
Current Science International 
ISSN: 2077-4435 

Volume : 07 | Issue : 04| Oct.- Dec. 2018 
Pages: 884-895 

 
 

Corresponding Author: N.A. Alain, Chemistry Department, Faculty of Science (Girl’s), Al-Azhar University, 
Nasr-City, Cairo, Egypt, P.O. Box 11754. E-mail: 

884 

Graft Copolymerization of Methyl methacrylate onto Rice Straw Cellulose Esters 
 

N.A. Alain, S.F. Hamza, N.O. Shaker and M.M. El-Sawy 
  

Chemistry Department, Faculty of Science (Girl’s), Al-Azhar University, Nasr-City, Cairo, Egypt, 
P.O. Box 11754.  

Received: 10 Nov.  2018 / Accepted 20 Dec. 2018 / Publication date: 30 Dec. 2018 
 
ABSTRACT 
 
Rice straw cellulose which are major agriculture wastes produced large quantities as a byproduct from 
rice harvesting for good industry may be potentially used to produce useful materials for different 
applications. The problem of environmental pollution causing from the decay of these materials will 
be minimized. The graft copolymerization of methyl methacrytlate in CAN as redox initiator using 
DMSO and DMAc as solvents was investigated. Optimized reaction conditions for the graft 
copolymerization were studied for parameters variables of reaction time, reaction temperature and 
solvents. The grafting degrees were found to depend on the above mentioned variables. The 
attachment of the monomer on the grafted cellulose ester fibers was confirmed by FTIR and 1H-NMR 
analyses and possible reaction mechanism of grafting of PMMA onto cellulose esters by Ce ion was 
deduced. The thermal degradation of the grafted products was also studied by thermogravimetric 
analysis (TGA) and differential thermogravimetric analysis (DTG). The experimental results showed 
that the optimal conditions were at a temperature of 100C and 2 hours 
 
Keywords: Grafting, methyl methacrylate (MMA), rice straw cellulose, thermal analysis, mechanism 

of grafting.  

 
1. Introduction 

Cellulose is a unique polymeric material which is the most abundant on earth. It possesses 
several good properties such as a fine cross-section, High durability and thermal stability, good 
biocompatibility and good mechanical properties. Cellulose is a semi crystalline polysaccharide with a 
large number of hydroxyl groups. It is generating from repeating β-D-anhydroglucopyranose units that 
are covalently joined together through acetal functions between the equatorial group of the C4 and C1 
carbon atom. The sensitivity of the β-1, 4-glycosidic linkages between the glucose repeating units 
towards hydrolytic attack determined the chemical stability of the cellulose molecule (Liu et al., 
2008).  

Graft copolymerization permits one to combine the best properties of two or more polymers by 
taking advantages of synergy effects of the graft copolymer. It can be classified into three major 
groups:(i) free radical polymerization,(ii) ionic and ring opening polymerization, and (iii) living 
radical polymerization. Among these three methods, free radical polymerization has received greatest 
attention due to its many characteristics, such as mild reaction conditions, wide temperature range, 
simple to implement and inexpensive (Bass et al., 2007).The grafting of MMA onto natural polymers 
as Saccharum Spontaneum L. fiber and wood fiber, etc with different redox systems has been reported 
(Bhattacharya et al., 2004; Yin et al., 2016). However no work has been directed towards grafting of 
MMA monomer onto rice straw cellulose fatty esters. Chemical modification of cellulosic fibers by 
graft polymerization of vinyl monomers results in structural change and is a mean for acquisition of 
new properties. Such properties include improved elasticity, sorbency, fastness and thermal resistance 
depending on the solvent system and conditions of modification. (Bianchi et al., 1998, Gupta et al., 
2001; Gupta et al., 2002 and Hamaudi et al., 2004). 

