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ABSTRACT: The homogeneous graft copolymerization of 2-hydroxyethyl methacrylate 
(HEMA) onto cellulose was carried out under various conditions. Ammonium persulfate (APS), 
potassium persulfate (KPS), and azobisisobutyronitrile (AIBN) were used as radical initiators. The 
optimum grafting condition, the molecular weight of graft polymer, and the number of grafts per 
cellulose chain for each initiator system were determined as functions of polymerization tempera
ture and concentration of monomer, initiator, and cellulose. Grafting onto cellulose proceeded in 
the APS and KPS systems, but hardly in the AIBN system. The molecular weight of graft polymer 
increased with increasing monomer and cellulose concentration but decreased with increasing 
temperature and initiator concentration. The number of grafts was found to be 5 and 0.2 at most 
for the APS and AIBN systems, respectively. KPS was found to be unsuitable as a grafting initiator 
owing to the degradation of the cellulose chains. 
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In our previous papers, 1 - 3 the homoge
neous graft copolymerization of vinyl mono
mers, i.e., acrylonitrile (AN), methyl meth
acrylate (MMA), and methyl acrylate (MA), 
onto cellulose in a dimethyl sulfoxide-para
formaldehyde (DMSO-PF) solvent system 
was carried out under various conditions to 
determine the optimum conditions for each 
monomer system. Characterization of the graft 
copolymers obtained was also carried out to 
elucidate the relationship between the grafting 
conditions and the structure of the graft 
copolymers. 

(AIBN) were tested as radical initiators. The 
optimum conditions under which grafting 
onto cellulose occurs most effectively were 
determined by varying the temperature and 
concentration of the initiator, monomer, and 
cellulose. -Characterization of the graft copoly
mers obtained under various conditions was 
also carried out to estimate the molecular 
weights of the graft polymers and the number 
of grafts per cellulose chain. 

The present study deals with the grafting of 
2-hydroxyethyl methacrylate (HEMA) onto 
cellulose in the solvent system. 
Ammonium persulfate (APS), potassium per
sulfate (KPS), and azobisisobutyronitrile 

Cellulose grafted with vinyl monomers in 
the solvent system has been used 
as _material for permselective membranes.4 ·5 

Diffusive permeability of water soluble solutes 
through grafted cellulose membranes was 
found to depend remarkably on the state of 
water in them.6 It is known that HEMA is an 
amphiphilic monomer because of its IX-methyl 
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and hydroxy groups.7 Thus, the states of water 
in HEMA-grafted cellulose membranes differ 
from those in hydrophobic monomer grafted 
ones. Furthermore, cellulose grafted with 
HEMA will be suitable as hemodialysis mem
brane material because of the good biocompa
tibility of poly(2-hydroxyethyl methacrylate) 
(PHEMA). 7 

EXPERIMENTAL 

Bleached softwood sulfite pulp was used as 
the cellulosic material. Practical grade PF 
dried in a desiccator over CaC12 and reagent 
grade DMSO were used without further purifi
cation. The monomer was fractionally distilled 
under reduced pressure in a nitrogen atmos
phere; 56°C (2 mmHg). 

Thoroughly dried cellulose was dissolved in 
DMSO containing PF by a method described 
previously. 1 The clear solution obtained, des
ignated as the DMSO solution, was used as 
the stock cellulose solution. The homogeneous 
grafting of HEMA onto cellulose was carried 
out by a method described in our previous 
papers.u The polymerization mixture was 
poured into a large amount of acetone with 
vigorous stirring to precipitate the reaction 
product. The crude graft product was treated 
with methanol in a Soxhlet apparatus for more 
than 48 h to extract the attendant homo
polymer. 

Some of the graft copolymers were hy
drolyzed to isolate the graft polymers. A given 
sample was immersed in 72% H 2S04 at room 
temperature for 6 h. The reaction mixture was 
poured into acetone with vigorous stirring, 
and then the precipitate was collected by fil
tration. The precipitate was washed repeatedly 
with acetone, dried, and dissolved in meth
anol. After filtration, the graft PHEMA was 
recovered from the filtrate by precipitating 
into diethyl ether. 

