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Abstract

The sorption mechanism of sulfur-containing chelating resin, poly[4-vinylbenzyl (2-hydroxyethyl) sulfide], towards
Au(III) was investigated by Fourier transform infrared spectra (FTIR), X-ray photoelectron spectroscopy (XPS), scan-
ning electron microscopy (SEM), energy dispersive X-ray microanalysis (EDX), and X-ray diffraction (XRD). It was
showed that the sulfide bond in the resin was oxidized into sulfoxide and sulfone bond, and Au(III) was deoxidized
into Au(0).
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Commonly, sulfur-containing chelating resins inter-
act with most noble metals to form coordinative bonds.
Over the last several years, a number of sulfur-contain-
ing chelating resins were synthesized [1–4] and used
widely in preconcentration, separation, purification,
recovery of noble metals [5–11]. However, it is difficult
to soak most sulfur-containing chelating resins in aque-
ous solution because of their hydrophilic groups, which
further affect the diffusion of metal ions into the matrix
of chelating resins. Recently, we synthesized a novel
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hydrophilic chelating resin containing both sulfur and
oxygen atoms, poly[4-vinylbenzyl (2-hydroxyethyl) sul-
fide] (PVBS), by introducing a hydrophilic group –OH
into a sulfur-containing chelating resin [12]. This resin
exhibited both hydrophilic nature and excellent sorption
property for noble and heavy metal ions such as Ag(I),
Au(III), Pt(IV), Pd(II), and Hg(II) etc. In the sorption
process of Ag(I), Au(III) and Hg(II) on PVBS resin,
an interesting phenomenon, seriously redox, was found.
The sorption mechanism of Au(III) on chelating resins
has recently been reported [13–17], most of which focus
on the changes of metal ions rather than the changes of
resin structure. In order to figure out what happened to
both chelating resin and metal ions during the sorption
process, in this study, the sorption mechanism of PVBS
for Au(III) was investigated by Fourier transform infra-
red spectra (FTIR), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), and
ed.
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X-ray diffraction (XRD). In order to justify the structure
of PVBS resin after sorption, two kinds of control resins
poly[4-vinylbenzyl (2-hydroxyethyl) sulfoxide] (PVBSO)
and poly[4-vinylbenzyl (2-hydroxyethyl) sulfone]
(PVBSO2) were synthesized by oxidizing PVBS in the
present study.
Fig. 1. The FTIR Spectra of PVBS, PVBSO and PVBSO2.

Table 1
The saturated sorption capacities of PVBS, PVBSO, and
PVBSO2 for Au(III) at 25 �C (mmol g�1)

Metal ions PVBS PVBSO PVBSO2

Au(III) (pH = 4.0) 1.4800 1.5270 0.0300
2. Experimental

2.1. Materials and methods

PVBS, PVBSO and PVBSO2 resins were synthesized
according to our previous work [18]. HAuCl4 Æ4H2O
and other reagents, analytical grade, were purchased
from No.1 Reagent Factory of Shanghai and used with-
out any further purification.

2.2. Determination of static sorption kinetics

A known amount of resin (about 0.05 g) was sus-
pended in definite volume (in general 50 mL) of Au(III)
solution in an iodometric flask, which was placed in the
thermostatic vibrator, and 0.2 mL of Au(III) solution
was taken out to determine the amount of Au(III) ad-
sorbed by a resin in different time interval at room tem-
perature. Sorption amount (Q) was calculated as
follows:

Qðmmol g�1Þ ¼ ðC0 � CÞV
W

where C0 and C are the concentrations of Au(III) solu-
tion before and after sorption (mmol L�1), respectively;
V is the volume of the solution used for sorption (L);
and W is the mass of the dry resin (g).

