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The paper follows the chemical modification of different sorts of starch 
after grafting and hydrolysis reactions. The grafting reaction of 
acrylonitrile on the starches from potato, wheat and rice, took place using 
Ce(SO4)2 in H2SO4 0.4 M, as initiator system. Even if the grafting reaction 
with this initiator system has been already discussed in the literature, this 
paper aims a comparison of the product characteristics as a function of 
starch source. The synthesis of water soluble polymers was performed by 
the basic hydrolysis of the grafted starches. The grafted and hydrolyzed 
copolymers were characterized by FT-IR and 1H-NMR spectroscopy, scanning electron microscopy (SEM) and energy dispersive  
X-ray analysis (EDAX). 
 

 
 

INTRODUCTION* 

Polysaccharides are the most abundant renewable 
resource on earth, with an annual rate exceeding 
world production of synthetic polymers,1,2 showing 
specific properties, such as: biocompatibility, biode-
gradability, polyfunctionality, high chemical reactiv-
ity, sorption capacity and chelating of different ionic 
species. The sorption capacity of polysaccharides is 
ascribed to the high hydrophilicity, due to the 
presence of hydroxyl groups from the glycoside 
units, and to the presence of a large number of 
functional groups (acetamide, primary amine, 
hydroxyl) with high chemical reactivity. Chemical 
modification of polysaccharides, in particular cross-
linking and grafting, can lead to interesting 
macromolecular suprastructures, such as gels, 
hydrogels, polymeric resins, beads, membranes, 
fibers, composites, offering many opportunities for 
different applications.3–5  

Starch is the most important ingredient in food 
with a long history in various applications and can be 
                                                            
* Corresponding author: dfelicia@icmpp.ro 

considered the most common vegetable substance 
after cellulose. The starch formula, determined by 
elemental analysis, is (C6H10O5)n. However, starch is 
a mixture of two polysaccharides, one linear 
(amylose) and one branched (amylopectin). Amylose 
is a linear polymer with α-1,4 glycosidic bonds 
linking the anhydroglucose (AGU) units, with an 
average molecular weight of 1×106 g/mol and it gives 
the amorphous structure in the starch granules. 
Amylopectin has a higher molecular weight, about 
1×108 g/mol, and linked by short α-1,4 glycosidic 
bonds with high branching at the α-1,6 positions, that 
gives the crystallinity in starch.6,7 Different studies 
have shown that the amylose-amylopectin ratio 
affects the functionality and chemical properties of 
starch as a biopolymer. Table 1 shows some 
characteristics of starches from various botanical 
sources.8 

The grafting reaction is one of the most 
commonly method used to modify the structure 
and properties of biopolymers.9–11 Grafting of vinyl 
compounds to polysaccharides improves their 
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properties (biodegradation, thermal stability and 
metal ion-binding capacity) and their use in 
various industrial applications.12,13 The graft 
copolymerization reaction of vinyl monomers onto 
starch in the presence of Ce 4+ ions is already 
known as one of the most convenient ways to 
change the properties of starch.14–17 In particular, 
the grafting of acrylonitrile (AN) on starch offers 
the possibility of carrying out further chemical 
reactions and to synthesize new materials with 
properties suitable for various applications such as: 
reconditioning soil, additives for paper and textiles, 
adhesives, sanitary systems for controlled release 
of drugs, wastewater remediation, etc.18–21  

In this context, the aim of this paper was to 
follow the structure modifications after grafting and 
hydrolysis of different sorts of starch. Therefore, the 
grafting reaction of AN on the starch from potato 
(PSt), wheat (WSt) and rice (RSt) has been 
followed, using as initiator Ce(SO4)2 in H2SO4 0.4 
M. Even if the grafting reaction with the same 
initiator systems has been already discussed in 
literature, this paper aims a comparison of the 
product characteristics as a function of starch 
source. In the second part, the synthesis of water 
soluble polymers was studied following the 
hydrolysis of the grafted starches. The grafted and 
hydrolyzed copolymers were characterized by FT-
IR and 1H-NMR spectroscopy, scanning electron 
microscopy (SEM) and energy dispersive X-ray 
analysis (EDAX).  