Natural biopolymer such as cellulose, chitin, chitosan and starch are good precursors in hydrogel 
preparation for they are nontoxic, biodegradable, renewable and abundant in nature. Among these, 
cellulose extracted from rice straw is more favourable because of its great cross-linking ability in the 
presence of abundant hydroxyl (OH) groups. Radiation grafting is one of the most favourable methods 
among different methodologies for graft copolymerization such as chemical, photochemical and high 
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energy radiation initiation techniques. For it can be easily handled at room temperature, provides large 
penetration in the polymer matrix, gives the formation for initiating grafting rapidly and uniformly, 
and needs no further chemical initiation. The main aim of many researches is to fulfill the major needs 
for improving agricultural productivity and to recycle the abundant agricultural wastes into useful 
products by applying peaceful use of nuclear techniques for development in productive, profitable, and 
sustainable agricultural systems without the use of costly hazardous synthetic agricultural chemicals 
(Yan et al, 2008; El-Sakhawy et al., 2017; Roy et al., 2005; Zhang et al., 2018; Cai et al., 2013 and 
Justin et al.,2017). 
 
2. Experimental 
 
2.1. Materials 

Rice straw was obtained from local rice fields in Egypt. Lauric, myristic, palmitic and stearic 
acids were reagent grade and used as such. Sodium hydroxide, hydrogen peroxide, hydrochloric acid 
(37.0%), sulphuric acid are BDH, LR grade. Dimethyl acetamide (DMAc), lithium chloride (LiCl), 
triethylamine (TEA), Dimethyl sulfoxide (DMSO), Methylmethacrylate (MMA) and thionyl chloride 
(SOCl2) were purchased as analytical grade and used as received. All solvents are of pure grade and 
were used without further purification. 
 
The code of cellulose and fatty rice straw cellulose esters: 

R: rice straw cellulose; RL: rice straw cellulose laurate, RM: rice straw cellulose myristate,  
RP: rice straw cellulose palmitate, RS: rice straw cellulose stearate. 

 
2.2. Methods 
 
2.2.1. Delignification, Bleaching and Hydrolysis of Rice Straw Cellulose: 

The rice straw was boiled in water for 1 hour in order to remove water-soluble hemicellulose. 
Then it was heated and stirred with 0.5 M NaOH solution at 60C for 2 hours in order to remove lignin 
and remaining hemicellulose from the rice straw pulp. After delignification, the rice straw pulp was 
filtered and washed with distilled water. The delignined pulp was bleached by 10% (V/V) H2O2 in 0.5 
M NaOH at 60C for 2 hours. After that, the bleached pulp was washed several times with distilled 
water until it's pH become neutral. The bleached rice straw was hydrolyzed using boiling 2 M HCl for 
2 hours then filtered, washed with distilled water, and dried in oven at 60C for 24 hours where the 
rice straw cellulose powder was obtained (Alian et al.,2016) Fig. (1). 

 

 
 

Fig. 1: The structure of cellulose 
 
2.2.2. Synthesis of Fatty Acid Chloride (Ahmad et al., 2015): 

Fatty acid chlorides have been prepared by reacting 1.0g equivalent of fatty acid with 1.5 
equivalent of thionyl chloride (SOCl2) in chloroform (distilled twice). The reaction mixture was 
initially stirred at 0C for 30 min and then at room temperature for 6 hours. The excess solvent was 
evaporated by distillation and the fatty acid chloride was distilled under reduced pressure (Figure 2). 
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Where n = 8 lauric acid, n= 10 myristic acid, n =12 palmiticacid, n= 14 stearic acid  

 
Fig. 2: Synthesis pathway of fatty acid chloride 

 
2.2.3. Dissolution of Rice straw Cellulose in N, N-Dimethyl acetamide (DMAc/LiCl ): 

Rice straw Cellulose (1.0g, dried for 6 hours at 110C under vacuum and KOH) and 40 ml 
DMAc were stirred for 2 hours at 130C. LiCl (3.0g, dried at 150C for 6 hours under vacuum and 
KOH) was added and the slurry was allowed to cool to room temperature under stirring. After 24 
hours a clear cellulose solution was obtained. 

