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Abstract The synthesis, characterization, and hydrogel

properties of starch-g-(tert-butylacrylate) and starch-g-

(n-butylacrylate) copolymers were studied. The optimum

conditions for the grafting process of tert-butylacrylate into

1.0 g of starch were as follows: [tert-butylacrylate] =

0.04 mol/L, [CAN] = 9.0 9 10-4 mol/L, temperature =

20 �C in 100 mL solution, whereas the results using

n-butylacrylate monomer were as follows: [n-butylacry-

late] = 0.04 mol/L, [CAN] = 4.0 9 10-3 mol/L, temper-

ature = 30 �C in 100 mL solution. The grafting evidences

of monomers into starch were done through TG and its

derivative DTG for thermal changes and mass losses, scan-

ning electron microscope (SEM) for morphological changes,

powder X-ray for crystallinity measurements and FTIR for

functional group changes. Acid hydrolysis method was used

efficiently to allow the calculations of the viscosity average

molecular weight (Mv) of the grafted chains on starch and

consequently the real percent of grafting efficiency (i.e.

%GY). The capability of starch-g-(n-BAC) hydrogel to

absorb water were found 10 times more than starch-g-(tert-

BAC) hydrogel, which were clarified through the X-ray and

SEM results.

Keywords Hydrogels � Starch-g-(tert-BAC) �
Starch-g-(n-BAC) � Viscosity average molecular

weight (Mv)

Introduction

The hydrogels of modified natural polymers is finding an

increasingly interest due to its noticeable applications such

as thermoresponsive polymers [1, 2]. Furthermore, its

applicability is finding wide interest in drug delivery

studies [3–5]. The modification of natural polymers such as

chitosan [6, 7], starch [8], and pectin [9] through grafting

with synthetic polymers were made to meet certain appli-

cations especially in drugs sustained release studies. The

applicability of such copolymers to make thermorespon-

sive [10], and pH-sensitive materials [11] was finding a

growing interest in uprising industries. Recently, starch/

ethylmethacrylate were synthesized and used as excipients

for matrix tablets [12], starch/acrylic acid as super-absor-

bents [13] and starch/N-isopropylacrylamide as smart core–

shell polymer in supercritical carbon dioxide [14].

The grafting process have been widely accepted using

different initiators such as AIBN [15], K2S2O8 [16], Fe?2-

H2O2 [17], KMnO4 [15], KVO4 [18], and ceric ammonium

nitrate (CAN) [19], where CAN was distinguished due to

simple mechanism electron transfer, low activation energy

and formation of free radicals on starch [20]. In our labora-

tory, the syntheses of different grafted copolymers were

performed such as chitosan-g-ethylmethacrylate [6], starch-

g-(N-tert-butylacrylamide) [21, 22]. The goal of this study

focus the attention on the synthesis, optimization condi-

tions and hydrogel properties of starch grafted with two

different monomers one at a time namely tert-butylacrylate

(tert-BAC) and n-butylacrylate (n-BAC) on maize starch.
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Experimental

Materials

tert-Butylacrylate (tert-BAC) (99%, Fluka) and n-butyl-

acrylate (n-BAC) (99%, Acros Organics) were stored in

refrigerator and were brought to desired temperature before

use. Maize starch (food grade) supplied by Riedel-Dehaen

(Germany) was first dried at 110 �C, and then stored over

anhydrous CaCl2. Ceric ammonium nitrate (CAN) was

dried at 100 �C, kept in a desiccator over CaCl2, and was

used as 0.1 M in molar HNO3 solution.

Graft copolymerization

The grafting process as been previously reported [21]

illustrated as follows. A 1.0 g of dried and 75 mL dis-

tilled water was stirred magnetically under N2 atmo-

sphere, and then was treated with CAN for 15 min. Then

this treatment was followed with dropwise addition of

monomer and completed to a total volume of 100 mL by

distilled water, and then polymerization proceeded at

30 �C for 300 min unless mentioned elsewhere. After

polymerization was over, the solution was allowed to cool

and 50 mL of distilled water was added and stirred for

10 min to extract homopolymer. Furthermore, washing

was continued until no precipitation of homopolymer in

the filtrate was observed. The precipitation was done

using non-solvent methanol. Eventually the precipitate

was collected by suction filtration and dried to constant

weight. The percentage of grafting was evaluated using

grafting efficiency (%GE) [23], which could be calculated

from the relation

%GE ¼ W2 �W1

W3

� 100 ð1Þ

where W1, W2 and W3 are weights of starch, starch-g-(tert-

BAC) or (n-BAC) copolymers and the monomer,

respectively.

