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Abstract

Moulded copolymers of styrene with divinylsulphide were synthesized by means of the living radical
polymerisation with N,N´-bis(vinyloxyethyl)thiuramdisulphite as an initiator without any solvents. It was
shown that the formation of a polymeric body proceeds without the formation of a macrogel. Individual
particles of copolymers were discovered using scanning electron microscopy. These particles are monospheroids
with a size about 1 µm; they determine further formation of the moulded polymeric body as granules.
Copolymer modification was carried out,  ionites were obtained. The effect of  the nature and concentration
of acids on the extraction of silver, gold and platinum ions was established. High distribution coefficients
equal to (2.0–6.5) 104 were obtained for the chloride complexes of gold and platinum. The possibility to use
sorbents for concentrating precious metals and for analytical purposes was demonstrated. A method of
sorbent regeneration was developed.

INTRODUCTION

The possibilities of further improvement of
the modern synthetic classes of sorbents hav-
ing a framework of copolymers of styrene with
divinylbenzene have already been exhausted
with respect to the composition of the matrix
and synthesis technology. Because of this, the
main focus is concentrated during the recent
years on the improvement of performance char-
acteristics of sorbents by means of manufac-
turing ionites according to the monosphere tech-
nology; the use of monospheres allows one to
decrease the hydrodynamic resistance of  sorp-
tion columns by 10–20 % and to improve the
integral kinetic parameters [1, 2]. Replacement
of divinylbenzene with divinylsulphide (DVS)

in copolymerisation with styrene has a number
of advantages: flexibility, mechanical strength
and osmotic stability of the matrix. The pres-
ence of  sulphide sulphur renders additional
complex-forming properties to the polymeric
framework and increases thermal and radia-
tion stability [3, 4].

The sorbents obtained by means of radical
polymerisation are characterized by micro-in-
homogeneous structure which is due to the chain
mechanism of macromolecule formation [5].
Realization of  a three-dimensional radical po-
lymerisation in the mode of living chains
(TRPL) may be considered as a potentially high-
ly efficient instrument of macromolecular de-
sign. With such a mechanism of three-dimen-
sional polymerisation,  instead of  a usual (chain)
mode of macrochain growth, a stepwise mode
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is realized, which allows one to decrease the
amount of defects in the spatial structure of
the sorbents.

We proposed to use DVS as a cross-linking
agent for the synthesis of ionites based on sty-
rene by means of the living radical polymerisa-
tion; we proposed N,N´-bis(vinyloxyethyl)thi-
uramdisulphide (VTDS) synthesized for the first
time in our laboratory to use as the initiator of
polymerisation (iniferter).

The goal of the present work was synthesis
of new sulphur-containing ionites by means of
the living radical copolymerisation and investiga-
tion of their structural and sorption properties.

EXPERIMENTAL

Divinylsulphide and VTDS were synthesized
according to the procedures described in [6, 7].
Styrene was purified from the inhibitor by vac-
uum distillation (34 oC at 11 mm Hg). Divinyl-
sulphide with a purity of 99.8 % (according to
the data of GLC) was distilled immediately be-
fore experiments (83 oC) to remove the inhibitor.

The copolymer for obtaining ionites was
synthesized under the following conditions:
DVS content in reaction 10 mol. %, reaction
time 168 h, temperature 70 oC, in mass. The
ampoule with the reaction mixture was de-
gassed in vacuum by means of freezing/
melting to the residual pressure of 10–2 mm
Hg. The copolymer was washed with hexane,
diethyl ether, and dried in vacuum to the
constant mass. The yield was 95.0 %. The copoly-
mer is a finely granulated insoluble powder of
white colour. Additional polymerisation of  the
copolymer was carried out in the mode of step-
wise temperature rise from 70 to 120 oC for 5 h.
Chloromethylation and amination of  the copol-
ymer were carried out according to the proce-
dures described in [8, 9].

The IR absorption spectra were measured
with Bruker IFS 25 spectrometer in tablets with
KBr. The sorption characteristics were deter-
mined at room temperature in the static mode
with respect to the silver cation Ag+, hexachlo-
ride complex of platinum Pt4+ and tetrachlo-
ride complex of gold Au3+ [10]. Residual con-
centrations of the metals were monitored by
means of atomic absorption (AAS-1 spectrom-
eter) and photometry [11].

