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The graft copolymerization of styrene (St) onto poly(vinyl alcohol) (PVA) is studied
by using a novel redox system of potassium diperiodatocuprate-PVA (Cu(III)-
PVA) in alkaline medium. Cu(III)-PVA redox pair is an efficient initiator for this

graft copolymerization which is proved by high graft efficiency (>97%) and high 
percentage of graft (>300%). Reaction conditions (monomer-to-PVA weight ratio, 
initiator concentration, pH, time and temperature) affect the graft parameters which
have been investigated systematically. The optimum reaction conditions are found as
St/PVA = 5.4; [Cu(III)] = 1×10-2 M; pH = 12.7; temperature = 50ºC; time = 3.5 h. Further,
the equation of the overall polymerization rate can be written as follows: Rp = k C1.9 (St)
C1.7 (Cu(III)). The overall activation energy was calculated to be 42.0 kJ/mol based on
the experimental data of the relations between Rp and C(St); Rp and C(Cu(III)); and Rp
and temperature. A mechanism is proposed to explain the formation of radicals and the
initiation. The structure of the graft copolymers is confirmed by Fourier 
transfer infrared spectroscopy (FTIR). Some peaks were compared with PVA at
3080.34-3001.79 cm-1 (=C-H stretching in the phenyl ring), 1600.34-1450.95 cm-1

(C=C stretching in the phenyl ring), 755.17 cm-1 and 698.64 cm-1 (=C-H out-off-plane
bending in phenyl ring) which are considered to belong to the characteristic absorption
bands of phenyl group of polystyrene. Therefore it proves that the graft copolymer is
composed of PVA and PSt. TGA thermograms of PVA and PVA-g-PSt are investigated
as well. As it is shown the initial decomposition temperature of PVA-g-PSt (377.3ºC) is
much higher than that of PVA (241.8ºC), which indicates that the thermal stability of the
PVA is obviously enhanced by grafting with PSt. X-Ray diffraction elucidates the 
incorporation of PSt with PVA which reduces the crystal degree of PVA.

INTRODUCTION

There are plenty of hydroxyl
groups present as side-groups on
the backbone chain of poly(vinyl
alcohol) (PVA). The hydroxyl
groups bring about good solubility
in water but on the other hand lead
to its high resistance to oil and poor
mechanical properties. Because
the modified PVA possesses

hydrophilic backbone chain and
hydrophobic branched chains syn-
chronously after being modified by
vinyl monomers, it can serve as
amphiphilic compatibility-reagent
between a hydrophobic polymer and
a hydrophilic polymer. In view of
which, the modified PVA has great
applied value as a unique polymer
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material. Thus, many attempts have been made in this
field. Graft copolymerization is one of the most
important methods to modify PVA. Some of the graft
reactions are implemented in aqueous medium and
initiated by ceric ammonium nitrate [1-4], 
ammonium persulphate [5], potassium persulphate
[6-8], ferric ion-hydrogen peroxide [9-11], and
gamma rays [12]. The chain transfer reaction which is
the most common process to produce graft 
copolymers among these traditional ways finally
leads to lower graft efficiencies. Efficiency of ceric
ammonium nitrate serving as initiator is superior, but
because of its high cost and acid reaction medium
where the copolymerization must be carried out, its
application is limited. Therefore, it is very important
and valuable to find an initiator that imposes much
milder reaction condition and can bring higher 
efficiency. 

Supernormal valence transition-metals have
received considerable attention for a long time
because it can form a redox system with the 
characteristic reductive group of the natural or 
synthetic macromolecule. The redox system can
directly initiate graft copolymerization of vinyl
monomer onto macromolecule with high graft 
efficiency. In our previous studies, supernormal
valence transition-metals, such as diperiodato-
nickelate(IV) [13-16], diperiodatoargentate(III)
[17,18], and diperiodatocuprate(III) [19-22] initiating
acrylate monomer have been applied to modify
macromolecules. In this field, some achievements
have been obtained, but there is no report on graft 
copolymerization of styrene onto PVA using 
potassium diperiodatocuprate-PVA (Cu(III)-PVA)
redox system as initiator in alkaline medium.

In this article, Cu(III)-PVA redox pair is used to
initiate graft copolymerization of styrene (St) onto
PVA in alkaline medium. The effects of the reaction
conditions on graft parameters have been investigat-
ed. Cu(III)-PVA redox pair is an efficient initiator for
this graft copolymerization which is proved by high
graft efficiency (>97%) and high percentage of graft
(>300%). The structures and the properties of PVA-
graft-polystyrene (PVA-g-PSt) are characterized by
precision instruments. It is concluded that Cu(III)-
PVA redox system is an efficient and mild redox 
initiator for this graft copolymerization. 

