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GRAFT POLYMERIZATION OF VINYL MONOMERS ONTO 

ING OF CERlC IONS AND CARBON BLACK CARRYING 
ALCOHOLIC HYDROXYL GROUPS 

CARBON BLACK BY USE OF THE REDOX SYSTEM CONSIST- 

NOR10 TSUBOKAWA, KAZUHIRO FUJIKI, and YASUO SONE 

Faculty of Engineering 
Niigata University 
8050 Ikarashi 2-nocho, Niigata 950-21, Japan 

ABSTRACT 

The radical graft polymerization of vinyl monomers onto carbon black 
initiated by a redox system consisting of ceric ion and carbon black 
having alcoholic hydroxyl groups was investigated. The introduction 
of alcoholic hydroxyl groups onto the carbon black surface was achieved 
by the reaction of carbon black with alcoholic hydroxyl radicals, formed 
by the reaction of alcohol with benzoyl peroxide. The rate of the polym- 
erization of acrylamide ( A h )  initiated by the redox system was found 
to increase in the following order of hydroxyl groups: 1-hydroxyoctyl 
< 1-hydroxypropyl < 1-hydroxyethyl < hydroxymethyl < l-hydroxy-l- 
methylethyl. In the redox polymerization, poly-AAm was effectively 
grafted onto carbon black by propagation of the polymer from the radi- 
cal formed by the reaction of ceric ions with the alcoholic hydroxy 
groups. The percentage of grafting increased with increasing conversion. 
By use of this redox system, poly(acry1ic acid), polyacrylonitrile, and 
poly(N-vinyl-2-pyrrolidone) could be grafted onto carbon black, but 
poly(methy1 methacrylate) and polystyrene could not be so grafted. 
The graft polymerization of AAm by use of a redox system consisting 
of ceric ion and PVA-grafted carbon black was also investigated. 

1159 

Copyright @ 1988 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1160 TSUBOKAWA, FUJIKI, AND SONE 

INTRODUCTION 

The grafting of various kinds of polymers directly onto carbon black has 
been widely investigated. For instance, polymer-grafted carbon black can be 
easily obtained by the polymerization of vinyl monomers in the presence of 
carbon black by radical [l]  , cationic [2], and anionic [3] initiators. However, 
the percentage of grafting of polymer onto carbon black is less than 10% be- 
cause of the reaction of growing polymer radicals with the carbon black sur- 
face. 

Therefore, to obtain polymer-grafted carbon black with a higher percent- 
age of grafting, the polymerization must be initiated from active sites intro- 
duced onto the carbon black surface. We reported anionic grafting from alkali 
metal carboxylate (COOM) group on carbon black [4] and cationic grafting 
from acylium perchlorate group on carbon black [5]. However, radical graft- 
ing from carbon black has been investigated very little. 

It is well known that carbon black has unpaired electrons [ti], but because 
the unpaired electrons do not have the ability to initiate the radical polymeri- 
zation of vinyl monomers, it is necessary to introduce free radicals onto car- 
bon black. Donnet and coworkers reported the introduction of peroxide 
groups onto the carbon black surface by reacting it with lauroyl peroxide and 
the radical grafting of polystyrene by use of carbon black as an initiator [ 7 ] .  

It is well known that ceric ion/alcohol redox systems are capable of initi- 
ating radical polymerization of vinyl monomers [8], as are redox systems con- 
sisting of ceric ion and polymers with alcoholic hydroxyl groups, such as poly- 
(vinyl alcohol) (PVA) and cellulose [9]. 

In a preceding paper, we reported the radical grafting of polyacrylamide 
from carbon black initiated by ceric ion and carbon black having hydroxy- 
methyl groups [lo]. 

In the present paper we report the radical polymerization of vinyl mono- 
mers initiated by a redox system consisting of ceric ion and carbon black with 
alcoholic hydroxyl groups, resulting in grafting of vinyl polymers onto the car- 
bon black: 

R R R 
I Ce4 + I monomer I 

I I 
R' R' 

I 
R' 

CB-C-OH v CB-C-0. = CB-C-OfCH2CH+CH2kH. 
I 

X 
I 

X 
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GRAFT POLYMERIZATION OF VINYL MONOMERS 1161 

In addition, grafting by poly(viny1 alcoho1)grafted carbon black and ceric 
ion was investigated. 