RESULTS AND DISCUSSION

For synthetic sorbents with a polymeric
framework (matrix), the formation of a three-
dimensional cross-linked network is important
because its structural features determine the
area of sorbent application. We discovered that
copolymerisation of styrene with DVS in the
mode of living chains proceeds without the
formation of macrogel and monolith formation
stage [12]. Isolation of the copolymer does not
require precipitation procedures because its
particles are formed as grains with the high
degree of conversion, similarly to crystallization
from saturated solutions; they can easily be
washed with solvents and do not stick together.
A reaction under similar conditions but initiated
by DAC is accompanied by the formation of
monolith blocks of copolymers. Different
mechanisms of macrochain growth: chain
(under initiation with DAC) and stepwise (under
initiation with the iniferter) affect the structure
of the polymeric body which is formed as blocks
in the first case and as granules in the second
one. As a consequence, the polymers have
different performance properties.

At the early stage of structure formation,
the properties of the polymers are formed. The
microstructure (size, character of surfaces) of
the copolymer of styrene with DVS synthe-
sized in the presence of VTDS was investigat-
ed by means of scanning electron microscopy
(SEM). The SEM images of macromolecules is
shown in Fig. 1, a. They are monodisperse spher-
ical particles with a size of about 1 µm.

Copolymers of styrene with DVS
synthesized in the presence of DAC do not possess
highly organized structure (see Fig. 1, b), which
is due to the manifestation of gel effect at early
stages of the reaction [12] and due to the
formation of macrogel.

A specific characteristic feature of the for-
mation of supramolecular structures during the
realization of TRPL of styrene with DVS is
the formation of individual particles of the
polymeric body in the form of regular sphe-
roids (see Fig. 1, a) which are the nuclei of
structural formations and predetermine further
morphology of polymers.

According to the theory of microheteroge-
neity, the formation of microgel particles dur-
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TABLE 1

Characteristics of the initial and modified copolymers of styrene with divinylsulphide

Copolymer Concentration, mass %

Ñ H S Cl N

Initial copolymer 89.34 7.94 4.81 – –

Chloromethylated

   copolymer 76.07 6.89 3.69 11.65 –

Aminated copolymer 80.25 7.93 2.54   4.23 2.52

Fig. 1. SEM images of styrene copolymers with DVS at
a ratio of 90 : 10 mol. % (degree of conversion was 3 %).
a –  VTDS, b – DAC. Magnification 19200.

ing three-dimensional polymerisation is first of
al due to the chain character of macromolecu-
lar growth [13]. In TRPL of styrene with DVS
initiated by iniferters, the chains grow synchro-
nously. This excludes microphase layering be-
cause of the accumulation of long primary
macromolecules in the medium of the initial
oligomer; thus the reaction system remains uni-
form during the process (homogeneous gel for-
mation) up to deep conversion [14].

The copolymers of styrene with DVS and
their modified forms were analysed by means
of IR spectroscopy. The IR spectra of the co-

polymers of styrene with DVS, we observe
characteristic bands due to the vibrations of
C6H5 groups (537, 697, 757, 1451, 1584,
1601 cm–1) and CH2=CH–S (875, 960, 1582 cm–1).
After the performed stepwise additional poly-
merization, the spectra of copolymers did not
exhibit the characteristic bands of CH2=CH–
S groups.

The chloromethylated copolymer with the
initial content of DVS links equal to 13.5 %
(Table 1) (with the theoretically possible chlo-
rine insertion at a level of 20.14 %) contains
11.49 % chlorine, which corresponds to 57.08 %
modification of polystyrene units. The absorp-
tion bands at 839 and 1513 cm–1 appear in the
IR spectra of chloromethylated copolymer;
these bands point to the presence of para-de-
rived benzene rings. The band appearing at
1264 cm–1 relates to the fan deformation vibra-
tions of CH2Cl group in the styrene ring [15].
The absorption bands at 537, 697, 757 cm–1

which are characteristic of non-substituted
links of polystyrene are conserved, which is
an evidence of incomplete chloromethylation
of polystyrene links.

The second stage of  ionite synthesis is amina-
tion, which is carried out at the chloromethylated
links of polystyrene. According to the nitrogen
content in the modified copolymer (see Table 1),
amination has proceeded by 50.55 %  (taking the
nitrogen content 4.78 %  for the complete amina-
tion of the copolymer) and accounts for 88.57 %
of the chloromethylated polystyrene links.

Investigation of the sorption characteristics
of the modified copolymer of styrene with
DVS was carried out for metals in the cation
form (Ag+) and in the anion forms for gold and
platinum ([AuCl4]

– and [PtCl6]
2–, respectively).