 
2.2.4. Synthesis of Rice straw Cellulose Esters: 

Four different cellulose esters of fatty acids were synthesized using rice straw cellulose with 
saturated fatty acid chlorides (lauroyl, myristoyl, palmitoyl and stearoyl chlorides).Definite amount of 
TEA in DMAc premixed thoroughly were added slowly in one portion to the cellulose solution. Then 
definite amounts of fatty acid chloride in DMAc was added dropwise for 1 h. while stirring was 
continued for several hours at different temperatures. The product was isolated as white powder by 
precipitation into large volume of water, purified by soxhlet extraction with methanol for 48 hours and 
vacuum dried at 50C for 48 hours (Fig. 3). 
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Fig. 3: Synthesis pathway of cellulose esters 
 
2.2.5. Grafting of Rice straw Cellulose Esters  

1.25g cellulose ester was dissolved in125mL DMSO, DMAc and was taken separately in three-
necked round bottom flasks, equipped with a magnetic stirrer and temperature controlled oil bath.0.5 g 
of CAN (0.916 mmol) was added, followed by the addition of 2.0 mL (18.7 mmol) of MMA. When 
DMAC was taken as solvent, 0.5g of CAN was dissolved in12.5 mL of DMSO and added to the 
reaction system, followed by the addition of MMA. All the reactions were carried out in nitrogen 
atmosphere. There actions were carried out for (2-8) hat 100°C. There action was terminated by the 
addition of hydroquinone. 

The polymerization mixture was poured into cold distilled water with vigorous stirring and kept 
overnight at5°C and then filtered, washed thoroughly in cold distilled water and dried at 50°C and 
weighed. Then the products were Soxhlet extracted with acetone for 24 h to remove any adherent 
homopolymer. The extracted Cellulose ester-grafted products were then dried at 50 °C and stored over 
P2O5. 

The graft yield (GY), total conversion of monomer to polymer (TC), grafting efficiency were 
calculated on the basis of oven-dried weight of the Cellulose ester from the increase in weight after 
grafting by using the following relations (Fernandez et al., 1990): 

 
GY (%) =100x(C-A)/A………………………………………………………….…………………….(1) 
 
TC (%) =100x (B-A)/D………………………………………………………………………………..(2) 
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Where A is the weight in grams of the original cellulose esters taken for the reaction; B is the weight in 
grams of the grafted cellulose esters before extraction; C is the weight in grams of the grafted product 
after extraction; and D is the weight in grams of monomer recharged. 
 
2.3. Characterization and Testing  
2.3.1. FTIR Analysis 

IR spectra of cellulose and cellulose ester samples were recorded on a Perkin Elmer 
spectrophotometer (Spectrum RX1, Perkin Elmer, Singapore) using KBr pellet technique, in the range 
4000-400 cm–1, with a resolution of 2cm–1, using 4 scans per sample. 

 
2.3.2. NMR Analysis  

The 1H NMR spectra of cellulose and cellulose esters were collected on a Brucker WM -400 
spectrometer, opening at 300 MHz for proton. All the chemical shifts were respired in parts per 
million (ppm) using tetramethylsilane (TMS) as the internal standard and DMSO-d6 as the solvent for 
the samples. 
 
2.3.3. Dispersability and Solubility 

The dispersability of fatty cellulose esters was checked as follows: 10 mg product was dispersed 
in 1 ml solvent selected at room temperature, the solubility was recorded as shown in Table 1. The 
solvents used are dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), N, N,-dimethyl acetamide 
(DMAc), pyridine, and chloroform (CHCl3). 
 
Table 1: The solubility of rice straw cellulose esters in selected solvents. 