EXPERIMENTAL 

Materials 

The carbon black used was furnace black, Philblack 0 (Phillips Petroleum 
Co., BET specific surface area, 79.6 m’/g). The carbon black was extracted 
with benzene to  remove the resinous substances present on the surface and 
dried in vacuo at 110°C before use. 

Acrylamide (AAm) was recrystallized from benzene and sublimed under 
reduced pressure. Acrylic acid and N-vinyl-2-pyrrolidone were distilled twice 
under reduced pressure. Methyl methacrylate was purified by the customary 
method and distilled twice. Acrylonitrile was purified by distillation. 

Guaranteed-grade ceric ammonium nitrate and nitric acid were used with- 
out further purification. Benzoyl peroxide (BPO) was purified by reprecipi- 
tation (chloroform/ethanol). 

Methanol, ethanol, 1-propanol, 2-propanol, and 1-octanol were dried over 
Molecular Sieves and distilled. 

Introduction of Alcoholic Hydroxyl Groups onto Carbon Black 

The introduction of alcoholic hydroxyl group onto carbon black was 
achieved by the reaction of alcohol with carbon black in the presence of 
BPO according to the method of Ohkita and Tajima [ 1 13 . A typical example 
is as follows: Under dry nitrogen, a mixture of 1 .O g of Philblack 0, 1 .O g 
BPO, and 40.0 mL alcohol were heated at 45°C with stirring. After reaction 
for 50 h, the resulting carbon black was filtered, extracted with carbon tetra- 
chloride to remove unreacted BPO, and dried in vacuo at 1 10°C. 

Grafting of Poly(Viny1 Alcohol) onto Carbon Black 

Poly(viny1 alcohol) (PVA)-grafted carbon black was prepared by the saponi- 
fication of poly(viny1 acetate)-grafted carbon black. 

The grafting of poly(viny1 acetate) onto carbon black was carried out as 
follows: Into a polymerization tube, 2.0 g carbon black, 10.0 mL vinyl ace- 
tate, and 2.0 g BPO were charged. The tube was sealed in vucuo, and the 
polymerization was conducted at 45°C for 50 h with stirring. The resulting 
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1162 TSUBOKAWA, FUJIKI, AND SONE 

carbon black was extracted with methanol by use of a Soxhlet apparatus to 
remove ungrafted polymer and BPO. 

The saponification of the poly(viny1 acetate)-grafted carbon black was 
carried out as follows: A mixture of 2.0 g poly(viny1 acetatekgrafted carbon 
black, 2.0 mL of 40% potassium hydroxide aqueous solution, and 20.0 mL 
methanol were stirred at 30°C for 24 h. After the reaction the resulting 
carbon black was washed with methanol until the filtrate was neutral. The 
percentage of grafting of PVA onto carbon black was determined to be 8.0%. 

Graft Polymerization by the Redox System 

Into a 100 mL flask, 0.30 g carbon black having alcoholic hydroxyl groups 
and 9.0 mL of a 4.7 mol/L aqueous solution of AAm were charged. After 
the deaeration of the mixture by bubbling nitrogen, 1 .O mL of 0.2 mol/L solu- 
tion of ceric ammonium nitrate in 1 N nitric acid was added. The polymeri- 
zation was conducted at 30°C with stirring by a magnetic stirrer under dry 
nitrogen. 

After the reaction the mixture was poured into an excess of acetone to 
precipitate the polymer containing carbon black. The precipitant for poly- 
acrylonitrile, poly(methy1 methacrylate), and polystyrene was methanol. 
When N-vinyl-2-pyrrolidone and acrylic acid were used as monomer, unre- 
acted monomer was removed under reduced pressure at  50°C after the addi- 
tion of N-phenyl-0-naphthylamine. The conversion was determined by 

precipitate (g)carbon black (g) 
conversion (%) = x 100. 

monomer (8) 

Determination of Percentage of Grafting and Grafting Efficiency 

In order to isolate polymer-grafted carbon black, the product was dispersed 
in a solvent (dispersion medium) for the grafted polymer and the dispersion 
was centrifuged at 1.2 X 1 O4 rpm until the carbon black had precipitated com- 
pletely. Subsequently, the precipitated carbon black was extracted with a 
good solvent for the grafted polymer with a Soxhlet extractor. The solvents 
used for the dispersion and extraction of poly-AAm, polyacrylonitrile, and 
poly(acry1ic acid) and poly(N-vinyl-2-pyrrolidone) were water, N,N-dimethyl- 
formamide, and methanol, respectively. The percentage of grafting and graft- 
ing efficiency were determined by the following equations: 
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GRAFT POLYMERIZATION OF VINYL MONOMERS 1163 

polymer grafted (g) 

carbon black used (g) 
percentage of grafting (%) = x 100, 

polymer grafted (9) 

total polymer obtained (8) 
grafting efficiency ($6) = x 100. 