Investigation of the dependence of the de-
gree of gold, platinum and silver ion extrac-
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TABLE 2

Sorption capacity (SC) of modified copolymer of styrene with divinylsulphide and the coefficients of metal

distribution (D) for solutions:  1 M ÍCl, 1 M H2SO4, 1 M  HNO3

Metal form ÍCl H2SO4 HNO3

SC, mg/g D SC, mg/g D SC, mg/g D

[AuCl4]
– 270 4.6 ⋅ 104 370 5.0 ⋅ 104

[PtCl6]
2–   59 2.0 ⋅ 103   65 3.0 ⋅ 104

Ag+   44 5.0 ⋅ 104 73 1.0 ⋅ 104

Fig. 2. Dependence of the extraction efficiency for the
chlorocomplexes of Au (1, 2), Pt (3, 6) and Ag cation (4, 5)
on the concentration of sulphuric (1, 4, 6) and hydrochloric
(2, 3) acids. msorp = 10 mg, mAu = 1.28 mg, mPt = 0.94 mg,
mAg = 7.0 mg, t = 2 h, Vsol = 20 ml.

Fig. 3. Curves of the equilibrium distribution of Au
(1, 2), Ag (3, 4), Pt (1', 2') in the solutions of 1 M H2SO4

(1, 3, 2′), 1 M HNO3 (4) and  1 M HCl (2, 1′). msorp = 10 mg,
Vsol = 20 ml, t = 2 h.

tion on the concentration of the acid within
the range 1–7 mol/l showed the following. For
the concentration of hydrochloric acid above
4 mol/l, a decrease in gold ion sorption is ob-
served, while the concentration of sulphuric
acid does not affect the degree of extraction
(Fig. 2, curves 1, 2). For platinum ions, the de-
gree of extraction decreases with an increase
in acid concentration (see Fig. 2, curves 3, 6).
Sorption of silver cations does not depend on
the concentrations of nitric and sulphuric ac-
ids (see Fig. 2, curves 4, 5).

Investigation of the dependence of the de-
gree of metal ion extraction on the time of
contact between the solutions and the solid
phase of the sorbent showed that the estab-
lishment of sorption equilibrium occurs with a
high rate; for the anion forms of metals, it
takes 30–60 min with τ1/2 equal to 15 and 9 min
(see Fig. 3, curves 1, 1', 2, 2'), respectively,
while for the cation form it takes 15 min with
semi-sorption time τ1/2 equal to 8 min (see Fig. 3,
curves 3, 4). Under the conditions of sorption
equilibrium, the dependence of the degree of
metal ion extraction on their concentrations in
solution was investigated; sorption capacities

under the static conditions and metal distribu-
tion coefficients were calculated (Table 2).

The largest sorption capacity of the copoly-
mer is exhibited towards gold ions for which
also high distribution coefficients are observed
(see Table 2). On the basis of the data on the
sorption activity of modified copolymer of sty-
rene with DVS, one may assume the mecha-
nism of the interaction of the sorbent with
metal ions. For nitrogen-, sulphur-containing
sorbents and acidocomplexes of gold and plat-
inum,  both ion exchange and coordination in-
teractions are possible,  while only coordina-
tion ones are possible for silver. The appear-
ance of the dependencies of ion metal extrac-
tion efficiency (see Fig. 2) provides evidence
of  their coordination interaction with the sor-
bent because for the case of ion exchange in-
teraction one should observe the competitive
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TABLE 3

Atomic absorption determination of  gold content in ore samples and in processing products,  g/t

Sample True, g/t Determined, g/t Sr, %

Convector dust (n = 8) 7.70 7.45 ± 0.19   3.2

Cyclone dust (n = 3) 3.24 2.96 ± 1.09 14.9

Standard sample VKO-2  (n = 3) 4.75 4.60 ± 0.60   8.7

Note. n is the number of  determinations.

effect of acid ions and a more sharp decrease
in the sorption activity with an increase in the
anion concentration.

Investigation of the IR spectra of sorbent
samples treated with acids and the samples after
metal sorption (concentrate) showed that they
coincide in the positions of IR bands and their
intensities. Since the gold content of the sorbent
is high (270 mg per 1 g),  the coordination of
gold-containing ions with respect to the
structural fragments of the copolymer should
cause changes in the parameters of IR bands.
The main mechanism of gold sorption is ion
exchange, when the chloride anion Cl– in the
–N+(C2H5)3Ñl– group is exchanged for the anion
[AuCl4]

–. The vibrations of the anion [AuCl4]
–

manifest themselves in the region 320–350 cm–1.
It is impossible to detect the corresponding IR
band in our experiments because we recorded
the IR spectra within the range 400–4000 cm–1.

