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ABSTRACT

A model for a heterogeneous graft polymerization of vinyl andlor acrylic

monomers on polyvinyl alcohol (PVA) initiated by cent ions is developed . The

model can be easily extended to other (poly)hydroxylic substrates . Graft
copolymerization of acrylonitrile (AN) onto PVA was carried out using eerie

ammonium nitrate (CAN) as an initiator in an aqueous nitric acid medium under

N2 atmosphere . The optimum conditions for grafting were determined by

studying the effects of concentrations of initiator, monomer, PVA and acid on

the percentage of grafting . The graft copolymer was characterized by FTIR

spectroscopoy. The graft yield increases with increasing monomer
concentration up to 1 .728 M, with further increases, the graft yield decreases.

The graft yield increases with increasing initiator concentration up to 1 .31x10-2
M and PVA up to 12 g/L and thereafter it decreases . The effects of the pH of

polymerization medium, reaction time, temperature on graft yield have also
been investigated. The kinetics of the graft polymerization of acrylonitrile onto

PVA in aqueous solution was studied by bromornetry titration . The following rate

expression : Rpak [AN] ' 06[CAN] 0.62[PVA] 0m was observed and a suitable

mechanism is suggested . The overall activation energy of the copolymerization

reaction is found to be 42 .51 kJlmol within the temperature range 25—45 'C.
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INTRODUCTION

	

of natural and synthetic polymers with the vinyl

monomers has been reported [2] . Hang et al . [2] have

Grafting is a useful method for modifying some of the

	

studied grafting of vinyl monomers onto polyvinyl

properties of natural [1] and synthetic polymers .

	

alcohol.

Considerable work on graft copolymerization

	

Cede ions induced graft polymerization of
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hydroxyl-containing polymers was first discovered by
Mino and Kaizerman in 1958 by using polyvinyl
alcohol as a substrate [3] . The ceric ion method is one
of the most interesting methods to graft olefins on
polymers presenting oxidizable functional groups [4,
5] . Free radicals are formed on a trunk polymer by
ceric ion [6] . The initiation of the graft copolymer-
ization with ceric ion depends on very much the pH of
the system [7—10].

The effect is not only dependent on the acid
concentration but also on the nature of acid used.
The oxidizing behaviour of ceric ion on hydroxyl
compounds has shown mechanistic differences
depending on acid medium used [8] . Of the redox
systems investigated so far the tetravalent ceric ion
has received considerable interest [2, 6, 11, 12]
because of its high grafting efficiency and very low
homopolymer formation . In the present study, the
effects of initiator, monomer and polyvinyl alcohol
concentrations on the graft polymerization of acrylo-
nitrile onto polyvinyl alcohol by using cede ammo-
nium nitrate in aqueous medium were studied.

The graft polymerization was kinetically studied
and the percentage of grafting as a function of various
parameters that influence the grafting reactions and
consequently, a reaction scheme and an expression for
the polymerization rate have been proposed and activ-
ation energy and order of reaction were determined.

EXPERIMENTAL

Materials
Polyvinyl alcohol that was obtained from Merck (DP=
1700, fully hydrolyzed) was extracted with acetone
and dried in vacuum before use. Acrylonitrile was
purified by reduced pressure distillation . Then it was
stored in the refrigerator until use . Ceric ammonium
nitrate of reagent grade was used without purification.

Procedures
The graft copolymerization reactions were carried out
at the desired temperature in a constant—temperature
bath with an accuracy of ±0 .1 'C . In a typical graft
polymerization, 2 g PVA was dissolved in 50 mL

dilute nitric acid (0 .O1N) at 80—90 'C . After cooling
down to room temperature, the reaction mixture was
transfered to a 100 mL three-necked flask equipped
with a mechanical stirrer. The reaction mixture was
purged with purified nitrogen for 30 min . Then the
requisite amount of ceric ammonium nitrate rapidly
was added and the reaction was allowed to proceed
for 30 min at 45 'C using the agitation speed of 80
rpm after the contact PVA with eerie, the required
amount of monomer, 6 .0g, was added . A continuous
supply of purified nitrogen was maintained through-
out the reaction period. After 3 h the polymerization
was stopped by hydroquinone . In order to remove
homopolymer the samples were precipitated out with
acetone.