Code sample DS 
Solubility 

DMSO DMF DMAc Pyridine CHCl3 

RL 1.95 + ○ ●  ○ 

RM 1.67 + ○ ●  ○ 

RP 1.42 + ○ ●  ○ 

RS 0.97 + ○ ●  ○ 

DMSO: Dimethyl sulphoxide, DMF: Dimethyl formamide,  DMAc: Dimethyl acetamide 
+: soluble and small particles precipitate, : Insoluble particles precipitate  
●: Big swollen particles, ○: Small swollen particles  

 
2.34. Thermal Analysis  

Thermo gravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) of 
cellulose and cellulose esters were carried out using a Perkin Elmer simultaneous thermal analyzer 
(STA 6000), in the temperature range 50-600C at a heating rate of 10C min–1, under the nitrogen 
atmosphere.  

 

3. Results and Discussion  
 

From the down of the history to the present day, cellulose has played a very important role in the 
economic lives of the people of the world. Recorded history, as far back as that of the ancient Egyptian 
has shown the use of cellulose fibers for clothing and in terms of fibers from the papyrus as paper. 
Cellulose is a poly-dispersed polymer of high molecular weight comprised of long chain of D-glucose 
unites joined together by β-1, 4, glycosidic bonds. The possibility exists that a very small percentage 
of the linkage may be there other than β-1, 4. 

The formation of various derivatives of cellulose proves that three alcoholic hydroxyl groups are 
free and undergo substitution. Further analysis of cellulose derivatives shows that two of the hydroxyl 
groups are secondary. Formula of cellulose can be written as given in Fig. (4). 

Cellulose is a polyhydric alcohol and at the same time a polysaccharide. Like all 
polysaccharides, cellulose molecule has reactive groups like hydroxyl, acetal and aldehydic groups. 
Cellulose undergoes general type of reaction such as oxidation, substitution replacement, 
depolymerization, hydrolysis, reduction, graft addition and base  exchange reactions. Depending on 
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the purity of cellulose, it is mainly employed in addition and substitution reactions to form variety of 
derivatives.  
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Fig. 4: Intermediate and end groups of cellulose Haworth Formula 
 

Rice is one of the important food crop agricultural products in Egypt. Rice straw is a major 
agricultural waste produced in large quantities from rice harvesting for food industry. It is rich in 
cellulose content (28-36%), thus, because of its high cellulose content is of interest as a possible 
resource for cellulose-based film production. 

Cellulose esters of rice straw were prepared by reacting cellulose with different fatty acid 
chlorides (lauroyl, myristoyl, palmitoyl and stearoyl) by reactions typical of the compounds containing 
hydroxyl groups. Most of the technical problems of cellulose reactions are centered around the 
availability of the hydroxyl groups for reaction the multiplicate hydrogen bonding between the 
hydroxyl groups in the 2,3 and 6 positions of each glucose unit sometimes, make intrusion of the other 
chemical species to cellulose molecule difficult . To overcome this draw back, cellulose is converted 
into useful derivatives by esterification. Product of cellulose esters is done by reacting the free 
hydroxyl groups in the anhydro glucose units with various chemical substitution groups. The 
introduction of the substituent disturb the inter and intramolecular hydrogen bonds in cellulose, which 
lead to liberation of the hydrophilic character of numerous hydroxyl groups and restriction of the 
chains to closely associate. 

 
R= (CH2)n–CH3n=10,12,14,16 

Fig. 5: Mechanism of grafting of PMMA onto cellulose esters by Ce ion 
 
Esterification of rice straw cellulose was carried out by dissolving cellulose first in a non-

degrading non-aqueous organic solvent and then reacting the dissolved cellulose with different fatty 
acid chlorides (lauroylmyristoyl, palmitoyl and stearoyl) as per end product requirements. In order to 
study variation of yield with time, the reaction was conducted at 80C.  
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Chemical structure of cellulose esters was investigated by FTIR and 1H NMR spectroscopy. The 
FTIR spectra of rice straw cellulose (R) (Fig. 6) and of rice straw cellulose stearate (RS) (Fig. 7) 
provide an evidence of esterification by showing a decrease in the intensity of the characteristic band 
of hydroxyl group in cellulose around 3360 cm–1, that arising from the hydroxyl group of cellulose 
which was substituted by alkyl group of fatty acid chlorides. This decrease in the intensity occurred 
concurrently with the presence of the important ester carbonyl band at 1706 cm–1 (C=O) and an 
increase in the intensity of the methyl band (C–H) stretching due to CH2 and (CH3) around 2857 cm–1 
and 2924cm–1,  respectively. 