Taking into account the sorption capacity
values (see Table 2),  only coordination sorp-
tion interaction is to be assumed for silver cat-
ion;  both coordination and ion exchange sorp-
tion interaction may be assumed for the tetra-
chloride complexes of gold and platinum.

The specific feature of the application of
this sorbent is its easily regeneration and the
possibility of repeated use in sorption cycles. It
was established that at room temperature 3 %
thiocarbamide solution may be used as an elu-
ent. Desorption is carried out by almost 100 %
within 1 h under static conditions.

From the solutions of acids with the
concentration of 1 mol/l, the sorbent extracts
copper ions by 70 % (for copper content equal
to 1 mg/20 ml) and is selective to iron, nickel,
cobalt, zinc, aluminium ions. Using synthetic
solutions, we demonstrated the possibility of
quantitative extraction of gold in the presence
of a 1000-fold excess if nonferrous metals with

the possibility of their further elution with
thiocarbamide, followed by atomic absorption
detection for the concentrations 0.2–0.1 µg/ml.
The determination was carried out on the basis
of the calibration dependence built up to
thiocarbamide solutions of the chloride complex
of gold. The modified copolymer was used for
sorption –  atomic absorption determination of
gold in the samples of products from raw
materials processing and in the standard ore
sample (VKO-2) (Table 3) with the preliminary
decomposition [11]. The standard deviation
characterizing the error of  determination does
not exceed 15 %.

CONCLUSION

By means of the living radical polymerisation
with N,N´-bis(vinyloxyethyl)thiuramdisulphide
as an initiator, a copolymer of styrene with
divinylsulphide was obtained. The structure of
the copolymer was investigated by means of IR
spectroscopy and electron microscopy. It was
shown that the copolymer does not contain
unreacted S–CH=CH2 groups; the individual
particles of the polymer phase are monospheroids.
Unlike for the classical polymerisation of these
monomers using DAC, the living radical
polymerisation allows one to obtain the moulded
polymer of styrene with DVS in the form of
granules without using solvents.

Modification of the copolymer was carried
out; an ionite was obtained which is stable in
acid solutions and within the acid concentration
in solution 1–7 mol/l extracts silver, gold and
platinum ions with the time of equilibrium
establishment 15–40 min. On the basis of the
curves of equilibrium distribution, the sorption
capacity and distribution coefficients were
calculated. High distribution coefficients
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(2.0–6.5) ⋅ 104 were obtained for the chloride
complexes of gold and platinum. The conditions
of sorbent regeneration were determined. It was
shown that desorption proceeds by almost
100 % within 1 h under static conditions.

REFERENCES

1 L. C. Santa Maria, M. C. A. M. Leite, M. A. S. Costa
et al., Eur. Polym. J., 39 (2003) 843.

2 H. Minami,  Z. Wang,  T. Yamashita,  M. Okubo,  Colloid

Polym. Sci., 281 (2003) 246.
3 B. A. Trofimov, S. V. Amosova, Divinilsulfid i yego

proizvodnye, Nauka, Novosibirsk, 1983.
4 A. K. Svetlov, Vysokopronitsayemye serosoderzha-

shchiye polimernye sorbenty (Doctoral Dissertation in
Chemistry), MChTI, Moscow, 1990.

5 G. V. Korolev, 47 let s khimfizikoy, Nauka i Zhizn’,
Chernogolovka, 2001.

6 Pat. 2260434 Germany, 1974.
7 Inventor’s certificate 1781211 SU, 1992.
8 A. K. Svetlov,  G. Z. Esipov,  Vysokomol. Soyed.,  11 (1969) 2793.
9 G. Zundel, Hydration and Intermolecular Interaction,

Acad. Press, NY, 1969.
10 A. Saldadze, V. D. Kopylova-Valova, Kompleksoobrazu-

yushchiye ionity, Khimiya, Moscow, 1980.
11 Metody kontsentrirovaniya i opredeleniya blagorodnykh

metallov, GEOChI, Moscow, 1986.
12 S. V. Amosova, E. I. Biryukova, E. I. Brodskaya et al.,

Vysokomol. Soyed., 46 (2004) 1.
13 V. G. Korolev, M. M. Mogilevich, I. V. Golikov, Setchatye

poliakrilaty: mikrogeterogennye struktury, fizicheskiye
setki, deformatsionno-prochnostnye svoystva, Khimiya,
Moscow, 1995.

14 S. I. Kuchanov, Nekotorye voprosy teorii obrazovaniya
setchatykh polimerov, Pushchino, 1981.

15 J. J. Mannion, T. S. Wang, Spectrochim. Acta, 20 (1964) 45.