RESULTS AND DISCUSSION 

The size and shape of starch granules depend on 
the botanical origin, Fig. 1 showing the granular 
morphology of PSt, WSt and RSt samples, 
respectively. Thus, PSt exhibits the largest and 
asymmetrical granules, the deviation of the sphericity 
being clearly shown by the elongated forms. 
Polydispersity is a common feature of all types of 
starch and WSt shows the highest one, a large 
number of small grains along with many large grains 
being evident, while intermediate sizes are apparently 
missing. Most of the WSt granules appear to be 
spherical, although some of the larger granules could 
be slightly flattened, corresponding to the lenticular 
forms described in the literature. Rice starch presents 
the smallest size of all, having an isometric form, 
often non-spherical (polyhedral).22 

The starch based graft copolymers are prepared 
by chemical initiation, free radicals being 
generated in the starch backbone as fixing centers 
for synthetic homopolymers. In this work, the 
initiator system for grafting reaction of AN on the 
starch from different sources was Ce(SO4)2 in 
H2SO4 0.4 M. Therefore, the initiation mechanism 
involves the formation of a complex between Ce4+ 
ions and -OH groups of the starch located at the 
carbon atoms in the positions C2 and C3, opening 
the AGU units and generating free radicals. The 
grafting of AN occurs at the active centers of the 
starch, Ce4+ ions being reduced to Ce3+, as 
previously described.17,23 

 
Table 1 

Characteristics of starch depending on the botanical sources  
Botanical source Amylose 

(%) 
Amylopectin 

(%) 
Rate of swelling Physical properties 

Rice 17–30 70-83 Slower Opac  solution 
Potato 20-21 79-80 Fast Clear solution 
Wheat 25-30 70-75 Slower Opac solution 
Corn 25-28 72-75 Slower Opac solution 
Tapioca 16–17 83-84  Slower   Clear solution 

  

 
PSt WSt RSt 

Fig. 1 – SEM micrographs of starch from potato (PSt), wheat (WSt) and rice (RSt); scale bar – 50 µm. 
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Fig. 2 – FT-IR spectra of the grafted acrylonitrile on starch from potato (PStG), wheat (WStG) and rice (RStG) compounds. 
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Fig. 3 – 1H-RMN spectra of (A) starch from potato (PSt), wheat (WSt) and rice (RSt) and  

(B) grafted copolymers (PStG, WStG, RStG). 
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Fig. 4 – SEM images of grafted copolymers based on starch from potato (PStG), wheat (WStG) and rice (RStG); scale bar – 50 µm. 
 

FT-IR spectroscopy offers clear information on 
the structure of the modified starch, after AN 
grafting (Fig. 2). FT-IR spectra of the grafted 
copolymers (coded PStG, WStG and RStG) contain 
the characteristic bands of starch, as follows: a 
broad band between 3600-3200 cm-1 assigned to the 
stretching vibration of O–H bond, a band at 2932 – 
2939 cm-1 assigned to C–H bonds and –CH2 groups, 
a band at 1636 – 1641 cm-1 assigned to the 
stretching of –O–H, and the bands located at about 
1454, 1364 – 1371 and 1248 – 1252 cm-1 assigned 
to the stretching of –C–H bond and –CH2 and –OH 
groups, respectively. The characteristic bands of 
AGU ring are also present in the spectra of the 
grafted copolymer and can be observed at about 
1155, 1080 and 1022 cm-1, depending on the nature 
of starch.24,25 The high content of AN grafted on 
starch is supported by the intense band at 2245 cm-1 
corresponding to the –C≡N stretching.  

The structure of grafted compounds was further 
confirmed by 1H-NMR spectroscopy (Fig. 3). The 
characteristic peaks of starch (Fig. 3A) were found 
at: 3.65 ppm, assigned to the protons of the carbon 
atoms in positions C2, C3 and C5; 4.58 ppm, 
assigned to the protons of the carbon atom in 
position 4; 5.1 ppm, assigned to the protons of the 
carbon atom at position C6.26,27 

1H-NMR spectra of the grafted copolymers  
(Fig. 3B) contain the characteristic peaks of both 
starch and AN, confirming that the grafting reaction 
took place: peaks of AN at 2.0 ppm (assigned to 
proton of the CH2 groups) and 3.1 ppm (assigned to 
the protons of the –CH groups) and peaks of starch 
at 3.65 ppm (C2, C3 and C5), 4.58 ppm (C4) and  
5.1 ppm (C6).   

Further evidence for the grafting selectivity of 
the used sorts of starch, the nitrogen percent was 
calculated from 1H-NMR spectra: 13.81%, 9.71% 
and 8.22% for PStG, WStG and RStG, respectively. 
The selectivity in grafting AN on the used starch 
samples can be ascribed to the differences in the 
content in amylose and amylopectin (Table 1), the 

high content of amylopectin branches in the 
crystaline domains and the location of amylose 
mainly in amorphous domains. Also, the fastest 
swelling capacity of potato starch will probably 
favor the access of AN to the grafting position, as 
compared to the other used starch samples.  