RESULTS AND DISCUSSION 

Proof of Initiation by the Redox System of Ceric lon/Alcoholic 
Hydroxyl Group on Carbon Black 

It has been reported that vinyl polymerizations are initiated by ceric ion 
in combination with reducing agents such as alcohols [8, 121, aldehydes [13], 
and acids [14]. Particularly, ceric ion/alcohol systems have been used for 
the grafting of vinyl monomers onto polymers having alcoholic hydroxyl 
groups [ 9 ] .  

On the other hand, Ohkita and Tajima reported that, during the reaction 
of BPO with methanol in the presence of carbon black, hydroxymethyl radi- 
cals produced were trapped by the carbon black surface in preference to the 
benzoyloxy radical (BzO.) [ 111 . 

In a preceding paper we reported that the polymerization of AAm is ini- 
tiated by the redox system ceric ion/carbon black having hydroxymethyl 
groups and that poly-AAm is effectively grafted onto the carbon black sur- 
face [ 101 . Therefore, the graft polymerization of AAm is expected to be 
initiated by the present system of ceric ion/alcoholic hydroxyl groups on 
carbon black. The introduction of alcoholic hydroxyl groups onto carbon 
black was achieved by the reaction of the corresponding alcohol with BPO 
in the presence of carbon black: 

R R R 
I BzO. I CB I 

H-C-OH - .C-OH - CB-C-OH 
I 
R’ 

I 
R’ 

I 
R’ 

The polymerization of AAm by the use of ceric ion with various kinds of 
treated carbon black is compared in Table 1. 

As shown in Table 1, the polymerization of AAm was scarcely initiated 
by ceric ion alone and not at  all by untreated carbon black, but in the presence 
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TABLE 1. Redox Polymerization of AAm under Several Conditionsa 

CBb 

~ 

ce4+ solution,c 
mL 

Conversion, 
% 

None 1 .o 
Untreated CB - 

Untreated CB 1 .o 
2-Propanol-adsorbed CB 1 .o 
CB-C(CH3)z OH - 

CB-C(CH3)z OH 1 .o 

1.8 

0 

4.0 

4.5 

0 

55.5 

CB, 0.30 g; AAm aqueous solution (4.7 mol/L), 9.0 mL; 3O.O0C; time, 3 h. a 
bPhilblack 0. 
'0.2 mol/L solution of ceric ammonium nitrate in 1 N nitric acid. 

of both untreated carbon black and ceric ion, initiation was somewhat greater 
but still very low. The result suggests the possibility of radical formation by 
the redox reaction of ceric ion with a functional group, probably a phenolic 
hydroxyl group, on the carbon black. Still, the initiating ability of the ceric 
ion/Philblack 0 system was neghgibly small. In contrast, the polymerization 
of A h  was initiated by ceric ion with Philblack 0 having I-hydroxy-1- 
methylethyl (C(CH3)z OH) groups. 

The initiating ability of the untreated Philblack O/ceric ion system was not 
increased by adsorption of 2-propanol. This suggests that it is not necessary 
to take into account the effect of adsorbed alcohol on the initiation. Further- 
more, Philblack 0 with a C(CH3)zOH group alone has no ability to initiate 
polymerization. Accordingly, BPO used for the introduction of the 
C(CH3), OH group onto carbon black was considered to have been removed 
completely from the surface by the extraction with carbon tetrachloride. 

dox reaction of the C(CH3)2 OH group on carbon black with ceric ion initiates 
the polymerization of A h .  Therefore, it is expected that the grafting of 
poly-AAm, depending on the propagation of the polymer, proceeds by redox 
polymerization. 

In conclusion, it became apparent that the free radical produced by the re- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1
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FIG. 1. Polymerization of AAm initiated by the redox system ceric ion/ 
alcoholic hydroxyl group on carbon black: carbon black, 0.30 g; AAm aque- 
ous solution (4.7 mol/L), 9.0 mL; Ce4+ (0.2 mol/L 1 N HN03 solution), 
1.0 mL; temperature, 3O.O0C. (0) 1-Hydroxy-1-methylethyl group; (a) 
hydroxymethyl group; (@), 1-hydroxyethyl group; (0) 1-hydroxy-propyl 
group; (0) 1-hydroxyoctyl group. 