2.3. Instruments

The concentrations of Au(III) solution were deter-
mined on a GBC-932 atomic absorption spectropho-
tometer made in Australia. The infrared spectra were
recorded on a Nicolet MAGNA IR-550 (Series II) spec-
trophotometer, OMNIC32 software, version 6.0a, and
test conditions were listed as follows: potassium bro-
mide, scanning 32 times, resolution 4 cm�1. XPS spectra
were collected on PHI 1600ESCA system, Perkin–Elmer
Co., USA, test conditions were listed as follows: MgKa
(1253.6 eV), power 200.0 W, resolution 187.85 eV.
Quantitative and qualitative analysis were carried out
using special data treatment software offered with the
instrument. The shapes and surface morphology of the
resins were measured on a scanning electron microscope
(SEM), JSF5600LV, JEOL. Energy dispersive X-ray
microanalysis (EDX) was performed by a EDX ana-
lytical instrument (Quest Level 2) made by Thermo
Noran Co.
3. Results and discussion

3.1. FTIR characterization of PVBS, PVBSO

and PVBSO2 resins and their sorption properties

for Au(III)

In Fig. 1, the PVBSO peaks at 1010–1044 cm�1 en-
hanced and widened evidently compared with those of
PVBS, indicating that the –S– bond had been probably
oxidized into –SO– after reacting with hydrogen perox-
ide. Besides, although the XPS demonstrated the exis-
tence of partial –SO2– groups in PVBSO resin (see
Table 2), the characteristic absorption peak of –SO2–
in its FTIR spectrum was not obvious due to its lower
content.

PVBSO2 could be prepared through oxidizing
PVBSO or PVBS. The FTIR spectra of PVBSO2 pre-
pared from PVBSO and PVBS did not show evident dif-
ferences in their characteristic peaks. Compared with
PVBS and PVBSO (Fig. 1), PVBSO2 showed novel
absorption peaks at 1289, 1119, and 1064 cm�1, which
revealing the –S– or –SO– bonds had been oxidized into
–SO2–.

As shown in Table 1, the saturated sorption capacity
of PVBS slightly increased when it was oxidized into
PVBSO, but greatly decreased when oxidized into
PVBSO2, indicating that the chelating capacity of
–SO– was higher than that of –S– bond and greatly
higher than –SO2– bond.
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3.2. The effect of Au(III) concentration on the

sorption of PVBS for Au(III)

The effect of Au(III) concentration on the sorption of
PVBS was investigated at room temperature (Fig. 2).
The sorption rate and sorption amounts of PVBS for
Au(III) increased with the concentration of Au(III)
when it was lower than 500 lg/mL. However, when
the concentration of Au(III) was higher than 700 lg/
mL, the sorption curves became abnormal. After
60 min in 700 lg/mL Au(III) solution or 40 min in
1000 lg/mL Au(III) solution, the sorption amounts of
PVBS for Au(III) were both less than in 500 lg/mL
Au(III) solution, and the decreased value of sorption
amounts increased with the increasing of the Au(III)
solution concentration. This phenomenon suggests the
possible existence of other reactions in the sorption pro-
cess except chelating reaction.

In the sorption experiment some phenomena were
found as follows: (1) under the condition of a low con-
centration solution (e.g. less than 10 lg/mL) or the total
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Fig. 2. Sorption kinetics of PVBS resin for Au(III).

Fig. 3. The SEM images of Au(III)-loading PVBS (A: the surface of th
the resin).
amount of Au(III) ions in solution was much less than
the saturated sorption capacity of the resin, the color
of PVBS resin maintained white or primrose yellow or
yellow during the whole period of sorption; (2) under
the condition of a high concentration of solution (e.g.
more than 100 lg/mL) or the total amount of Au(III)
ions in solution was more than the saturated sorption
capacity of the resin, the color of the resin changed
slowly from white to primrose yellow, yellow, red, ruby
red orderly with the proceeding of sorption; (3) the
changing rate of color increased with the increasing of
Au(III) solution concentration.

The facts above could be explained by the following
three-steps adsorption mechanism: (1) the Au(III) ions
in the solution were firstly adsorbed on the resin to form
chelate complexes, then the resin appeared slightly prim-
rose yellow; (2) the Au(III) ions adsorbed on the resin
were reduced into Au(I) by the resin, which made the
resin yellow [19]; (3) the Au(I) ions adsorbed on the resin
were replaced by other free Au(III) ions from the solu-
tion. The Au(I) ions replaced by Au(III) entered the
solution, and were converted into Au(0) and Au(III)
ions. The color change of resin from white to ruby red
probably indicated the formation of nano-sized Au(0)
particles [20].