Characterization of grafted starch

Different techniques used to characterize the target

hydrogels such as thermogravimetric analysis (TG), FTIR,

X-ray diffraction (XRD) and scanning electron microscope

(SEM) techniques as follows:

Thermogravimetric analysis (TG)

Shimadzu TGA-50 (Japan).All samples were carried out

under N2 atmosphere at a heating rate of 10 �C/min.

FTIR

Spectra were recorded via Thermo Nicolet (avator-360, USA)

FTIR spectrophotometer in the range of 4000–400 cm-1

using KBr pellets.

X-ray diffraction (XRD)

Philips-Holland diffractometer (model PW 1729) was used

for the X-ray diffraction studies with copper as target

material in an X-ray tube under the operational conditions

of 30 KV, 40 mA and wavelength between 1.54060 and

1.54438 Å. The samples were scanned between 3� and

100�.

Scanning electron microscopy (SEM)

DSM 950 (ZEISS) model (USA) was used to study the

morphology of the surface of all samples. The SEM was of

Polaroid films. The samples in the form of films were

mounted on the specimen stabs and coated with gold ion by

sputtering method with Polaron (E6100) model. The

micrographs were taken at a magnification of 500 and

2500.

Properties of grafted starch

Optimization of reaction conditions

The reaction conditions such as monomer concentration,

initiator concentration, temperature, time, and volume of

solution were checked each one at a time and were moni-

tored throughout the percent of grafting efficiency (%GE).

Acid hydrolysis and MW measurements

0.2 g of starch-g-(tert-BAC) or starch-g-(n-BAC) were acid

hydrolyzed using 100 mL, 0.5 M HCl reflux for 2 h, where

all starch chains were converted into glucose units. The

solution after cooling is poured in a large amount of

methanol, and the precipitate collected by filtration is

expected to be chains of poly(tert-BAC) or poly(n-BAC)

bounded to starch, which was checked by FTIR spectra. The

viscosity average molecular weight (Mv) of these branches

of poly(tert-BAC) or poly(n-BAC) were determined from

the relation [24]: [g] = 2.56 9 10-4 Mv
0.74, using 0.03 g/mL

in THF solvent at 30 �C. The real amount of starch involved

in each copolymer could be determined by acid hydrolysis

as previously mentioned by subtracting weight of grafted

chains of poly(tert-BAC) or poly(n-BAC) deduced from

acid hydrolysis from total weight of starch-g-(tert-BAC)
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or (n-BAC) samples and consequently %Grafting Yield

(%GY) [21] could be determined by the formula:

%GY ¼ W2 �W4

W3

� 100 ð2Þ

where W2, W3 and W4 are the weights of starch-g-(tert-

BAC) or (n-BAC) copolymer, monomer and real amount of

starch involved in grafting. respectively. Thus, %GY for-

mula can simultaneously present the best mathematical

formula for the grafting process under the condition that

the synthetic grafted polymer onto starch must resist acid

hydrolysis.

Water absorbency

Water uptake

The dry samples were weighed and kept in water for 2 h at

25 �C. The wet weights were determined after sandwiching

samples between the filter paper for 10 times. The water

uptake of the grafted samples was determined from %water

uptake = 100(W2 - W1)/W1, where W1 and W2 are weight

of dry and wet values, respectively [25]

Moisture uptake

The weighed dry samples were placed in a desiccator

over water (100% humidity) and kept at 25 �C for 24 h,

closing the cap of the desiccator. The moisture uptake

values of the samples were calculated from their dry and

wet weights (i.e. %moisture uptake = 100(W2 - W1)/W1,

where W1 and W2 are weight of dry and wet values,

respectively) [25].

Results and discussion

Characterization of grafted starch

Gravimetric estimation

The weight difference between grafted starch and pure

starch shows an evidence of grafting of tert-BAC or n-BAC

onto starch. This weight difference forms the basis for the

determination of grafting efficiency.