 

 
 

Fig. 6: FTIR of rice straw cellulose (R) Fig.7: FTIR of rice straw cellulose stearate (RS) 
 
1H NMR analyses of rice straw cellulose stearate RS (Fig. 8) show signals between 0.835-0.877 

ppm corresponds to the alkyl group of fatty acid chain and the peaks observed in the range of 1.1-4.8 
ppm were related to the anhydroglucose unit protons. Both FTIR and 1H NMR results confirm and 
accomplishment in the formation of fatty cellulose esters.  

The dispersability of the cellulose esters was tested in aprotic polar solvents such as 
dimethylsulfoxide (DMSO), dimethylformamide (DMF), N,N-dimethyl acetamide (DMAc), pyridine, 
and chloroform (Table 1). The solubility of cellulose esters depends on their DS and the length of the 
carboxylic acid. 

 

  
Fig. 8: 1H NMR spectra of Rice straw cellulose stearate (RS) 
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 Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) shows 
the thermal behavior of cellulose (C, R) (Fig. 9) and cellulose esters (CL, RL) (Fig. 10) as a function 
of % weight loss with temperature. All samples showed three different zones. An initial zone of slight 
loss in weight is due to the evaporation of water. Then the break in each thermogram indicates the 
onset of the decomposition process involving a rapid loss in weight. At the end of this break a slight 
curvature is formed, which might be due to the formation and evaporation of some volatile 
compounds. Finally, the decomposition rate decreased gradually to a constant weight representing 
carbonization (Tosh, 2011). 

  

                             

 

Fig. 9: Thermogravimetric analysis (TGA) and 
differential thermogravimetric Analysis (DTG) of 
(a) C and (c)R. 
 

Fig. 10: Thermogravemetric analysis (TGA) and 
Differential thermogravemetric analysis (DTG) of 
(d) CL and (f) RL 

 
 
The percentage weight loss with temperature are given in (Tables 2, 3). The initial 

decomposition temperature (IDT) for rice straw cellulose (R) started at 146C, which is lower than the 
initial decomposition temperature of commercial cellulose (C) (327C). The DTG curves (Fig. 9) 
show the active decomposition temperature (ADT) for commercial cellulose (C) which is 366C and 
goes on decreasing to 308C for rice straw cellulose (R).  
 
Table 2: Thermal stability of C and R cellulose in nitrogen atmosphere at a heating rate of 10C. min–1 

Sample code IDTa 
 (C) 

ADTb 
 (C) 

wt. loss (%) 

100C 200C 300C 400C 500C 600C 700C 

C 327 366 4.3 5.5 6.7 87.5 93.2 99.7 99.9 

R 146 308 7.6 11.3 35.0 57.7 64.1 69.7 74.2 
aIDT: the initial decomposition temperature. 
bADT: the active decomposition temperature. 
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Table 3: Thermal stability of CL and RL cellulose esters in nitrogen atmosphere at a heating rate of 
10C. min–1 

Sample 
 Code 

IDTa 
 (C) 

ADTb 
(C) 

wt. loss (%) 

100C 200C 300C 400C 500C 600C 700C 800C 

CL 100 246 10.1 24.6 71.0 87.5 99.9 -- -- -- 

RL 121 310 8.5 19.5 41.0 57.9 62.3 63.6 64.4 66.1 
aIDT: the initial decomposition temperature. 
bADT: the active decomposition temperature. 

 
On the other hand the initial decomposition temperature (IDT) of commercial cellulose ester 

(CL) started at 100C, and for rice straw cellulose ester (RL) started at 121C as indicated in Table 3. 
The DTG curves (Fig.10) show the active decomposition temperature (ADT) of cellulose esters CL 
and RL which indicate that the thermal stability of RL (310C) is higher than those of CL (246C). 