EXPERIMENTAL

Materials
Styrene obtained from Beijing Chemical Co. was
freed from inhibitor, dried and distilled. Poly(vinyl
alcohol) was from Beijing Yili Refined Chemical
Ltd., Co. with Mw = 1750 ± 50 and alcoholysis degree
of 99%. The solution of Cu(III) was synthesized and
measured according to the reported procedure [23].
The other reagents and solvents (analytical grades)
were used without any further purification.

Graft Copolymerization and Treatment of
Copolymer
A required amount of PVA (0.2 g) was dissolved in 
distilled water with constant stirring and then the
monomer (1.0 mL) was added. After being deaerated
sufficiently by nitrogen an aqueous solution of
Cu(III) (1.5 mL) was dripped into the reaction system
with the total volume amount reaching 15 mL. After
a period of reaction time, the reactant was cooled and
terminated by a little aqueous hydrochloric acid 
solution (1 mL, 1%), then poured into excess
methanol (50 mL) to precipitate the polymer. The 
precipitated polymer was filtered and dried to a 
constant weight under vacuum at 60ºC. Then, the
homopolymer of styrene was removed completely
from the graft copolymer by exhaustive Soxhlet
extraction with toluene for 48 h at 120ºC. The final
graft copolymer was dried to a constant weight under 
vacuum at 60ºC. The graft copolymerization was 
performed repetitively under the conditions of 
different monomer-to-PVA weight ratios, Cu(III) 
concentration, pH, time and temperature. The product
was treated as before. At the same time we performed
a blank experiment by adding some amounts of
monomer and Cu(III) without PVA. The experimental
result showed that PSt was not synthesized. 

Measurements
FTIR Spectroscopy
The FTIR spectra of PVA and PVA-g-PSt were
recorded on a FTS-40 IR spectrometer (Bio-Rad Co.)
by potassium bromide pellet method.

SEM 
The surface shape of dried powder of PVA and PVA-
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g-PSt was investigated by KYKY-1000B scanning
electron microscope (Scientific Apparatus Factory of
Chinese Academy of Science, Beijing, China).

X-Ray Diffraction
X-Ray diffraction of the PVA and PVA-g-PSt was 
carried out with a Y-2000 X-ray diffraction instrument
(Dandong Ray Apparatus Corp., Jilin Province,
China).

TGA
The thermogravimetric analysis (TGA) of the graft
copolymer (GE (%) = 80.16%) and PVA was carried
out by a Pyris 6 TGA (from Perkin Elmer USA) at a 
heating rate of 10ºC/min in a static air atmosphere
from 30ºC to 700ºC.

RESULTS AND DISCUSSION

To further examine the reaction mechanism of graft-
ing of polystyrene onto PVA, the effects of synthetic
variables such as monomer-to-PVA ratio, Cu(III) 
concentration, pH, time and temperature are 
investigated. The graft parameters, including total
conversion (C), graft efficiency (E), percentage of
graft (P) and the rate of polymerization (Rp) are
defined and calculated as follows:

C (%) = (total weight of PSt / weight of St charged) ×
100%

E (%) = (weight of PSt grafted / total weight of PSt) ×
100%

P (%) = (weight of PSt grafted / weight of PVA) ×
100%

Rp (mol.L-1.s-1) = total weight of PSt / (mol. weight
of St × reaction time (s) × reaction volume (L))

Effect of Monomer-to-PVA Weight Ratio 
The effect of monomer-to-PVA weight ratio on graft
parameters is investigated while all other variables
being kept unchanged, and the result is depicted in
Figure 1. The graft parameters initially increase with
the augmented ratio of St-to-PVA and then decline
obviously after a peak value. At first, with the increase
of the monomer's concentration around the radical, 

Figure 1. Effect of St/PVA on graft parameters: [Cu(III)]:
4.675×10-3 M; 2.5 h; 39ºC; pH: 12.89.

the initiation reaction and chain propagation reaction
were accelerated, which resulted in the increase of
graft parameters. However, Cu(III) not only reacts
with PVA to produce radicals to initiate graft copoly-
merization but also reacts with radicals to terminate 
polymerization. In addition with higher increase in
ratio there is a higher chance of chain transfer 
reaction. Thus C, P and E obviously decrease after 
St-to-PVA ratio (g/g) beyond 4.79.