Finally the samples were extracted with DMF
in a soxhlet apparatus for 24 h to dissolve all the
homopolymers until a constant weight of grafted
polyvinyl alcohol was obtained. The percentage of
graft yield and rate of grafting were calculated as
follows:

Graft yield (%) =

dry wt . of grafted PVA — dry wt . of original PVA

dry wt .of original PVA

and R,, =

weight of PAN grafted

Ma of AN x reaction times (s) x reaction volume (m 3 )

Evidence for Grafting
After extraction of homopolymer with DMF for 24 h
in a soxhlet, the grafted polymers were characterized
by FTIR (8101M Shimadzu) spectroscopy. The
appearance of absorption band at 2250 cm-t (C=N) in
the grafted polymers was not present in PVA (Figures
1, 2) . This testified the existence of grafting.

RESULTS AND DISCUSSION

The optimum graft condition for monomer, initiator
and polyvinyl alcohol system was determined by
varying concentration of initiator, monomer and
polyvinyl alcohol.
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Effect of Metal Ion Concentration
Graft copolymerization was studied by changing the
concentration of eerie ammonium nitrate (CAN)
between 1 .526x 10-3 and 1 .470 x 10-2 M in constant
monomer and PVA concentrations. The perusal of
results indicates that, with increasing initiator concen-
tration up to 1 .3 1 x 10-2 M, the graft yield increases and
thereafter it decreases (Figure 3). In the initial stage

with the increasing the initiator concentration, the
number of grafting sites on the backbone of fibre
increases by the interaction of the fibre with the ini-
tiator, resulting the increase in graft yield . But beyond

1 .31x 10-2 M of the initiator concentration, the initiator
might interact with the monomer molecules producing
homopolymer, thereby decreasing graft yield.

Effect of Monomer Concentration
The grafting has been studied at the monomer
concentration within the range 0 .468—2.074 M at
constant initiator and substrate concentration . It is

Wavenumber (em-' 1

Figure 2. FTIR Spectra of PVA.
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Figure 3 . Yield of graft copolymer PVA with AN vs . concen-

tration [CAN] and constants pH=2, T=45 'C, [AN]=1 .7228 M,

PVA=15.26 got, time=2 h.

observed that, with increasing monomer concentration
up to 1 .728 M, the graft yield increases and thereafter
it decreases (Figure 4). The graft yield increased
because of the rising of grafting rate, and a maximum
graft yield was achieved at [AN]= 1 .718 M and with
the further increases of [AN] there is a pronounced
gel effect. The gel effect was more pronounced at
higher concentration of the monomer and the chain
transfer from PVA macroradical onto monomer
increased, leading to the lowering of graft yield.

Effect of Polyvinyl Alcohol Concentration
The dependence of grafting on the amount of PVA
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Figure 4. Yield of graft copolymer vs . concentration [AN] and

constants [CAN]=0.0131 M, PVA=15.26 g/L, T5 'C, pH=2,

time=2 h.
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Figure 1 . FTIR Spectra of the graft copolymer AN onto PVA.

400 .0

Iranian Polymer Journal/ Volume 10 Number 5 (2001) 285



Kinaics and Mechanism of Hetaogene000 Graft Polymeivation of Acrylooitrik

was studied in the range of 33 .51 g/L at constant
initiator and monomer concentration (Figure 5) . It is
observed that, with increasing PVA up to 12 g/L, the
graft yield increases and thereafter it decreases . There
exists an optimum PVA concentration at which
percent grafting reaches maximum . This indicates that
the maximum swelling of the backbone polymer
occurs and the penetration of the polymeric chains is
maximum, which and may be due to availability of
more radical sites on chains for grafting . With the
further increase in the concentration of PVA, grafting
is found to decrease. This indicates that beyond opti-
mum concentration, gel effect becomes pronounced.
The formation of a large amount of gel increases the
viscosity of the reaction medium and as such the
movement of the growing grafted polymeric chain is
restricted with the result that in the attack on the
active sites of PVA backbone is decreased and homo-
polymer is formed at the expense of the graft.

