can be synthesized easily with less
starting material in an aqueous solution. This
resin has not been focused on only the separation of
palladium ions from base metal ions although there
is collective metal ion sorption study.21

In the present study, thiourea-formaldehyde resin
has been synthesized and it has been used in the
selective separation and concentration of Pd(II) ions
from a solution including Fe(III), Co(II), Ni(II), and
Cu(II) base metal ions.

EXPERIMENTAL

Chemical reagents

All the reagents used in the experimental studies
were of analytical grade and used as received.
Formaldehyde (37%, 1.09 g mL�1, solution) and
thiourea used in the synthesis of TUF resin were
purchased from Merck (Germany). A stock solution
of 1000 g mL�1 Pd (II) was prepared by dissolving
1.0000 g of pure palladium (Merck, Germany) in
1000 mL of aqua solution including 1M HNO3

and 3M HCl. Fe(III), Co(II), Ni(II), and Cu(II)
stock solutions were prepared from FeCl3.6H2O,
Co(NO3)2.6H2O, NiCl2.6H2O, and CuSO4.5H2O
(Merck, Germany), respectively. The thiourea eluent
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solution was made up by dissolving 0.5 mol of thio-
urea in 1000 mL of 0.5M HCl. Distilled water was
used in the synthesis of the resin and the prepara-
tion of the metal ion solutions.

Apparatus

A Shimadzu AA-6701 model flame atomic absorption
spectrophotometer (FAAS) (Japan) was used in the
determination of the metal ion concentrations. The
measurements of Pd(II) were carried out with a hallow
cathode lamp (Koto, Japan) at a wavelength of 244.8 nm
using an air-acetylene flame. The column studies were
performed with a column of length 10 cm and inner di-
ameter of 0.8 cm. A constant flow rate during the
adsorption or elution by column technique was pro-
vided with a peristaltic pump (Masterplex, Cole-
Polmer, UK). FT-IR spectra were recorded on a Shi-
madzu-IRPrestige-21 spectrophotometer (Japan). The
elemental analysis of the TUF resin was performed with
the use of a LECO CHNS 932 elemental analyzer (Leco,
USA) at Tubitak in Ankara, Turkey. SEM/EDS analyses
were carried out using a JEOL JSM 6060-LV type (Jeol,
Japan), scanning electron microscope (SEM) equipped
with an energy-dispersive spectrometer (EDS).

Synthesis of TUF resin

The TUF resin used in the experimental studies was syn-
thesized by well-known amine-formaldehyde reactions
(Cannizzaro reaction), composed of hydroxymethylation
and condensation steps.21–29 The synthesis of TUF resin
may result in different chemical composition and physi-
cal properties according to initial mole ratio of thiourea
to formaldehyde and drying conditions.

The molar ratio of thiourea to formaldehyde was
chosen as 1 : 1 in this study. It was aimed to more
linear or less branched copolymer for the adsorption.
In a 600-mL beaker on a magnetic stirrer, 15.2 g (0.2
mol) of thiourea, 50 mL of distilled water and 15 mL
of formaldehyde (37% aqueous solution, containing
0.2 mol formaldehyde) were mixed and dissolved.
pH was adjusted to between 8 and 10 by adding 1M
NaOH solution. The solution was heated at 80�C for
60 min to carry out hydroxymethylation. Then, pH
was adjusted to 2 by adding 1M HCl for the conden-
sation, while the mixture was stirring and heating at
80�C. The obtained condensates were filtered and
washed with distilled water and then dried at 80�C.
The resin was powdered and washed with distilled
water and dried again. This powdered resin was
used in the all experimental studies.25–29

Batch method adsorption studies

Effect of initial acidity/pH

The effect of initial acidity/pH on the adsorption of
Pd(II) ions was studied in the pH range of 1–6 and at

1M and 3M HCl concentrations by stirring 0.2 g resin
in 100 mL of 50 mg L�1 Pd(II) solution. The adsorp-
tion studies were carried out at 25�C for 90 min. Three
milliliters of the samples were taken at time intervals
for the analysis of residual Pd(II) concentration in the
solution. The adsorption densities (qe, mg g�1) were
calculated from the concentrations of Pd(II) in the
solutions after the correction of volume [eq. (1)]

qe ¼ ðC0 � CeÞ
m

:V (1)

where C0 and Ce are initial and equilibrium concen-
trations of Pd(II) (mg L�1), respectively; m is the
quantity of the resin (g) and V is the volume of the
solution (L).