The intrinsic viscosity, [17] (in cm3 g - 1 ), of 
PHEMA in dimethylformamide (DMF) at 
25°C was determined by an Ubbelohde type 
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capillary viscometer. The following equation8 

was used to estimate the molecular weight, Mg. 

8.90 X w-s M 0 ·72 (1) 

The molecular weight of backbone cellulose 
was estimated to be 16 x 104 from [17] obtained 
with DMSO at 30°C9 and with cadoxen at 
20oC.IO 

The reaction product was characterized by 
the following parameters: 

Weight conversion, WC(%) 

Total weight of PHEMA formed 
. x100 

Wetght of HEMA charged 

(2) 

Grafting percentage, GP (%) 

Weight of graft PHEMA (3) 
. x100 

Wetght of cellulose 

Grafting efficiency, GE (%) 

Weight of graft PHEMA 
. x100 

Total wetght of PHEMA formed 

Number of grafts per cellulose chain, fig 

Molecular weighr of cellulose 

Molecular weight of graft PHEMA 

GP 16 X 104 GP 
x-

100 
-=--X-

Mg 100 

RESULTS AND DISCUSSION 

(4) 

(5) 

Characterization of graft copolymers is nec
essary to elucidate their properties and graft
ing mechanisms. The first step for characteri
zation of graft products is the separation of 
attendant homopolymers from crude graft 
products. The difficulty in separating attend
ant homopolymers from crude graft products 
has been pointed out by many workers. 11 - 13 

Thin layer chromatography (TLC) was found 
to be an effective technique for confirming the 
separation of attendant homopolymers. 14 - 17 

Quantitative analysis of chromatograms, 
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however, is very troublesome. Chromato
grams were analyzed only qualitatively in our 
previous papers,l- 3 since Soxhlet extraction 
with a proper solvent was effective for the 
separation of the attendant homopolymers 
obtained in the DMSO-PF solvent system. 
This is probably because of the large solu
bility difference between cellulose and attend
ant homopolymers. 18·19 Some of the graft 
products subjected to extraction were analyz
ed by TLC to confirm the separation of the 
PHEMA homopolymer. 

Cellulose is so easily hydrolyzed to low 
molecular residues that graft polymers can be 
isolated. 18 - 20 It has been reported that 
PHEMA is resistent to hydrolysis because of 
its a-methyl groups. 21 The isolation of graft 
PHEMA was thus carried out with H2S04 of 
various concentrations from 65 to 90%. The 
residues hydrolyzed showed the characteristics 
of PHEMA in the infrared spectra but were 
not soluble completely in both methanol and 
DMF. Thus, only the soluble part in methanol 
was recovered to use for viscosity measure
ment. The residue hydrolyzed with 72% 
H2S04 was obtained in the highest yield and 
those hydrolyzed with higher H2S04 concen
tration were dark brown. 

It is generally accepted that, in homo
geneous grafting, the molecular weight of graft 
polymers is similar to that of attendant homo
polymers.18 - 20 Moreover, these molecular 
weights were equal to each other within expe
rimental error in the homogeneous graft,ing of 
AN and MMA onto cellulose in the DMSO
PF solvent system.1·2 In this study, the molec
ular weights were also equal to each other; 
thus, the molecular weight of extracted at
tendant PHEMA was also used as that of 
graft PHEMA without any distinction. 

It has been reported that the formation of 
free radicals by radiation and redox systems 
initiates the oxidative degradation of cellulose 
chains in the absence of monomer.22 In the 
presence of a monomer, however, one would 
expect cellulose degradation to be eliminated 
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or at least minimized.20 Therefore, the molec
ular weight of cellulose determined before 
grafting was used as that of cellulose in the 
graft copolymer under the assumption that the 
degradation of cellulose is negligible during 
grafting. This assumption is confirmed in 
Figure 6 discussed below. 