Effect of pH
The result of the varying nitric acid concentration at
the stages of the polymerization reaction is shown in
Figure 6 . Grafting yields increase rapidly with pH
reaching the maximum value at pH=2 and thereafter it
decreases. It has been observed that changes in the
HNO3 concentration affect the rate of oxidation by
ceric ion and the rate of polymerization [13] . The

0 1i

	

15

	

22

	

30

	

33
[PVA] (g1L)

Figure 5 . Yield of graft copolymer vs . concentration [PVA]

and constants [CAN]=0 .0131 M, T=45 'C, pH=2, [AN]=

0 .7423 M, time=2 h .

300

s
@ 200
to

100

Figure 6. Yield of graft copolymer vs . pH and constants
[CATV]=0.0131, T=45 'C, [AN]=1 .7423 M, time=2 h,

PVA=15.26 gIL.

changes observed in these rates have been attributed
to the formation of different complexes between ceric
ion and nitrate ions, hydroxyl ions, and water mole-
cules . The increase yield with HNO3 concentration up
to a certain value can be a result of the higher increase
in the rate of initiation than in the rate of termination.
On the other hand, the decrease in grafting yield with
HNO3 concentration beyond a certain value can be
explained if the rate of termination of growing
polymer chains and of PVA radicals predominate the
rate of initiation . The grafting yield increases at low

Figure 7 . Yield of graft copolymer vs. reaction lime.
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Table 1 . influence of the reaction time on the grafting
reaction . Condition as ; [CAN] = 0 .0131 M, m pVA = 16.39
glL, and [AN] = 0.7423 M.

t (s) [M] (moll_) Graft yield (%)

0 0 .7423 0

253 0 .6513 29 .42

470 0 .5732 54 .67

731 0 .4793 85.03

936 0 .4055 108 .87

1196 0 .3120 139 .11

1471 0.2403 162 .30

1710 0.1982 175 .91

1961 0.1741 183 .71

2235 01515 191

I3NO3 concentration, because the rate of generation of
PVA radicals increase . The further decrease of graft-
ing yield at high HNO3 concentration is the result of
decrease in the number of PVA radicals which is the
adding monomer, because of their increased oxidation
by Ce(IV).

Effect of Variations of Time on Graft Yield
The percentage of graft yield versus reaction time,

0

	

500

	

1000

	

1500
Time (a)

♦ [AN]=05031 ; n [AN]=06237, 6 [AN]=0.7423; x [AN]=0 .8590; * [AN]=

0 .9738,

Figure 8 . Yield of graft copolymer PVA with AN vs . reaction
time at variations of PVA and AN graft copolymer yield [AN],
pH=2, T=45 'C, [CAN]=0 .0131 M, and PVA=16 .39 glL.

studied at 45 ` C is depicted in Figure 7 and Table 1.
The percentage of graft yield is linear with time up to
1200 s and after it goes constant with time [14].

Effect of Monomer Concentration
The grafting has been studied at the monomer concen-
tration within the range of 0.5031—0 .9738 M and
constant initiator and polyvinyl alcohol concentration.
Experimental values of grafted copolymers are given
in Table 2 and depicted in Figure 8 . It is observed
that, up to 1200 s the reaction rate remained constant.
Increase in percent grafting was observed upon
increasing the monomer concentration Figure 8 . The
increase in rate of grafting with increase in monomer
concentration may be due to the formation of more
M'n radicals, which may generate sites for grafting on
polyvinyl alcohol by abstraction of hydrogen atom.
The rate of graft polymerization depends on the
concentration of initiator, monomer and polyvinyl
alcohol as in the following:

Rp = k{AN]a [I] b {PVA]` and,

= k l [AN]'

The plot of —ln[Rp)0 vs —In[AN) a is linear and
presented in Figure 9 . The slope of line is 1 .06, which
suggests that the order of the reaction with respect to
monomer is 1 .06.