Adsorption isotherms

To examine the Langmuir and the Freundlich
adsorption isotherms, different initial concentrations
were studied by placing 0.1 g TUF resin into a series
of flasks containing 100 mL solutions at 30, 50, 70,
and 90 mg L�1 Pd(II) concentrations and at the opti-
mized pH of 4.0. The adsorption data obtained were
correlated to the Langmuir [eq. (2)] and the Freund-
lich isotherms [eq. (3)].30–33

Ce

qe
¼ 1

bQmax
þ Ce

Qmax
(2)

where Ce is the concentration of Pd(II) at equili-
brium in the solution (mg L�1); qe is the amount of
Pd(II) ions adsorbed per unit weight of the adsor-
bent (mg g�1); the constant Qmax is the theoretical
saturation adsorption capacity of the monolayer
(mg g�1); and b is related to the energy of adsorp-
tion (L mg�1).

log qe ¼ logKF þ 1

n
logCe (3)

where Ce is the equilibrium concentration (mg
L�1); qe the amount of Pd(II) ions adsorbed by per
gram of the resin, and KF and n are constants
incorporating all factors affecting the adsorption
process such as adsorption capacity and intensity,
respectively. The Langmuir and the Freundlich
isotherm coefficients were calculated from the
graphics of the isotherms.

Column experiments

Adsorption

The fixed-bed column system mainly consisted of a
peristaltic pump and a glass column of length 10 cm
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and inner diameter of 0.8 cm. A schematic diagram
was shown in Figure 1. A 0.5 g portion of the TUF
resin was packed into the column, plugged with
glass wool at the bottom. A Pd(II) solution at 150
mg L�1 concentration and at pH 4 was passed
through the column at the flow rate of 0.5 mL
min�1. Each 10 mL of the effluent solution was
collected separately and Pd(II) concentrations in this
effluents were determined by FAAS.

Elution

The elution studies were also performed with same
system in Figure 1. The adsorbed Pd(II) ions onto
the TUF resin were eluted by 0.5M thiourea and
0.5M HCl solution. The concentrations of thiourea
and HCl in the elution solution were predeter-
mined. Through the elution, each 10 mL of the
effluent solution was collected separately and Pd(II)
concentrations in this effluents were determined by
FAAS, again.

Separation of Pd(II) ions from Fe(III), Ni(II), Co(II),
and Cu(II)

The selective separation of Pd(II) ions from Fe(III),
Co(II), Ni(II), and Cu(II) ions using the TUF resin was
also studied by column technique. After 0.5 g of the
TUF resin was placed into the column, a solution
including 150 mg L�1 concentrations for each metal
ions of Pd(II), Fe(III), Co(II), Ni(II), and Cu(II) ions
was passed through the column to examine the com-
petitive adsorption. Afterwards the adsorbed metal
ions were eluted by 0.5M thiourea and 0.5MHCl solu-
tion. In the adsorption or elution studies, each 10 mL

of the effluent solution was collected separately and
then the metal ions were analyzed by FAAS.
Moreover the separation factors of Pd(II) ions

from Fe(III), Co(II), Ni(II), and Cu(II) ions for some
bed volumes were also calculated using eq. (4) from
the experimental data in the column studies.21,25

Separation factor; KA=B ¼ ðCA1 � CA2ÞCB2

ðCB1 � CB2ÞCA2

(4)

where CA1 is the concentration of A metal ions
before adsorption, CA2 is the concentration of A
metal ions after adsorption, CB1 is the concentration
of B metal ions before adsorption, CB2 is the concen-
tration of B metal ions after adsorption.

RESULTS AND DISCUSSION

Characterization of TUF resin

Elemental analysis

The elemental analysis was carried out on the
synthesized TUF resin to determine C, N, H, and S
contents. The obtained results are given in Table I.
N and S ligand concentrations in the resin were
found as 27.92 and 32.21%(w/w), respectively. In
addition, oxygen content was calculated from the
difference of all the other composition. In addition
oxygen content shows ACAOAC structure in the
resin. It was found that the expected composition of
TUF resin was obtained, nearly.

FT-IR analysis

The FT-IR spectra of the resin before and after the
adsorption of Pd(II) ions were recorded and the
obtained results are given in Figure 2. The peaks could

Figure 1 Schematic diagram of column study.