The changes in the surface morphology of the 
grafted copolymers as compared to the starting 
starch granules (Fig. 1) were followed by SEM  
(Fig. 4). As Fig. 4 shows, the surface of native 
starch was partially modified, the morphology of the 
grafted copolymers being strongly influenced by the 
biological nature of used starch. Thus, after AN 
grafting on PSt (PStG) the granular structure of the 
PSt was completely modified, most probably due to 
the gelatinization, and amorphous particles of PStG 
can be observed, suggesting that the grafting 
reaction occurred in the starch amorphous region. 
When WStG and RStG were used, the SEM images 
of graft copolymers have clearly shown the deposit 
of polyAN on the particles surfaces, the morphology 
of the native starch grains keeping the initial shape 
after AN grafting. 

The highest and fastest swelling capacity of 
potato starch (Table 1) would favor the access of 
AN to the grafting positions, as compared to the 
other used starch samples. Therefore, by fast 
swelling the gelatinization in PSt took place rapidly, 
activating the amorphous parts for grafting. By 
contrary, the slow swelling of WSt and RSt 
hindered the access of AN to the grafting position, 
the morphology of the native starch grains being 
preserved after AN grafting. 

The quantitative elemental analysis results 
obtained by EDAX, are shown in Table 2, and 
confirm the grafting of AN onto starch by the 
nitrogen presence in the copolymer chemical 
composition. The content of AN on grafted 
copolymers depend on the type of starch, the highest 
N/C ratio being recorded when potato starch was 
used and sustain the previously obtained results. 
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Table 2 

EDAX elemental analysis of starch from potato (PSt),  
wheat (WSt) and rice (RSt) and of the grafted compounds (PStG, WStG and RStG) 

Elements/At.% PSt PStG WSt WStG WSt WStG 
C 64.90 78.56 64.29 71.34 69.18 73.16 
O 35.10 4.18 35.71 20.86 30.82 17.76 
N - 17.27 - 7.80 - 9.08 

N/C  0.219  0.109  0.124 
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Fig. 5 – FT-IR (A) and 1H-NMR (B) spectra of the hydrolyzed compounds  

based on starch from potato (PStG-H), wheat (WStG-H) and rice (RStG-H). 
  
 

 
PStG-H WStG-H RStG-H 
Fig. 6 – SEM images of the hydrolyzed compounds based on starch from potato (PStG-H),  

wheat (WStG-H) and rice (RStG-H); scale bar – 20 µm. 
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Table 3 

EDAX elemental analysis (atomic percentage) of the hydrolyzed compounds  
based on starch from potato (PStG-H), wheat (WStG-H) and rice (RStG-H) 

Sample Element PStG_H WStG_H RStG_H 

C 58.00 58.88 61.99 
O 29.47 32.94 31.17 
N 4.30 3.13 2.17 
Na 8.23 5.06 4.67 

N/C 0.074 0.086 0.075 
 

Aiming to obtain water-soluble anionic polymers, 
the transformation of the nitrile groups to 
carboxylic acid groups was followed by the 
hydrolysis of the grafted products in the presence 
of NaOH.19 Informations on the structure of the 
hydrolyzed copolymers (coded PStG-H, WStG-H 
and RStG-H) were obtained by the FT-IR  
(Fig. 5A) and 1H-NMR (Fig. 5B) spectroscopies. 

In the FT-IR spectra of the hydrolyzed 
compounds (Fig. 5A), the characteristic band of 
nitrile group (2245 cm-1) is not visible, the presence 
of new bands being attributed to the functional 
groups generated by basic hydrolysis, as follow: 
~1663 cm-1 assigned to the stretching vibrations of 
the C=O bond in amide group (amide I band); 
1555–1558 cm-1 assigned to the vibration of –COO- 
groups; 1448–1450 cm-1 assigned to the stretching 
vibration of –CH2; 1321–1325 cm-1 assigned to 
amide III. The bands at about 1153, 1080 and  
1020 cm-1, characteristic of AGU units of the 
polysaccharide chain, are also visible after the 
hydrolysis reaction. Comparing the obtained spectra 
of the hydrolyzed compounds based on starch from 
potato (PStG-H), wheat (WStG-H) and rice (RStG-
H), Fig. 5A revealed that the highest intensity of the 
band characteristic to the carboxylic group at  
1556 cm-1 was obtained for PStG-H sample and 
suggest that hydrolysis percentage was the highest 
when potato starch was used. 

The 1H-NMR spectra in Fig. 5B, shows some 
peaks of the hydrolyzed copolymers in the range of 
3.7 to 4 ppm, assigned to the protons of the AGU 
unit, and peaks at 1.4 ppm and 2.3 ppm assigned to 
protons to sodium acrylate. The percent of sodium 
acrylate calculated from 1H-NMR was 39.54%, 
37.19% and 37.65% for PStG-H, WStG-H and 
RStG-H, respectively. These results can be also 
sustained by the results obtained by EDAX  
(Table 3). Also, from the 1H-NMR spectra we can 
conclude that the highest percentage of hydrolysis 
was obtained when potato starch was used, 
sustaining the FTIR results.  