Initiation with Ammonium Persulfate 
Two peroxide initiators were tested for the 

grafting of HEMA onto cellulose. The results 
obtained with APS are discussed first. 

Grafting was carried out at different fixed 
temperatures ranging from 20 to sooc while 
the concentrations of HEMA and APS and the 
polymerization time were kept constant. As 
can be seen from Figure Ia, the weight con
version and grafting percentage show maxima 
around 40°C, as is also the case for the grafting 
of AN, MMA, and MA onto cellulose in the 
DMSO-PF solvent system.1- 3 On the other 
hand, the grafting efficiency decreases grad
ually with increasing temperature. A similar 
temperature dependence of grafting efficiency 
has been found in our previous studies in this 
solvent system 1 - 3 and other grafting sys
tems,23 implying that the activation energy of 
the propagation ofPHEMA is larger than that 
of the formation of cellulose macroradicals. 

Figure I b shows the temperature depen
dence of the molecular weight of graft 
PHEMA and the number of grafts per cel
lulose chain. The molecular weight of graft 
PHEMA decreases with increasing tempera
ture but the number of grafts increases 
gradually; this is consistent with expectation 
based on the kinetics of radical polymeriza
tion.19 The grafting percentage is proportional 
to the product of the molecular weight of 
graft PHEMA and the number of grafts. The 
decrease in grafting percentage at higher 
temperatures thus indicates that the de
crease in the molecular weight of graft 
PHEMA is more pronounced than the in
crease in the number of grafts. 

Figure 2 shows the effect of APS con-
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Temperature ("Cl 

Figure 1. Effects of polymerization temperature on the 
grafting of HEMA with APS: (a) ( 0) weight conversion, 
WC; (e) grafting percentage, GP; ( ()) grafting ef
ficiency, GE; (b) (0) molecular weight of graft PHEMA, 
M.; (e) number of grafts per cellulose chain, R.; 
grafting time, 5 h; cellulose concn, 2%; HEMA concn, 
4.0g/100g DMSO soln; APS concn, 0.4g/100g DMSO 
so ln. 

a) 

- e 

UJ 
(.!) 

U HEMA 4·09 
:;: Temp 4 o•c 

Jl! HEMA/APS 

APS amount (g/IOOgDMSOsoln) 

b) 

10 

5 IZ 

Figure 2. Effects of initiator concentration of the graft
ing of HEMA with APS. The symbols are the same as 
those in Figure I. Grafting time, 5 h; cellulose concn, 
2%; polymerization temp, 40°C. 

centration. The initiator concentration is ex
pressed in grams of APS in 100 g of the D MSO 
solution and all experiments were carried out 
at 40oC which is, as can be seen from Figure I, 
the optimum condition with respect to weight 
conversion and grafting percentage. The 
weight conversion is nearly constant irre
spective of the increase in APS concentration 
and levels off at about 70%, whereas. the 
grafting percentage shows a broad maximum 
around 0.4 g. On the other hand, the graft
ing efficiency decreases gradually with increas
ing APS concentration; this is consistent 
with expectation based on the kinetics of 
radical polymerization.19 

An increase in initiator concentration prob-
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Figure 3. Effects of monomer concentration on the 
grafting of HEMA with APS. The symbols are the same 
as those in Figure I. Grafting time, 5 h; cellulose concn, 

ably causes both an increase in the number of 
grafts and a decrease in the molecular »'eight 
of graft polymer. The results in Figure 2b are 
consistent with this expectation. The leveling 
off in the number of grafts at higher APS 
concentrations is ascribed to the saturation of 
radical concentration, since a further increase 
in APS concentration would lead to termi
nation of the primary radicals. The decrease in 
grafting percentage at higher APS concen
trations is attributable to the decrease in the 
molecular weight of the graft polymer. 