TABLE I
Elemental Composition of TUF Resin

Component C N H S O

% (w/w) 25.32 27.92 4.41 32.21 10.15

Figure 2 FT-IR spectra (Resolution: 4 cm�1, powder sample).
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be analyzed as follows: the adsorption at 3306 cm�1

shows >NAH in secondary amino, 1603 and 1132
cm�1 are the peaks of ANA(C¼¼S)A group, 1520 cm�1

is >C¼¼NH, and 959 and 540 cm�1 are
>CASA.21,23,28,29 It was found that TUF resin included
ACAOACA, ANA(C¼¼S)A, >C¼¼NH, and >CASA
groups. These groups show that TUF resin has com-
plex chemical composition. Two peaks in FT-IR spec-
trum after Pd(II) adsorption showed changes at 557
cm�1 as a stronger peak and at 1530 cm�1 as the peak
at higher frequency. These changes may be due to fact

that Pd(II) ions bind to >C¼¼NH and >CASA groups
via coordinative covalent bonding. This is the indicator
of the chelation of Pd(II) ions with N and S ligand
atoms on the surface of the TUF resin.

SEM/EDS analysis

The SEM/EDS analyses of the resin before and after
Pd(II) adsorption were also examined and the
obtained results are given in Figures 3 and 4. It was
found that the TUF resin included C, N, S, and O

Figure 3 SEM/EDS analysis of TUF resin (20 kV, �1000).
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atoms before the adsorption and Pd atoms after the
adsorption. SEM micrographs showed that the par-
ticles in the resin converted to bigger flocculated
particles after the Pd(II) adsorption. This may be
expressed by crosslinking via Pd(II) bridges during
the adsorption. The EDS surface analysis was not a
true chemical analysis because of the measurements
on a carbon paper. It was found that the carbon con-
tent obtained by the EDS analysis was higher than
the content by the elemental analysis. In addition, a

chemical analysis on the surface of TUF resin may
be different according to total chemical analysis.
Therefore, the EDS analyses were considered as a
qualitative or semi quantitative chemical analysis.

Batch method adsorption studies

Effect of initial acidity/pH

The effect of initial acidity/pH on the adsorption of
Pd(II) by TUF resin was studied in the pH range of

Figure 4 SEM/EDS analysis of TUF resin after Pd(II) adsorption (20 kV, �1000).
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1–6 and at 1M and 3M HCl concentrations. The
adsorption quantity per gram TUF resin (qe, mg g�1)
was calculated by eq. (1) for time intervals and
different acidities. The results obtained are given in
Figure 5. It was seen from the results that the
adsorption leaded to equilibrium in 60 min, and in
general, the pH values between 1 and 6 were effec-
tive in the adsorption. The optimum pH of 4 was
selected for the later experimental studies.

Cruywagen and Kriek34 studied the complexation
of Pd(II) ions with chloride and hydroxide, and cal-
culated the logbn values of PdCl2�4 PdCl3(OH)2�

PdCl2(OH)2�2 PdCl(OH)2�3 , and Pd(OH)2�4 as 11.51,
16.48, 20.63, 24.02, 26.23, respectively. The major
fraction of the Pd-complexes in an acidic solution at
0.1M or higher chloride concentration is PdCl2�4 .
Above pH of 8, the other hydroxide-chloride or hy-
droxide complexes form.34 Pd(II) adsorption onto
TUF resin may be governed by ionic interaction
mechanism between protonated amines >NHþ

2 and
chloro-palladate complexes, chelation mechanism
between Pd(II) and N or S donor atoms on the resin
or both two mechanism. The possible reactions are
given by eqs. (5–8).6,16,33,35,36,37

Ionic interaction

ðR1R2ÞNHþHClðaqÞ ¼ ðR1R2ÞNHþ
2 Cl

�
ðsorbÞ (5)

2ðR1R2ÞNHþ
2 Cl

�
ðsorbÞ þ ½PdCl4�2�ðaqÞ

¼ ððR1R2ÞNH2Þþ2 ½PdCl4�2�ðsorbÞ þ Cl�ðaqÞ ð6Þ

Chelation

ðR1R2ÞNHþ
2 Cl

�
ðsorbÞ þ ½PdCl4�2�ðaqÞ

¼ ðR1R2ÞHN! ½PdCl3��ðsorbÞ þHþ
ðaqÞ þ 2Cl�ðaqÞ ð7Þ

ðR1R2ÞC¼Sþ ½PdCl4�2�ðaqÞ
¼ ðR1R2ÞC¼S! ½PdCl3��ðsorbÞ þ Cl�ðaqÞ ð8Þ

Ionic interaction mechanism occurs in the adsorp-
tion at high HCl concentrations. However, chelating
mechanism is effective mechanism at high pH values.
In this study, it may be suggested that chelating
mechanism is effective.

Adsorption isotherms

For interpretation of the adsorption data, the Lang-
muir [eq. (2)] and the Freundlich [eq. (3)] isotherm
models were used. Pd(II) solutions at different con-
centrations were shaken for 180 min with the TUF
resin. The experimental results are given in Figure 6.
The Langmuir and the Freundlich adsorption iso-
therms were plotted using the experimental data in
Figures 7 and 8, respectively. Moreover, the Lang-
muir and the Freundlich constants were calculated
from Figures 7 and 8 and they are given in Table II.