3.3. SEM analysis

The SEM images of resins after sorption (Fig. 3) dis-
tinctly showed there were great deals of grains of ele-
mental gold distributing on the surface and interior of
polymeric microspheres; and the size of Au particles
on the surface of resin microspheres was bigger than that
in the outer layer or the interior of resin. A probable
explanation for this was that the content of functional
groups on the surface was higher than that in the inte-
rior of resin, which resulted in the formation of more
Au(0). It could be observed that most of Au particles
in the outer layer and inner of chelating resin were
nano-sized, which was in agreement on the deduction
in Section 3.2.
e resin; B: the outer section of the resin; C: the interior section of



Fig. 4. The EDX graphs of PVBS resin.

Table 2
The binding energy (eV) of S2p in PVBS, PVBSO, PVBSO2 and
Au(III)-loading PVBS

PVBS PVBSO PVBSO2 PVBS–Au(III)

163.79 163.50 168.36 163.69
166.21 166.33
168.78 169.16
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3.4. EDX analysis

The results of EDX analysis of Au(III)-loading PVBS
were shown in Fig. 4. S element distributed homoge-
neously from the center to the outer layer of the resin,
however, Au element mainly distributed on the surface
and outer layer of the resin, implying that Au(III) ions
could hardly enter the center of the resin because of
the obstruction of the Au(0) particles formed during
the sorption. The distribution of Cl element was similar
to that of Au element, demonstrating that Au(III) was
sorbed by PVBS resin in a form of chloro-coordinated
anion.

3.5. XRD analysis

The XRD graphs of PVBS (Fig. 5) demonstrated that
there were five characteristic diffraction peaks of crystal
faces of elemental gold appeared at 2h = 37.5�, 44.05�,
64.05�, 77.35�, and 81.5� after sorption Au(III), which
also proved that there was elemental gold in the resin
after sorption.

3.6. XPS analysis

Three kinds of resins were characterized by XPS (Ta-
ble 2). There was only one kind of binding energy peak
of S2p in both PVBS and PVBSO2. The peaks at
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Fig. 5. The XRD graph of Au(III)-loading PVBS.
163.79 eV in PVBS and 168.36 eV in PVBSO2 belonged
to S2p of –S– and –SO2–respectively. The single peak of
S2p demonstrated that there was only one type of sulfur
atom in PVBSO2, implying that the –S– in PVBS resin or
–SO– in PVBSO resin were thoroughly oxidized into
–SO2–. It is safe to say the reaction of oxidizing –S–
or –SO– into –SO2– could be carried out completely.
The XPS spectrum of PVBSO showed that the propor-
tion of the three types of sulfur in PVBSO resin was
30.3:55.0:14.7. The conversion percentage of –SO2–
was 14.7% which took only small part in the total
amount of sulfur, so the characteristic absorption of
–SO2– in FTIR spectra of PVBSO2 was undistinguish-
able. This result accorded with that of FTIR.

The three kinds of binding energy peaks of S2p in the
XPS of Au(III)-loading PVBS at 163.69, 166.33, and
169.16 eV, could be assigned to S2p of –S–, –SO–, and
–SO2– respectively. This proved that Au(III) did oxidize
part of the sulfide bonds into sulfoxide and sulfone. The
proportion of –S–, –SO–, and –SO2– in the resin after
sorption determined by XPS was 20.8:65.5:13.7.

Compared the XPS spectra of PVBSO with that of
PVBS after sorption, the shifts of binding energy of
S2p in –S–, –SO–, and –SO2– were 0.19, 0.11, and
0.38 eV respectively, implying that chelation still existed
between –S–, –SO–, –SO2– and gold ion or gold atom
after redox reaction. This conclusion was approved by
the sorption experimental results showed in Table 1.

In summary, the whole sorption process of PVBS
resin for Au(III) can be described as the following chem-
ical equations:

AuðIIIÞCl4 þ PS-CH2SC2H4OHþH2O

! AuðIÞCl þ PS-CH SOC H OHþ 2Cl� þ 2Hþ

2 2 2 4
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AuðIIIÞCl4 þ PS-CH2SOC2H4OHþH2O

! AuðIÞCl2 þ PS-CH2SO2C2H4OHþ 2Cl� þ 2Hþ

AuðIÞ �
disproportionate

aq.
AuðIIIÞ þAuð0Þ
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