Effect of Cu(III) Concentration
When the weight ratio of St-to-PVA, pH, reaction
temperature, time and the total volume of reaction
system are kept invariable, the effect of Cu(III) 
concentration on graft parameters is shown in Figure
2. With the Cu(III) concentration increasing, the graft
parameters show at first a trend in continuous increase
then it decreases after the peak value. When Cu(III)
concentration is lower, Cu(III) is mainly used to 
produce radicals to initiate graft copolymerization.
Thus, all the graft parameters increase continuously.
However, on the one hand, a further augmentation of
Cu(III) concentration makes the radicals superfluous,
which accelerates the reaction of Cu(III) with radicals
and terminates the chain propagation reaction. On the
other hand, the superabundant radicals can enhance
the chance of homopolymerization enormously.
As a result, C, P and E present a tendency to decrease
when Cu(III) concentration is beyond the optimum
point.
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Figure 2. Effect of [Cu(III)] on graft parameters: ratio of St
to PVA: 4.493; 2.5 h; 39ºC; pH: 12.93.

Effec of Temperature 
The effect of reaction temperature on graft parame-
ters is shown in Figure 3. As it is observed C, P and
E present a tendency of durable increase under 50ºC
and then they decrease with the continuously rising 
temperature. Though the ascending temperature 
benefits the rate of free radical formation and the
chain propagation reaction, the radical termination
reaction by oxidation of Cu(III) and the chain 
transfer reaction also consume increasingly at higher
temperature. Thus, the graft parameters increase

Figure 3. Effect of temperature on graft parameters:
[Cu(III)]: 5.394×10-3 M; ratio of St to PVA: 4.435; 2.5 h; 
pH: 12.96.

Figure 4. Effect of time on graft parameters: [Cu(III)]:
5.394×10-3 M; ratio of St to PVA: 4.452; 39ºC; pH: 12.96.

initially and then decrease with the continuously rise
in temperature.

Effect of Time
The influence of the reaction time on graft parameters
is illustrated in Figure 4. As it is shown, E changes 
little with the reaction time prolonged, while the
increase of C and P lasts for 3.5 h, then they decrease,
which comply with the general rule of conventional
radical polymerization. Therefore, the optimum 
reaction time is obtained to be 3.5 h.

Effect of pH 
When the other conditions are invariable, the graft
copolymerization is carried out and investigated at
different pH. Figure 5 shows the effect of pH on graft
parameters. The alkalinity in the reaction solution is
regulated by potassium hydroxide and hydrochloric
acid. As it is observed C, P and E present a 
first-increase-and-then-decrease trends. In aqueous
alkali Cu(III) exists mainly in two different forms
possessing dissimilar reaction activities which 
directly influence the amount of radicals produced in
the redox reaction system. In the pH-range that we
have studied the ratio of two forms, is an optimum
value enabling Cu(III) to produce maximum amount
of radicals [24,25] therefore, the graft parameters
have a peak value when the reaction pH-range is
12.4-13.0.

Iranian Polymer Journal / Volume 18 Number 11 (2009)850

Graft Copolymerization of Styrene onto PVOH ... Bai L et al.

 

 

 



Figure 5. Effect of pH on graft parameters: [Cu(III)]:
4.675×10-3 M; ratio of St to PVA: 4.492; 39ºC; 2.5 h.

Kinetics of the Reaction and the Overall Activation
Energy
Based on the experimental data, the relations between
Rp and C(St) and between Rp and C(Cu(III)) are
shown in Figures 6 and 7, respectively. The slopes
indicate that the apparent exponential of C(St) is 1.9
and that of C(Cu(III)) is 1.7. The equation of the 
overall polymerization rate can be written as follows:
Rp = k C1.9 (St) C1.7 (Cu(III)).

The effect of temperature on the Rp was investigat-
ed from 288 K to 303 K. From the Arrhenius plot
(Figure 8), the overall activation energy was 

Figure 6. -Log C(St) versus -log Rp, [Cu(III)]: 4.675×10-3 M;
39ºC.

Figure 7. -Log C(Cu(III)) versus -log Rp with ratio St to PVA:
4.492; 39ºC.

calculated to be 42.0 kJ/mol.