Initiation by Various Alcoholic Hydroxyl Group on the 
Carbon BlacMCeric Ion Redox System 

Figure 1 shows the time-conversion curves of the polymerization of AAm 
initiated by ceric ion/alcoholic hydroxyl group redox systems at 3OoC. The 
alcoholic hydroxyl groups introduced onto carbon black were hydroxymethyl 
(CH, OH), 1-hydroxyethyl (CH(CH3 )OH), 1-hydroxy-1-methylethyl 
(C(CH3)2 OH), 1-hydroxypropyl (CH(C2 H5 )OH), and 1-hydroxyoctyl 
(CH(C7 H 15 )OH). 

Figure 1 clearly shows that the polymerizations of AAm are initiated by 
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these redox systems. The initiating activity of the redox system decreased, 
depending on the alcoholic hydroxyl group introduced onto carbon black, 
in the following order: 

CH3 H 
I I I I I 

-C-OH>-C-OH>-C-OH>-C-OH>-C-OH. 
I I 
H H 

I i 
H H 

1 
CH3 

It is believed that the initiating activity of these redox systems is affected 
by the amount of an alcoholic hydroxyl group introduced onto carbon black. 
The hydroxy methyl group content introduced onto Philblack 0 by the reac- 
tion of methanol with carbon black in the presence of BPO was reported to 
be 0.06 meq/g (by the use of ''C-methanol as tracer) by Ohkita and Tajima 

It was reported that the bond dissociation energy of the a-hydrogen atom 
from 2-propanol, methanol, and ethanol is about 381,385, and 393 kJ/mol, 
respectively [ 151 . Increasing the bond dissociation energy of the alcohol will 
cause a decrease in the rate of the formation of the alcoholic hydroxyl radical, 
which leads to a decrease in the amount of alcoholic hydroxyl groups intro- 
duced onto carbon black. Therefore, the amount of alcoholic hydroxyl group 
on the carbon black was expected to decrease in the following order: 

[ I l l .  

CH3 H 
I I I I I 

I 
H 

I 
CH3 

-C-OH>-C-OH>-C-OH>-C-OH>-C-OH, 
I 
H 

I I 
H H 

which is the same as that of decreasing activity of initiation by the redox 
system. 

Based on the results, it is concluded that the 1-hydroxy-1-methylethyl 
group is introduced onto carbon black to a greater extent than the other 
alcoholic hydroxyl groups, and that 2-propanol-treated carbon black has a 
higher initiation activity in combination with ceric ion. 

Proof of Grafting onto Carbon Black 

It can be seen from Fig. 2 that the percentage of grafting increases with 
an increase in conversion. However, the percentage of grafting is not influ- 
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I I I 
0 20 40 60 

Conversion (%)  

FIG. 2. Relationship between conversion and percentage of grafting of 
poly-AAm onto carbon black. Polymerization conditions are given in Fig. 1. 
(0) 1-Hydroxy-1-methylethyl group; (0 )  hydroxymethyl group; (a) l-hydroxy- 
ethyl group; (0) I-hydroxy-propyl group; (0) 1-hydroxyoctyl group. 

enced by the kind of alcoholic hydroxyl group on the carbon black surface. 
The apparent percentage of grafting increased up to 350% because of the for- 
mation of a gel that contained carbon black above 30% conversion. The car- 
bon blacks obtained below 30% conversion gave stable colloidal dispersions 
in water. 

It is concluded, therefore, that poly-AAm is effectively grafted onto the 
carbon black surface by the propagation of the polymer from radicals on 
carbon black produced by the redox reaction of alcoholic hydroxyl groups 
with ceric ion (Eq. 1). 

On the other hand, the relationship between the grafting efficiency and 
conversion is shown in Fig. 3. The grafting efficiency in such a redox grafting 
system was found to be about 43% before the formation of a gel. The results 
indicates that, in the course of the polymerization, ungrafted polymer is 
formed by chain transfer from the growing polymer chain to the monomer. 
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20 40 60 
Conversion (%) 

FIG. 3. Relationship between conversion and grafting efficiency of poly- 
AAm onto carbon black. Polymerization conditions are given in Fig. 1. 
(0) 1-Hydroxy-1-methylethyl group; (a) hydroxymethyl group; (0 )  l-hydroxy- 
ethyl group; (0) 1-hydroxy-propyl group; (o) ,  1-hydroxyoctyl group. 