Thermogravimetric analysis (TG)

Figure 1 shows the TG curves of (a) pure starch, (b) pure

poly(tert-BAC), (c) starch-g-(tert-BAC) (%GE = 80), (d)

pure poly(n-BAC) and (e) starch-g-(n-BAC) (%GE = 88),

It could be clearly seen that from DTG curves that the

temperature at which maximum %mass loss takes place

(Tmax.) of the copolymers were as follows. Two important

characteristics could be deduced from Fig. 1 and Table 1,

the first was that TG curves doubtless prove that grafting

process took place where Fig. 1c showed two peaks each

one for starch (Tmax = 316 �C), and the other for poly(tert-

BAC) (Tmax = 250 �C). In addition, Fig. 1e showed again

the presence of starch (Tmax = 316 �C), and poly(n-BAC)

(Tmax = 379 �C). The other important characteristic was

when taking the ratio of the area of DTG curve for

poly(tert-BAC)/starch and poly(tert-BAC)/starch in the

copolymer, it showed almost (1:1) ratio, which were very

comparative with %GE values (i.e. %GE = 80 for starch-

g-(tert-BAC) and %GE = 88% for starch-g-(n-BAC)),

where the molar ratios were (0.8:1) and (0.88:1), respec-

tively. Thus, it could be concluded that TG technique could

be strong tool in investigation of grafting process and

grafting efficiency values (%GE).

FTIR

Figure 2 shows the FTIR spectra of (a) pure starch (b) pure

poly(tert-BAC), (c) starch-g-(tert-BAC) (%GE = 80), (d)

pure poly(n-BAC) and (e) starch-g-(n-BAC) (%GE = 88).

It could be observed that the intensity of the OH

stretching in glucosidic ring of starch that have a broad band

at 3450 cm-1, were reduced due to grafting of poly

(tert-BAC) and poly(n-BAC), Furthermore the carbonyl

stretching of the ester group located at around 1735 cm-1

have clearly appeared in both starch-g-(tert-BAC) and

starch-g-(n-BAC) along with its presence in pure poly

(tert-BAC) and pure poly(n-BAC) and its absence in pure

starch, which confirmed the grafting process.

X-ray diffraction (XRD)

Figure 3 shows the diffraction patterns of pure starch,

starch-g-(n-BAC) and starch-g-(tert-BAC) copolymers.

Starch was known as semi crystalline material, which

was attributed to the presence amylopectin fraction into it.

The grafting process leads to the decrease in %crystallinity

due to capability of grafted chains (i.e. poly(n-BAC) or

poly(tert-BAC) to bind the crystalline chains and conse-

quently loosen and open up the crystalline region. This

could be noticed from relatively large decline of number of

accounts from 1000 to 400 or 200 accounts, respectively,

which suggests that the crystalline region largely contrib-

utes in the grafting process. By referring to the TG results,

in spite of some similarities that seem to be in n-BAC and

tert-BAC structures, the Tmax. for poly(n-BAC) equals
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379 �C, whereas Tmax. for poly(tert-BAC) = 250 �C, with

a difference of 129 �C. This large thermal stability differ-

ence was further noticed here in X-ray diffraction patterns.

The increase in %crystallinity in starch-g-(n-BAC) over

starch-g-(tert-BAC) was owed to structure of normal butyl

groups which encourage crystallinity formation, and con-

sequently inclines the thermal stability of poly(n-BAC). In

contrary, tertiary-butyl groups not only cause decrease in

thermal stability due to its three dimensional structure but

also cause more destruction to the crystalline regions of

starch macromolecules [21].

Scanning electron microscopy (SEM)

Figure 4 shows the SEM micrographs of (a) pure starch (b)

starch-g-(tert-BAC) copolymer (%GE = 80), at magnifi-

cation of 2500, and (c) starch-g-(n-BAC copolymer

(%GE = 88) at magnification of 500 (d) starch-g-(n-BAC

copolymer (%GE = 88) at magnification of 2500.