Figure 3 shows the effects of monomer 
concentration expressed in grams of HEMA in 
100 g of the DMSO solution. The initiator 
concentration was kept at 0.4 g which is, as 
seen from Figure 2, the optimum condition 
with respect to the grafting percentage. The 
weight conversion decreases with increasing 
HEMA concentration, though the total 
amount of HEMA polymerized increases 
gradually. Such a trend is comparable with 
our previous results;1•3 the weight conversion 
increased slightly with the increase in mono
mer concentration. The addition of monomer, 
a nonsolvent for cellulose, to the DMSO 
solution resulted in gelation. In the case of 
HEMA, this trend was remarkable. Re
producible data were not obtained at higher 
HEMA concentrations than 10 g because of 
gelation during grafting. 

On the other hand, the grafting percentage 
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Figure 4. Effects of cellulose concentration on the 
grafting of HEMA with APS. The symbols are the same 
as those in Figure I. Grafting time, 5 h. 

increased with increasing HEMA concen
tration and leveled off at about 120%, whereas 
the grafting efficiency decreased gradually, in
dicating that homopolymerization becomes 
predominant at higher HEMA concentrations. 
An increase in monome concentration facili
tates the consumption of primary radicals, 
thus reducing the formation of cellulose 
macroradicals and decreasing the grafting 
efficiency and the number of grafts. 

The effects of cellulose concentration is 
shown in Figure 4. The concentration of cel
lulose could not be changed over a wide range 
because of the high viscosity of the DMSO 
solution. The weight conversion and grafting 
efficiency increased with increasing cellulose 
concentration and leveld off, while the grafting 
percentage showed a maximum around 2%. 
On the other hand, the molecular weight 
increased with increasing cellulose concen
tration but the number of grafts decreased. 

An increase in cellulose concentration 
would facilitate the formation of cellulose 
macroradicals because of an increase in the 
relative ratio of cellulose to primary radicals, 
leading to an increase in grafting efficiency. On 
the other hand, an increase in solution vis
cosity would lead to the gel effect, causing an 
increase in the molecular weight of graft poly
mers. The results in Figure 4 are consistent 
with these expectation. The decrease in graft
ing percentage at higher cellulose concen
trations is attributed to the decrease in the 
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Figure 5. Effects of polymerization temperature on the 
grafting of HEMA with KPS. The symbols are the same 
as those in Figure I. Grafting time, 5 h; cellulose concn, 
2%. 

number of grafts. 
In the HEMA-APS system, the values of 

grafting percentage exceeded 100%, being 
higher than those obtained in the previous 
studies. 1 - 3 This is due to the higher values 
of the molecular weight of graft PHEMA 
since the numbers of grafts for each monomer 
system is essentially the same. 

Initiation with Potassium· Per sulfate 
KPS was also used as an initiator for the 

grafting of HEMA onto cellulose. Figure 5 
shows the effects of polymerization tempera
ture. The weight conversion and grafting per
centage show maxima around 50°C. These 
results are similar to those shown in Figure la, 
whereas, in this initiator system, the solution 
viscosity decreases in the course of grafting. 
The decrease in solution viscosity was es
pecially remarkable at higher temperatures 
and at higher initiator concentrations, imply
ing the possibility of the degradation of cel
lulose chains. Such a decrease in solution 
viscosity in the course of grafting has also been 
reported when benzoyl peroxide (BPO) was 
used as an initiator in this solvent system.3 
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Figure 6. Initiator concentration dependence of in
trinsic viscosity of cellulose in cadoxen at 25°C. Cellu
lose was recovered from the DMSO soln containing ini
tiator but without HEMA after stirring for 5 h at a 
given temperature.(()) APS at 40°C; (e) KPS at 50°C; 
(0) AIBN at 60°C; (()) BPO at 60°C. 