As previously reported, the grafting efficiency in anionic [4] and cationic 
[5] grafting from carbon black rapidly decreased to less than 10% with in- 
creasing conversion. In contrast to this, the grafting efficiency of the radical 
grafting system was considerably higher, even at high conversion, suggesting 
that chain transfer of the growing polymer radical does not appreciably occur 
in radical grafting compared to ionic grafting. 

Graft Polymerization of Several Vinyl Monomers 

The C(CH3)2 OH-based redox system was used for the graft polymerization 
of acrylic acid, acrylonitrile, N-vinyl-2-pyrrolidone, methyl methacrylate, and 
styrene, and is compared with that of A h  in Table 2. 

Table 2 shows that this redox system has the ability to initiate the radical 
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TABLE 2 .  Graft Polymerization of Vinyl Monomers by the Redox System 
Ceric Ion/Carbon Black Having 1 -Hydroxy- 1 -methylethyl Groupsa 

Time, Conversion, Percent age 
Monomers h % of grafting 

Acrylamide 2 55 .5  368.0b 

Acrylic acid 2 83.6 367.6b 

Acryloni trile 20 37.1 71.3 

N-Vinyl-2-pyrrolidone 20 20.2 86.5 

Methyl methacrylate 20 Trace - 

Styrene 20 Trace - 

aPhilblack O-C(CH3)20H, 0.30 g; monomer, 42 mmol; Ce4+ (0.2 mol/L in 

bGel containing carbon black was formed. 
1 N H N 0 3  solution), 1.0 mL; total volume (H20) ,  10.0 mL; 3O.O0C. 

polymerization of acrylic acid, acrylonitrile, and N-vinyl-2-pyrrolidone, and 
the polymers formed are effectively grafted onto the carbon black surface. 
However, the system was unable to initiate the polymerization of methyl 
methacrylate and styrene, perhaps because these monomers are scarcely solu- 
ble in water. Graft polymerization of these monomers initiated by the redox 
system in a mixed solvent are now under investigation. 

Initiation by the Redox System Ceric lon/PVA-Grafted Carbon Black 

It has been reported that, during the polymerization of vinyl acetate ini- 
tiated by BPO in the presence of carbon black, a part of the poly(viny1 ace- 
tate) formed was grafted onto carbon black, depending on the capture of the 
growing polymer radical by the carbon black surface [ 11 . As mentioned 
above, however, the percentage of grafting of poly(viny1 acetate) was less than 
lo%, but PVA-grafted carbon black can be obtained by the saponification of 
poly(viny1 acetate)-grafted carbon black. 

Figure 4 shows the result of the polymerization of AAm initiated by ceric 
ion/PVA-grafted carbon black. The percentage of grafting of PVA onto carbon 
black was estimated to be about 8.0%. 

As shown in Fig. 4, the rate of the polymerization initiated by this system 
is higher than that by systems based on alcoholic hydroxyl groups, but the 
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FIG. 4. Graft polymerization of AAm initiated by the redox system ceric 
ion/PVA-grafted carbon black: PVA-grafted carbon black, 0.30 g ;  AAm 
aqueous solution (4.7 mol/L), 9.0 mL; Ce4+ (0.2 mol/L 1 N HN03 solution), 
1.0 mL; temperature, 3O.O0C. 

polymerization does not proceed to more than 37% conversion, perhaps be- 
cause of the higher content of hydroxyl groups on the PVA-grafted carbon 
black. These experiments established that copoly(viny1 alcohol-g- AAm) can 
be effectively grafted onto carbon black by the redox system 

OH- ce4+ 
CBfCHCHz +P CB-fCHCHz +j-P - CB-fCHCHz -)jj--P 

I I I 
OCOCH3 OH 0. 

mAAm 
CBfCHCHz +P 

I 
0 - f ~ ~ ~  C H ~ C H ~  C'H 

I I 
CONHZ CONH2. 

(3) 
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CONCLUSIONS 

The radical polymerization of vinyl monomers can be initiated by redox 
system consisting of ceric ion and alcoholic hydroxyl groups on carbon black 
to give polymer-grafted carbon black. The percentage of grafting increased 
with increasing conversion because the polymer was propagated from the 
radicals formed by the redox reaction of the alcoholic hydroxyl groups with 
ceric ion. Furthermore, copoly(viny1 alcohol-g-AAmkgrafted carbon black 
can be obtained by the redox polymerization of AAm by the ceric ion/PVA- 
grafted carbon black redox system. 
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