Figure 9 . Plot of -In[Rp]o vs. —In[AN]o with other conditions
as in Figure 4.
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Table 2 . Effect of AN concentration on the grafting copolymer at 45 C with [CAN] = 0.0131 M and mpvA=16 .39 glL.

t (s) 245 497 730 968 1220 Rpx10 4=2 .370

[AN]=0 .5031 M [AN] 0 .4452 0 .3855 0.33 0.2733 0.213

graft (%) 18.41 37.60 55 .02 73 .07 92.25

t(s) 238 469 710 961 1218 Rpx10 4=2.993

[AN] = 0 .6232 M [AN] 0 .5526 0 .4835 0.4112 0.3355 0 .2579

graft (%) 22.78 44.95 68 .14 92 .41 117.28

t(s) 250 478 709 945 1198 Rpx104=3.607

[AN]=0 .7423 M [AN] 0 .6513 0 .5701 0.4845 0.3994 0 .3091

graft (%) 29.08 55.68 82 .70 110 .85 120.05

t (s) 253 482 733 981 1213 Rpx104=4.203

[AN]=0 .8590 M [AN] 0 .7529 0 .6556 0.5505 0.4261 0 .3479

graft (%) 34.5 65 .96 100 .55 134 .51 166.57

Effect of Initiator Concentration

	

The effects of initiator concentration on the graft
Graft copolymerization was studied by changing the

	

yield are shown in Figure 10. It indicates that the graft
concentration of CAN from 1 .85 x 10-3 to 1 .31 x 10-2 M

	

yield increases with the increasing of concentration
with constant monomer and polyvinyl alcohol concen-

	

CAN . The increase of percent grafting with initiator
trations (Table 3) .

	

concentration may be related to the increase of active

Table 3 . Effect of CAN concentration on the grafting copolymer at 45 'C with [AN] = 0 .7423 M and mpvA =16.39 g/L.

t (s) 0 253 502 723 971 1227 Rpx104 =1 .0442
[CAN]=1 .85x10 M [AN] 0 .7423 0.7160 0 .69 0 .6667 0 .6206 0 .6125

graft (%) 0 8.5 16 .9 24 .43 32.87 41 .65

t (s) 0 235 482 731 975 1213 Rpx104 =1 .645
[CAN]=3 .63x10 M [AN] 0 .7423 0.7038 0 .6631 0 .6227 0 .5812 0 .5414

graft (%) 0 12.46 25 .61 38 .65 52.08 62 .95

t(s) 0 251 500 733 971 1221 Rpx104 =2 .388
[CAN]=7 .017x10 M [AN] 0 .7423 0.6825 0 .6230 0 .5672 0 .5101 0 .4498

graft (%) 0 19.32 38 .56 56 .60 75.06 94 .57

1(s) 0 238 469 728 975 1207 Rpx104 =3 .034
[CAN]=1 .01x10-2 M [AN] 0 .7423 0.6703 0.6002 0 .5213 0 .4459 0 .3749

graft (%) 0 23.28 45 .94 71 .46 95.85 118 .77

t (s) 0 250 478 709 929 1198 Rpxl04=3 .607
[CAN]=1 .31x10-2 M [AN] 0 .7423 0.6523 0.5701 0 .4865 0 .3992 0 .3091

graft (%) 0 29.08 55 .68 82 .70 110.85 140 .05
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• [Ce]=0.0018 M; n [Ce]=3.0036 M: A [Ce]=0.00YO M ; • [Ce]=0010 M;

* [Ce]-0.013 M.