 

 
Fig. 11: Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) of (p) 

RL and (q) PMMA grafted RL in DMSO in presence of CAN for 2h (RL-g-PMMA-01). 
 
3.1. Graft Copolymerization of Methylmethacrylate (MMA) onto Fatty Cellulose Esters 
Mechanism of polymerization  

It is known that metallic cations form complexes with carbon hydrates. After complexation 
with cellulose esters, ceric ion is reduced to cereus ion, the bond between C2 and C3 is broken and a 
free radical appears on C2 or C3 (Halab-Kessira and Ricard 1999; Han et al., 2003; Lin et al., 2005 and 
Kang, et al., 2015). Then this free radical initiates the monomer grafting and the polymerization 
reaction of MMA. 
 
3.2. Effect of reaction time and temperature 

Graft copolymerization of MMA onto rice straw cellulose (R) esters in DMSO and DMAc have 
been carried out at 100C with reaction time ranging from 2-8 hours with 2 hours interval. It is 
observed from the Tables that the graft yield (GY) and the total conversion of monomer to polymer 
(TC) decreased with the increase in reaction time at constant temperature (100C). The data or weight 
gain with respect to reaction time at different temperatures are shown in Table 8.It is also observed 
that the graft yield (GY) and the total conversion of monomer to polymer (TC) increased with 
increasing temperature from 100 to220C at 6 hours reaction time.  
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3.3. Effect of solvents 
Grafting of MMA onto rice straw cellulose esters have been carried out in DMSO (Tables 4-7) 

and DMAc (Tables 9-12) using CAN as initiator. The graft yield (GY) and the total conversion of 
monomer to polymer (TC) have been found to be the maximum (49.2%) for RS-g-PMMA-13 where 
the reactions were carried out at 100C for 2 hours (Table7). From the data shown in tables ( 4-12), it 
was observed that both the graft yield (GY) and the total conversion of monomer to polymer (TC) 
increased with the increase of the fatty acid chain length of cellulose esters from C12 (lauric acid) to 
C18 (stearic acid). 

In table 13 the initial decomposition temperature (IDT) for RL-g-PMMA-01 started at 177C 
which is higher than the initial decomposition temperature of RL (121C). The DTG curves showed 
the temperature of active decomposition (ADT) which is 310 for RL and goes on increasing to 358C 
for R-L-g-PMMA-01. The results revealed an increase in the thermal stability that achieved with rice 
straw cellulose esters. 

From all the above results of thermogravimetric analysis (TGA) and differential 
thermogravimetric analysis (DTG) for all grafted cellulose esters, it was concluded that the 
incorporation of PMMA chains onto the cellulose esters backbone improved the thermal stability of 
grafted cellulose esters, and that grafting copolymerization techniques have offered an alternative 
modification approach to biofibers including green polymers production. This can potentially broaden 
the biopolymers utilized in numerous modern applications in the future, such as packagingmaterials, 
structural materials, coatings, biomedical devices and in the automotive industry. 
 
Table 4: Graft copolymerization of PMMA onto RL in DMSO with CAN at 100 C 

Reaction Time (h) Sample code GYa (%) TCb (%) 

2 RL-g-PMMA-01 20.6 10.3 

4 RL-g-PMMA-02 18.5 9.3 

6 RL-g-PMMA-03 11.1 5.6 

8 RL-g-PMMA-04 8.4 4.2 
aGY%: Graft Yield    
bTC %: Total conversion of monomer to polymer 

 
Table 5: Graft copolymerization of PMMA onto RM in DMSO with CAN at 100  

Reaction Time (h) Sample code GYa (%) TCb (%) 

2 RM-g-PMMA-05 23.2 11.6 

4 RM-g-PMMA-06 19.3 9.7 

6 RM-g-PMMA-07 17.3 8.6 

8 RM-g-PMMA-08 14.7 7.3 
aGY %: Graft Yield 
bTC %: Total conversion of monomer to polymer  

 
Table 6: Graft copolymerization of PMMA onto RP in DMSO with CAN at 100 C 

Reaction Time(h) Sample code GYa (%) TCb (%) 