The DMSO solution containing initiator but 
without HEMA was stirred for 5 h at a given 
temperature. The optimum temperature for 
each initiator system was for APS at 40°C, 
KPS at 50°C, AIBN at 60°C, and BPO at 
60°C, respectively. The solution was then 
poured into distilled water to collect cellulose. 
The effects of initiator concentration on the 
intrinsic viscosity of recovered cellulose in 
cadoxen at 25oC is shown in Figure 6. The 
intrinsic viscosities of cellulose obtained in the 
APS and AIBN systems hardly changed with 
the increase in initiator concentration. Com
parison of Figure 6 with Figure 2 discussed 
above and Figure 8 discussed below indicates 
that degradation of cellulose chains hard
ly takes place around the optimum conditions 
for both initiator systems. 

On the other hand, the viscosities for the 
KPS and BPO systems decrease sharply at 
lower concentrations and gradually at higher 
concentrations, indicating the degradation of 
cellulose chains in these initiator systems and 
thus unsuitability as grafting initiators. 

It is interesting to note that there exists no 
difference in the extent of cellulose degra
dation in the APS and AIBN systems. 
Furthermore, both APS and KPS are per-
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sulfate salts but there exists a difference in 
degradation. It has been reported that the 
decomposition rate of persulfate is greatly 
enhanced by the presence of poly(vinyl al
cohol) (PV A) because of the redox reaction 
between PV A and persulfate ion24·25 and that 
the solution viscosity of PV A decreases re
markably with increasing reaction time in the 
APS system but hardly decreases in the AIBN 
system. 26 The decomposition rate of persulfate 
was determined by iodometric titration. The 
enhancement of the decomposition rate of 
persulfate was recognized slightly in the pres
ence of cellulose. But the decomposition rate 
of APS hardly differed from that of KPS. In 
the presence of an amine, e.g., benzylamine or 
ethylenediamine, cellulose chains also de
graded easily in the DMSO-PF solvent sys
tem.27 The acidity or basicity of the DMSO 
solution may be related to the stability of 
cellulose chains. At present, the influence of 
persulfate on the degradation of cellulose 
chains remains unclear. 

Initiation with Azobisisobutyronitrile 
It is known that AIBN has an initiator effect 

arising from the resonance stabilization of its 
radical fragments, being not suitable for a 
grafting initiator. I 9 Homogeneous grafting 
onto cellulose in the DMSO-PF solvent sys
tem, however, indicated AIBN to be effective 
for the grafting of MMA but not for that of 
AN and MA. 1 - 3 Furthermore, the effective
ness of AIBN has been reported for other 
grafting systems. 28 - 33 Thus, the grafting of 
HEMA in the DMSO-PF solvent system was 
also carried out with AIBN as an initiator. 

The effect of temperature is shown in Figure 
7. The weight conversion and graftipg per
centage show maxima around 50°C, but the 
grafting efficiency is very low. The molecular 
weight of graft PHEMA decreases gradually 
with increasing temperature, which is con
sistent with the temperature effect of the APS
HEMA system. The number of grafts is 0.2 at 
most. 
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Figure 7. Effects of polymerization temperature on the 
grafting of HEMA with AIBN. The symbols are the 
same as those in Figure I. Grafting time, 5 h; cellulose 
concn, 2%. 

Figure 8 shows the effects of AIBN con
centration. The weight conversion, grafting 
percentage, and grafting efficiency scarcely de
pend on AIBN concentration. On the other 
hand, the molecular weight of graft PHEMA 
decreases with increasing AIBN concen
tration, whereas the number of grafts increases 
to about one at higher concentraticm. Since 
the chain transfer from AIBN primary radicals 
to cellulose may be neglected due to resonance 
stabilization, these results indicate that the 
chain transfer from PHEMA homopolymer 
radicals to cellulose chains takes place slightly 
in this monomer-initiator system. Comparison 
of these results with those indicated in our 
previous studies shows the chain transfer re
activity of PHEMA ·macroradicals to cellulose 
to be higher than those of PAN and PMA 
macroradicals but not so high as that of 
PMMA macroradicals. 1 -J 
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