Figure 10. Yield of graft copolymer PVA with AN vs.
reaction time at variations of [CAN], pH=2, T=45 ' C,
[AN) 0.7423 M, and PVA=16 .39 gIL.

sites on the backbone of polyvinyl alcohol arising from
the attack of different Ce(IV) on polymer matrix . But

beyond 1 .31x1(12 M of the initiator concentration, the
initiator might interact with the monomer molecules,
producing homopolymers, thereby decreasing the graft
yield . In these conditions the rate of equation is as
follows :

R=k2 [CAN] b

The plot of -ln[Rp]o vs -In[CAN]e is linear
(Figure 11). The slope of line is 0 .62, which suggests
that the order of the reaction with respect to initiator

4.35

	

5 .10

	

5 .50

	

6.0

	

6 .4
-In (Rp)e

Figure 11 . Plot of -ln[Rp]o vs . -In[CAN]o with other
-,onditions as in Figure 3.
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Figure 12. Yield of graft copolymer PVA with AN vs.
reaction time at variations of [PVA) and constants pH=2,
T-45 'C, [ANp0.7423 M, and [CANp0 .0131 M.

is 0 .62.

Effect of Polyvinyl Alcohol Concentration
The dependence of grafting on the amount of PVA
was studied in the range of 16.39-32 .78 g/L at
constant initiator and monomer concentrations. The
results are given in Table 4 and depicted in Figure I2.

The graft yield is found to decrease with the
increase of the amount of polyvinyl alcohol, owing to
the lowering ratio of monomer to PVA . In these
conditions the rate of equation is as follows:

RP ° k3 [ PVA]'

Figure 13. Plot of -In[Rp]o vs. -In[PVA]o with other
conditions as in Figure 5.
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Table 4. Effect of PVA concentration on the grafting copolymer at 45 'C with [AN ] = 0 .7422 M, and [CAN] = 0 .0131 M.

t (s) 250 478 709 929 1198 Rpx104=3.607
[PVA]=16 .39 gIL [AN] 0.6523 0.5701 0.4865 0.3994 0.3091

graft (%) 29 .08 ,

	

55.68 82 .70 110 .85 140 .05

t (s) 246 491 741 951 1141 R5x10 4=4.061
[PVA]=20.49 g!L [AN] 0 .6426 0.5430 0.4412 0.3557 0 .2781

graft (%) 25.80 51 .54 77 .84 99 .98 120.05

t (s) 238 469 728 973 1218 Rpx104=4.579
[PVA]=24 .60 glL [AN] 0 .6335 0.5277 0.4088 0.2962 0 .1836

graft (%) 23.45 46 .25 71 .89 96.15 120.41

t (s) 253 482 731 965 1203 Rpx104 =4 .755
[PVA]=28 .68 g/L [AN] 0.6221 0 .5132 0 .3926 0 .2830 0.1695

graft (%) 22 .20 42 .32 64.22 84.86 105.80

t(s) 259 483 717 970 1215 Rpx104 =5 .484
[PVA]=32.78 g/L [AN] 0 .6004 0 .4775 0 .3490 0 .2100 0.075

graft (%) 22 .94 42 .81 63.59 86.05 107 .88

Table S. Effect of temperature on the grafting copolymer at [CAN] = 0 .0131 M, [AN] = 0 .7423 M, and mPvA= 16 .39 g/L.

t (s) 259 478 733 965 1213 Rpx104=1 .228
Temperature=25 C [AN] 0 .7107 0.6826 0 .6522 0 .6233 0 .5924

graft (%) 10.21 19 .30 29 .13 38 .48 48.47

t (s) 253 496 740 980 1235 Rpx104=1 .629
Temperature=30 C [AN] 0.7013 0.6616 0 .6216 0 .5823 0 .5400

graft (%) 13 .25 26 .01 39 .03 51 .77 65.41

t (s) 236 490 723 955 1211 Rpx104 =2.143
Temperature=35 C [AN] 0.6919 0 .6376 0.5877 0.5377 0.4802

graft (%) 16 .28 33.85 49 .99 66 .16 82 .75

t (s) 248 483 730 968 1221 Rpx10 4=2.792
Temperature=40 C [AN] 0 .6732 0 .6078 0.5383 0.4715 0 .4005

graft (%) 22.33 43.55 65 .94 87 .56 110.52

t (s) 250 478 709 949 1198 Rpx104=3 .607
Temperature=45 'C [AN] 0 .6523 0.5701 0 .4865 0 .3994 0 .3091

graft (%) 29.08 55 .68 82.70 110.85 140.05
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The plot of –in [Rp]a vs –In [PVA] o is linear
(Figure 13) . The slope of line is 0 .61, which suggests
that the order of the reaction with respect to PVA is
0.61 . Therefore, the following reaction rate equation
is established.