The study of morphological changes, when accompa-

nied with molecular level insight not only on the outer

shells of the polymer but rather to inner sights. It could be

seen from Fig. 4a that starch is formed from granules

that are separate from each other, when grafted with

poly(tert-BAC), those granules became more in contact

and coherent with a more regular shape, and when grafted

with poly(n-BAC), the coherency have increased to form a

merged units which is more likely to be a solidified marine

sponge. Thus the presence of normal butyl group, have

caused the increase in crystallinity in starch-g-(n-BAC) over

starch-g-(tert-BAC) as deduced from XRD patterns and

further increased the thermal stability of starch-g-(n-BAC)

over starch-g-(tert-BAC) as deduced from TG and eventu-

ally formed a merged units similar to solidified marine

sponge (Fig. 4d).
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Fig. 1 TG curves for a pure

starch, b pure poly(tert-BAC),

c starch-g-(tert-BAC)

(%GE = 80), d pure poly

(n-BAC), and e starch-g-

(n-BAC) (%GE = 88)

Table 1 Thermal decomposition data for different samples

Sample Tmax. (�C) % Mass loss

Pure starch 316 69

Pure poly(tert-BAC) 250 81.5

Starch-g-(tert-BAC) (%GE = 80) 316, 250 53, 22

Pure poly(n-BAC) 379 74

Starch-g-(n-BAC) (%GE = 88) 316, 379 42, 39
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Properties of grafted starch

Monomer & initiator concentration optimizations

Table 2 shows the optimum values of monomer concen-

tration for both tert-BAC and [n-BAC], which equals to

0.04 mol/L. Using larger concentrations (i.e. 0.06 mol/L)

of monomers in the medium cause a decay in %GE values

for both monomers, which was attributed to homopolymer

formation. This was clear throughout the washing process of

the grafted polymer, where larger homopolymer amounts

were precipitated using methanol were observed. In Table 3

increasing the [CAN] for starch-g-(tert-BAC) increases the

%GE until it reaches its maximum %GE = 80 using

[CAN] = 9.0 9 10-4, whereas the optimum [CAN] for

starch-g-(n-BAC) was obtained at 4.0 9 10-3 mol/L, where

further increase of [CAN] causes a decline in %GE. This

could be ascribed to recombination of free radicals with each

other, which dramatically inhibits the grafting process and

lead to lower %GE.

Temperature optimization

Figures 5 and 6 illustrate the change of %GE with time

at different temperatures, it could be noticed that the

increase of temperature led to increase in %GE. This

Arrhenius behavior continues up to 20 �C for starch-g-

(tert-BAC), and to 30 �C for starch-g-(n-BAC) copoly-

mers. Further increase in increase in temperature led to

simultaneous decay in %GE values for both copolymers.

This decay at elevated temperatures could be explained
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Fig. 3 XRD patterns for a pure starch, b starch-g-(tert-BAC)

(%GE = 80), c starch-g-(n-BAC) (%GE = 88)

Fig. 4 SEM micrographs of a pure starch, b starch-g-(tert-BAC)

(%GE = 80), c and d starch-g-(n-BAC) (%GE = 88)
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by the violent and rapid motion of starch macroradicals in

solution, and as a result consequent radical scavenging

probability and/or radical re-combination, which eventu-

ally led to lower %GE values. Furthermore, the decay of

%GE after 4 and 5 h of copolymerization was ascribed to

expected partial hydrolysis, which could cleave many

COC bonds, which then were removed by washing

leaving lower weight of copolymer and consequent lower

%GE values.

Acid hydrolysis and MW measurements

Acid hydrolysis using 0.5 M HCl of the grafted copoly-

mers leads to decomposition of repeating units of starch

into glucosidic units which in turn does not precipitate

upon addition of non-solvent such as methanol, and only

precipitate grafted poly(tert-BAC) or poly(n-BAC) chains

that resist acid hydrolysis. Consequently, the viscosity

average molecular weight of these samples can be deter-

mined. Table 3 shows the change of average molecular

weight as temperature changes and as [CAN] changes.

Through Figs. 5 and 6, it were shown that at fixed

[monomer], and fixed [CAN], %GE decreases as temper-

ature increases above 30 �C due to homopolymerization,

three arbitrary samples of both starch-g-(tert-BAC) and

starch-g-(n-BAC) at elevated temperatures as Table 4

shows were exposed to acid hydrolysis and later their

average molecular weight (Mv) were calculated, the results

concluded that the Mv decreases as temperature increases,

which came in accordance with %GE decrease as deduced

from Figs. 5 and 6. Furthermore, as [CAN] increase it was

found that Mv first increased then decreased, which was in

accordance with data of %GE [21].