FTIR Spectroscopy
The graft copolymerization is confirmed by FTIR
spectra (Figure 9) of PVA (a) and PVA-g-PSt (b). The
FTIR spectrogram shows characteristic absorption
bands of PVA at 3338.14 cm-1 (νO-H) and 
1151.58 cm-1 (νC-O-C). However, PVA-g-PSt has
some additional peaks compared with PVA at
3080.34-3001.79 cm-1 (=C-H stretching in the phenyl
ring) 1600.34-1450.95 cm-1 (C=C stretching in the
phenyl ring), 755.17 cm-1 and 698.64 cm-1 (=C-H 

Figure 8. 1/T versus lnRp, [Cu(III)]: 4.675×10-3 M; ratio of St
to PVA: 4.492.
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Figure 9. FTIR spectra of PVA (a) and PVA-g-PSt (b).

out-off-plane bending in phenyl ring) which are 
considered to belong to the characteristic absorption
bands of phenyl group of polystyrene. This is a proof
that the graft copolymer is composed of PVA and PSt.

Scanning Electron Microscope 
The scanning electron micrographs of PVA (a) and
PVA-g-PSt (b) are shown in Figure 10. The surfaces
of PVA-g-PSt change remarkably compared with that
of PVA. As it is observed, the granules of PVA are
bigger, more planar and its surface boundary is very
clear whereas the surface of PVA-g-PSt becomes
more uneven, pliable with numerous little tensible
protuberances are noticable. The change may be due
to the fact that PSt is successfully grafted onto the
backbone of PVA.

X-Ray Diffraction Diagrams
The X-ray diffraction spectra of PVA (a) and PVA-g-
PSt (b) are measured and shown in Figure 11. As it is
observed PVA (a) has distinct crystal peaks at 19.63º,
which is more aculeated than that (19.35º) of PVA-g-
PSt (b). The crystal degree of PVA and PVA-g-PSt is
calculated to be 0.534 and 0.274, respectively, which 

Figure 10. SEM micrographs of PVA (a) and PVA-g-
PSt (b).

elucidates that the incorporation of PSt with PVA
reduces the crystal degree of PVA. The decrease in the  
crystal degree of PVA with the increase in grafting
may be due to decaying regularity of the PVA chains
by breaking down the interchain hydrogen bonding
along the chain.

TGA
TGA thermograms of PVA (a) and PVA-g-PSt (b) are
shown in Figure 12. As it is shown the initial decom-
position temperature of PVA-g-PSt (377.3ºC) is much
higher than that of PVA (241.8ºC), which indicates
that the thermal stability of the PVA is obviously
enhanced by grafting with PSt. The TGA of PVA
shows a weight loss in two stages, being respectively
from 30.0ºC to 241.8ºC with 6.0% weight loss due to
the loss of adsorbed water, from 241.8ºC to 
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Figure 11. X-Ray diffraction spectra of PVA (a) and PVA-g-
PSt (b).

654.2ºC with 93.0% of weight loss for the thorough
degradation of PVA. The TGA curve of PVA-g-PSt
has two stages of weight loss, which are from 169.7ºC
to 377.3ºC with 10.0% loss in weight due to the
degradation of ungrafted PVA chain and 90.0% of
weight loss in the second stage from 377.3ºC to
616.4ºC being attributed to the degradation of PVA-g-
PSt. Thus, the thermodynamic property of PVA is
improved evidently by grafting with PVA.

Discussion of the Initiation Mechanism
From different observations such as: FTIR spec-
troscopy, X-ray diffraction, SEM and TGA, it attests to
the fact that St has been grafted onto PVA triumphant-
ly, which again verifies that Cu(III) can initiate the
graft  copolymerization of vinyl monomers onto natu-
ral or synthesized macromolecule, which is considered
to be a free radical polymerization. The FTIR spectra 

Figure 12. TGA thermograms of PVA (a) and PVA-g-
PSt (b).

also show that the characteristic absorption peaks of 
-OH belonging to PVA only present themselves as
weak peaks and almost disappear in (b), which 
illustrates that the graft copolymerization originates
from oxygen atom. Thus a mechanism for formation
of the copolymer (Scheme I) is proposed as follows:

Initiated reaction:

Propagation reaction:

Termination reaction:
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Scheme I. Copolymerization product

CONCLUSION

With satisfactory results, polystyrene has been grafted
onto PVA successfully under mild conditions in 
alkaline medium by using Cu(III)-PVA as initiator.
Graft copolymers with high grafting efficiency and
high percentage of grafting have been obtained. The
reaction parameters in the experimental condition
have been optimized. The proof of grafting was
obtained from FTIR spectroscopy, X-ray diffraction,
SEM and TGA tests. It is confirmed that Cu(III) is
able to initiate the graft copolymerization of styrene
as well as vinyl monomers on natural or synthetic
macromolecules; furthermore, Cu(III)-PVA is 
testified to be an efficient and a practical redox 
initiator for the graft copolymerization. A mechanism
is proposed to explain the formation of radicals and
the initiation.
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