R p = k [AN]' 06 [CAN] 0 .62 [PVA]o .6'

	

{a)

Effect of Temperature
The grafting reaction was carried out at different
temperatures from 25–45 ''C in constant conditions. The

results are given in Table 5 and depicted in Figure 14.
It was observed that the graft yield increases with
increasing temperature.

The effect of temperature on the grafting rate
within the range of 25–45 'C was shown in Table 6

and Figure 15 . According to the Arrhenius equation,
the overall activation energy for graft copolymer is
42 .5 kJ/mol.

Mechanism
The mechanism of grafting reaction may be suggested
as follows:
initiation:

PVA–H + Ce(IV)	 {PVA–H–Ce(IV))
kd

—ye

PVA' + Ce(III) + Hi	(1)

0

	

400

	

800

	

1200
Time (s)

♦ Temp=25 'C ; q Temp=30 'C ; • Temp=35 'C: - Temp49 'C; 0 Tern, 5 C,

Figure 14 . Yield of graft copolymer PVA with AN vs.
reaction time at variation of temperature and constants
pH=2, [AN]=0.7423, and [CAN]=0 .0131 M.

Table 6. Effect of temperature on Rp.

Temp . (°C)

	

25

	

30

	

35

	

40

	

45

Rp x1o4	1 .228 1 .629 2 .143

	

2.792

	

3 .607

PVA. +M j(M–PVA-) --PVA-M' (2)

propagation:

PVA–M + M

	

(3)

PVA–M, ; + M

	

PVA–M a+l	(4)

termination:

PVA–M„ + PVA–M a

	

graft copolymer

	

(5)

where, PVA–H is polyvinyl alcohol, PVA' is poly-
vinyl alcohol macroradical, M is monomer, K d , K, are
equilibrium constants and kd, k„ kp and kt are different
rate constants . On the basis of the above reaction
scheme and steady state principle in free–radical
polymerization, for our mechanism the following
results are found:

Rp = k p [M] [PVA–M n]

R = Rd = k d (PVA–H–Ce(IV)) =

kd .Kd [PVA--H] [Ce(IV)]

Rt = 2kt [PVA–M. 0 2

Figure 15. Plot of In[Rplo vs . 1IT.

(6)

(7)

( 8 )
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Ri = R, ( 9 )

	

1.

Ks Ica [PVA—LH] [Ce(IV)] = 2k, [PVA—M'n] 5 (10)

(PVA—M'n] = (Kd kd121h) tn [PVA—H] 1'2 [Ce(1V)] ln
2.

(11)

By replacing eqn (11) into eqn (6),
3.

Rd = Kp (Kd.kdl2Kr) "2 [PVA—H] ''2 [Ce(IV)] 'rz (12)
4.

By considering steady state principle:

Eqn (12) is identical with eqn (a) established from the
experiment . This indicate that the reaction mechanism
suggested above is acceptable.

CONCLUSION

From the present results, it can be concluded that both
ceric ion and nitric acid concentration have a strong
effect on the graft copolymerization . CAN can initiate
the graft copolymerization of PVA with AN
efficiently, and the graft yield and RD can be adjusted
by changing the reaction conditions, such as reaction
temperature, concentration of monomer, initiator and
polyvinyl alcohol. Under the experimental condition,
a suitable rate equation was proposed as follows:

Rp=k [AN]' .°6 [CAN]a62 [PVA]o6 '

and the overall activation energy was 42 .51 kJ/mol . It
has been possible for us to gather sufficient
experimental evidence in favour of the mechanism
suggested.
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