Figure 5 Effect of initial acidity/pH on Pd(II) adsorption
(0.2 g resin; 100 mL solution, 50 mg L�1 Pd(II), 25�C).

Figure 6 Effect of concentration on Pd(II) adsorption (0.1 g
resin; pH 4, 100 mL Pd(II) solution, 25�C).

Figure 7 The Langmuir isotherm (0.1 g resin; pH 4, 100 mL
Pd(II) solution, 25�C).
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As seen from Figures 7 and 8, and Table II, the R2

values (regression coefficients) indicate that the
experimental data fits better to the Langmuir isotherm
than the Freundlich isotherm. The theoretical satura-
tion adsorption capacity of the TUF resin for Pd(II)
ions was calculated as 31.85 mg g�1 (0.300 mmol g�1).
In the previous our study with melamine-formalde-
hyde-thiourea resin,13 the adsorption capacity had
been found as 15.29 mg g�1 (0.144 mmol g�1). The TUF
resin has more adsorption capacity for Pd(II) ions than
melamine-formaldehyde-thiourea (MFT) resin. In the
literature, there are many adsorbents with higher
adsorption capacities for Pd(II) ions. However, TUF
resin can be prepared easily from the less and cheap
reagents by controlling the acidity of the synthesis
reactions.

Column studies

Adsorption

The performance of the TUF resin under dynamic
adsorption conditions was studied. Figure 9 gives
the breakthrough curve for the adsorption of Pd(II)
ions (150 mg L�1; pH:4; flow rate: 0.5 mL min�1).
The initial and the down flow Pd(II) concentrations
were indicated by Co and C, respectively. The break-
through curve was obtained by plotting of C/C0

versus BV (Bed volume). It was seen that all the
concentration of Pd(II) was adsorbed onto the resin,
up to 60 BV and the resin began to saturate after

this point. This curve will continue to higher BV
values in case of less Pd(II) concentration.

Elution

After the column adsorption, the loaded Pd(II) ions
were eluted by 0.5M thiourea and 0.5M HCl solu-
tion at 0.5 mL min�1. The elution solution was pre-
determined and the optimum elution concentrations
were selected. The results of the elution study are
given in Figure 10. It was found that the first efflu-
ent volume of 10 mL (18.18 BV) contained about
930 mg L�1 Pd(II) concentration. Pd(II) ions could
be concentrated from 150 to 930 mg L�1.
This shows that TUF resin can be used in the
concentration of Pd(II) ions for analytical or hydro-
metallurgical processes.

Separation of Pd(II) ions from Fe(III), Ni(II),
Co(II) and Cu(II)

The separation of Pd(II) ions from Fe(III), Ni(II),
Co(II), and Cu(II) base metal ions is important for
analytical preconcentration or hydrometallurgical

Figure 8 The Freundlich isotherm (0.1 g resin; pH 4, 100 mL
Pd(II) solution, 25�C).

TABLE II
Coefficients of the Langmuir and Freundlich Isotherms

The Langmuir
isotherm

The Freundlich
isotherm

Qmax

(mg g�1)
b

(L mg�1) R2
kF

(mg g�1) n R2

31.85 2.60 0.9988 19.57 8.968 0.9861

Figure 9 Breakthrough curve for the adsorption of Pd(II)
ions (0.5 g resin, 150 mg L�1 Pd(II), pH 4, 0.5 mL min�1

flow rate, 25�C).

Figure 10 Elution of Pd(II) ions (Elution solution: 0.5M
thiourea and 0.5M HCl, 0.5 mL min�1 flow rate, 25�C).
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separation. Because palladium may occur in the
matrices including iron, nickel, cobalt, and copper
etc. In addition, the chloride, nitrate, and sulfate
salts of these metals were also used. Especially,
chloride salts was selected to compare the adsorp-
tion results of PdCl2�4 and FeCl�4 complex anions in
a competitive conditions. A palladium solution may
contain nitrate and sulpate anions. At the same time,
this study shows whether palladium can be recov-
ered from chloride-nitrate-sulfate media, or not. Any
precipitation did not form after the mixture solution
was prepared. A solution including each metal ion
concentration of 150 mg L�1 for Pd(II), Fe(III), Ni(II),
Co(II), and Cu(II) was passed through the column.
Then the adsorbed metal ions were eluted by same
acidified thiourea solution (0.5M thiourea and 0.5M
HCl). The adsorption and elution profiles for the
separation of Pd(II) ions are given in Figures 11 and
12, respectively.