2 RP-g-PMMA-09 23.4 11.8 

4 RP-g-PMMA-10 15.7 7.9 

6 RP-g-PMMA-11 13.4 6.7 

8 RP-g-PMMA-12 8.9 4.5 
aGY %: Graft Yield    
bTC %: Total conversion of monomer to polymer 
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Table 7: Graft copolymerization of PMMA onto RS in DMSO with CAN at 100 C 
Reaction Time(h) Sample code GYa (%) TCb (%) 

2 RS-g-PMMA-13 49.2 24.6 

4 RS-g-PMMA-14 39.2 19.6 

6 RS-g-PMMA-15 29.2 14.6 

8 RS-g-PMMA-16 18.0 9.0 
aGY %: Graft Yield    
bTC %: Total conversion of monomer to polymer 

 
Table 8: Graft copolymerization of PMMA onto RP in DMSO with CAN at different Temperatures 

For 6h 

Reaction Temp.(C) Sample code GYa (%) TCb (%) 

100 RP-g-PMMA-17 15.0 6.2 

140 RP-g-PMMA-18 31.0 15.5 

180 RP-g-PMMA-19 59.0 29.8 

220 RP-g-PMMA-20 65.4 32.7 
aGY %: Graft Yield   
bTC %: Total conversion of monomer to polymer 

 
Table 9: Graft copolymerization of PMMA onto RL in DMA with CAN at 100C 

Reaction Time(h) Sample code GYa (%) TCb (%) 

2 RL-g-PMMA-21 22.0 11.0 

4 RL-g-PMMA-22 19.0 9.5 

6 RL-g-PMMA-23 16.0 8.0 

8 RL-g-PMMA-24 9.0 4.5 
aGY %: Graft Yield    
bTC %: Total conversion of monomer to polymer 

 
Table 10: Graft copolymerization of PMMA onto RM in DMA with CAN at 100 C 

Reaction Time(h) Sample code GYa (%) TCb (%) 

2 RM-g-PMMA-25 31.1 15.6 

4 RM-g-PMMA-26 30.0 15.0 

6 RM-g-PMMA-27 22.0 11.0 

8 RM-g-PMMA-28 17.0 8.5 
aGY %: Graft Yield    
bTC %: Total conversion of monomer to polymer 

 
Table 11: Graft copolymerization of PMMA onto RP in DMA with CAN at 100C 

Reaction Time (h) Sample code GYa (%) TCb (%) 

2 RP-g-PMMA-29 32.0 16.0 

4 RP-g-PMMA-30 22.0 11.0 

6 RP-g-PMMA-31 19.0 9.5 

8 RP-g-PMMA-32 9.0 4.5 
aGY %: Graft Yield    
bTC %: Total conversion of monomer to polymer 
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Table 12: Graft copolymerization of PMMA onto RS in DMA with CAN at 100C 

Reaction Time(h) Sample code GYa (%) TCb (%) 

2 RS-g-PMMA-33 34.1 17.1 

4 RS-g-PMMA-34 19.6 9.8 

6 RS-g-PMMA-35 13.0 6.5 

8 RS-g-PMMA-36 9.5 4.8 
aGY %: Graft Yield    
bTC %: Total conversion of monomer to polymer 

 
Table 13: Thermal stability of RL grafted products in nitrogen atmosphere. 

Sample code 
IDTa 
 (C) 

ADTb 
 (C) 

Wt. loss (%) 

100C 200C 300C 400C 500C 600C 700C 800C 

RL 121 310 8.5 19.5 41.0 57.9 62.3 63.6 64.4 66.1 

RL-g-PMMA-01 177 358 4.8 11.7 22.3 88.6 88.6 90.0 91.6 91.7 
aIDT: the initial decomposition temperature. 
bADT: the active decomposition temperature 
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