SEM images and EDAX analysis of the 
hydrolyzed compounds are summarized in Fig. 6 
and Table 3. Thus, after the hydrolysis of the 
nitrile groups, the morphology of the hydrolyzed 
compounds appears like a “web spider” with 
different thickness of fibers and different sizes of 
pores, as a function of the starch native source. 

The changes in the compounds morphology can 
be attributed to the formation of –COO- groups 
after the hydrolysis reaction. The differences in the 
SEM images can be correlated to the amylose-
amylopectin ratio, which depends on the source of 
starch. The “web spider” like morphology, with 
interconnecting pores, which was evident after the 
drying of the gels by lyophilization, is also 
dependent on the hydrophilicity of the hydrolyzed 
samples, a higher swelling being found for the 
PStG-H than for the WStG-H, and RStG-H, due to 
the lower content in amylopectin of PSt, i.e. the 
less hydrophilic constituent of starch. 

The elemental composition of the hydrolyzed 
compounds based on starch from potato (PStG-H), 
wheat (WStG-H) and rice (RStG-H) (Table 3) 
changed drastically as compared to that of grafted 
compounds (PStG, WStG, RStG) (Table 2). The 
decrease of nitrogen content in the hydrolyzed 
compounds is evident in EDAX results, mainly by 
the decrease of N/C ratio, confirming that 
hydrolysis had occurred. 

EXPERIMENTAL 

Starch samples (PSt, WSt, and RSt) from Sigma-Aldrich 
were used as received. AN was distilled at about 77°C and 
kept at low temperature. Ce(SO4)2 reagent grade from Sigma-
Aldrich and H2SO4, NaOH and methanol p.a., from Chemical 
Company, were used as received.  

The grafting reaction was carried out in a two necked 
round-bottom flask equipped with stirrer and condenser. First, 
starch was gelatinized by heating its dispersion in water up to 
80 oC, about 30 min, then cooling at 27 oC. Then, an 
appropriate volume of AN (0.987 mol L-1) and a calculated 
volume of Ce(SO4)2 solution (2.6 mol L-1 x 103) were added, 
under stirring, and the reaction took place for 1 h. To separate 
the grafted and nongrafted fractions of starch, methanol has 
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been used as nonsolvent, being added three times to the 
reaction mixture, followed by stirring and filtration. After 
filtration, the precipitate has been dried at 40 oC, for 48 h.  

The hydrolysis reaction of the nitrile groups from grafted 
copolymers was performed as follows: 1 g of grafted copolymer 
and 15 mL of NaOH 2.5 M were heated at 98oC, for 6 h. After 
hydrolysis, a homogeneous solution was obtained. To 
completely remove the hydrolysis agent, purification by 
dialysis of the hydrolyzed sample was performed until a 
neutral pH (about 72 h). The water soluble polymer was 
recovered by freeze-drying. 

FTIR spectra were recorded with a Bruker Vertex FT-IR 
spectrometer, resolution 2 cm−1, in the range of 4000–400 
cm−1 using the KBr disk technique. 1H-NMR spectra were 
recorded on 1H-NMR Bruker NEO-1 400 MHZ. The surface 
morphology was investigated with an Environmental Scanning 
Electron Microscope (ESEM) type Quanta 200, operating at 
20 kV with secondary electrons, in low vacuum mode. For the 
determination of the elemental composition, the ESEM was 
coupled with an energy dispersive X-ray module (EDAX). 

CONCLUSIONS 

The paper follows the chemical modification of 
different sorts of starch (PSt, WSt and RSt) after 
grafting and hydrolysis reactions. The obtained 
products were deeply investigated by FT-IR and 
1H-NMR spectroscopies, SEM and EDAX. FTIR 
and 1H-NMR spectra of grafted copolymers show 
the characteristic bands of both starch and AN, 
confirming that the grafting reaction took place. 
The surface of native starch was partially modified 
after grafting, the morphology being strongly 
influenced by the biological nature of used starch, 
the grafting reaction occurring mainly in the starch 
amorphous region. By the hydrolysis of grafted 
copolymers, water soluble polyanions were obtained. 
After hydrolysis, the morphology appears like a 
“web spider” with different thickness of fibers and 
different sizes of pore, as a function of starch 
source. FT-IR, 1H-NMR and EDAX shows that the 
highest percentage of AN grafting and hydrolysis 
was obtained when potato starch was used, as 
compared to the results obtained for wheat and rice 
starches. 
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