After one adsorption-elution cycle, Pd(II) ions
were concentrated from 150 to 930 mg L�1, whereas
the other base metal ions were diluted from 150 to
20–40 mg L�1. In addition, the column capacities of
Pd(II), Fe(III), Cu(II), Ni(II), and Co(II) were calcu-
lated as 19.35, 0.406, 0.606, 0.466, and 0.466 mg g�1

in the competitive conditions, respectively.
In addition the separation factors of Pd(II) ions

from Fe(III), Co(II), Ni(II), and Cu(II) ions were also
calculated using eq. (4)21,25 and the obtained results
are given in Table III.

According to the column results, it was found that
TUF resin could be used effectively in the separation
of Pd(II) ions from Fe(III), Ni(II), Cu(II), and Co(II)
ions and chloride-nitrate-sulfate media. It was also
found that PdCl�4 anions were more adsorbed than
FeCl�4 anions. Both anionic complexes may bind via
>NHþ

2 MCln�4 ionic interaction. However, the results
showed that PdCl2�4 was more and more adsorbed
because of the chelation of Pd(II). On the other
hand, Fe(III) ions did not show an important differ-
ence from Cu(II), Ni(II), and Co(II) divalent ions.
This result may be due to the fact that Fe(III), Cu(II),
Ni(II), or Co(II) hard acid metal ions show less
chelation effect toward to N and S soft ligand atoms
on the surface of TUF resin.
Moreover palladium separation by TUF resin can

be applicable to other solutions including other base
metal ions or other hard/borderline acid metal ions
suggested by Pearson,3 i.e., Al(III), Ca(II) and Zn(II)
etc. However, soft metal ions such as Ag(I) and
Hg(II) ions may be competitive with Pd(II) ions.

Reusability of TUF resin

The stability of the TUF resin was also examined at
similar column conditions. The concentration pro-
files for the adsorption-elution cycles with Pd(II)
ions are presented in Figures 13 and 14, respectively.
In general, similar adsorption and elution values
were obtained in the re-usage of the resin. TUF resin

Figure 12 Elution profiles of adsorbed metal ions (Elu-
tion solution: 0.5M thiourea and 0.5M HCl, 0.5 mL min�1

flow rate, 25�C).

Figure 11 Breakthrough curves of metal ions mixture
(0.5 g resin, 150 mg L�1 conc. for each metal ion, pH 2,
0.5 mL min�1 flow rate, 25�C).

TABLE III
Separation Factors of Pd(II) from Fe(III), Co(II), Ni(II), and Cu(II)

BV 18 36 55 73 91 109 127 145 164 182 200 218 236 255 273

KPd/Fe 10858 164,901 164,901 4851 775 239 74 50 30 19 14 12 12 11 11
KPd/Cu 6663 248,184 248,184 7301 1166 359 111 75 45 28 20 18 18 17 17
KPd/Ni 9197 248,184 248,184 7301 1166 359 111 75 45 28 20 18 18 17 17
KPd/Co 9691 248,184 248,184 7301 1166 359 111 75 45 28 20 18 18 17 17

SELECTIVE SEPARATION AND CONCENTRATION OF Pd(II) 3323

Journal of Applied Polymer Science DOI 10.1002/app



can be re-used or regenerated efficiently in the selec-
tive separation of Pd(II) ions.

CONCLUSIONS

TUF resin was synthesized and examined in the
selective separation and concentration of Pd(II) ions
from Fe(III), Co(II) Ni(II), and Cu(II) base metal
ions. Some important results were summarized
following; The optimum pH of 4 was found for the
adsorption of Pd(II) ions. The adsorption of Pd(II)
ions can be studied in the pH range of 1–6. SEM
micrographs showed that bigger particles occurred
during the adsorption via palladium Pd(II) coordi-
nation. The adsorption data were found to fit well
to the Langmuir isotherm. Palladium adsorption
capacity of 31.85 mg g�1 (0.300 mmol g�1) was
achieved using the TUF resin. Chelating mechanism
is effective in the adsorption of Pd(II) ions. In
conclusion, Pd(II) ions can be concentrated and sep-

arated efficiently from Fe(III), Cu(II), Ni(II), and
Co(II) using TUF resin.
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Figure 13 Adsorption in the cycling tests (0.5 g resin, 150
mg L�1 Pd(II), pH 4, 0.5 mL min�1 flow rate, 25�C).

Figure 14 Elution in the cycling tests (Elution solution:
0.5M thiourea and 0.5MHCl, 0.5 mL min�1 flow rate, 25�C).
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