Water absorbency

Figure 7 shows the water absorbency versus monomer/

starch ratio using different volumes of solutions. In both

copolymers, both water uptake and moisture uptake shown

a maximum absorbency at tert-BAC/starch = 0.5, whereas

n-BAC/starch = 1.0. Furthermore, the starch-g-(n-BAC)

Table 2 The influence of [tert-BAC] and [n-BAC] monomers on the

grafting efficiency (%GE) values

Time/h [tert-BAC] %GE(tert-BAC) [n-BAC] %GE(n-BAC)

1.0 0.020 20 0.012 12

2.0 0.020 29 0.012 26

3.0 0.020 38 0.012 41

1.0 0.040 20 0.040 42

2.0 0.040 58 0.040 61

3.0 0.040 80 0.040 88

1.0 0.060 24 0.060 41

2.0 0.060 52 0.060 45

3.0 0.060 73 0.060 62

Reaction conditions: starch = 1.0 g, T = 30 �C, Vsol’n = 100 mL

Table 3 The influence of initiator concentration on the grafting

efficiency (%GE) values

[CAN](tert-BAC) %GE(tert-BAC) [CAN](n-BAC) %GE(n-BAC)

1.0 9 10-4 52 1.0 9 10-3 60

2.0 9 10-4 60 2.0 9 10-3 72

4.0 9 10-4 62 4.0 9 10-3 88

7.5 9 10-4 64 7.5 9 10-3 65

9.0 9 10-4 80 9.0 9 10-3 39

Reaction conditions: starch = 1.0 g, [tert-BAC] = 0.04 mol/L,

[n-BAC] = 0.04 mol/L, T = 30 �C, and Vsol’n = 100 mL)
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Fig. 5 Change of %GE with time at different temperatures for

Starch-g-(tert-BAC) copolymers. Reaction conditions: starch = 1.0 g,

[tert-BAC] = 0.04 mol/L, [CAN] = 9.0 9 10-3 mol/L)
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664 M. M. Fares et al.

123



seems to absorb water more than five folds of its weight

whereas starch-g-(tert-BAC) could only absorb 0.6 folds of

its weight. Furthermore it clearly shows that starch-g-

(n-BAC) hydrogel could absorb water ten times more than

that of starch-g-(tert-BAC) hydrogel. Thus, by referring to

Fig. 4d of starch-g-(n-BAC), it would be clearly seen that

outer shell of this copolymer which is similar to marine

sponge as well as its larger crystallinity (Fig. 3c) and larger

thermal stability, adapt the copolymer to form pores

that can hold water molecules ten times more than of

starch-g-(tert-BAC) copolymer and consequently absorb

large amounts of water and act as hydrogel.

Conclusions

Several conclusive remarks deduced from grafting of tert-

butylacrylate and n-butylacrylate onto starch at different

monomer, initiator concentrations and temperature, which

were as follows:

• The optimum conditions for the grafting process of tert-

butylacrylate into 1.0 g of starch are as follows: temper-

ature = 20 �C, [tert-BAC] = 0.04 mol/L, [CAN] =

9.0 9 10-4 mol/L, in 100 mL solution, whereas the

results using n-butylacrylate monomer are as follows:

temperature = 30 �C, [n-BAC] = 0.04 mol/L, [CAN] =

4.0 9 10-3 mol/L in 100 mL solution.

• At elevated temperature of copolymerization, the %GE

first increase to a maximum value and then it decays

simultaneously. This decay could be explained by the

violent and rapid motion of starch macroradicals in

solution, and as a result consequent radical scavenging

and/or radical re-combination, which eventually led to

lower %GE values. Furthermore, the decay of %GE after

four and five hours of copolymerization was ascribed to

expected partial hydrolysis, which could cleave many

COC bonds, that were removed by washing leaving

lower weight of copolymer and consequent lower %GE

values.

• DTG technique showed that the starch-g-(n-BAC) gives

two peaks one at 316 �C referring to starch, and at

379 �C referring to poly(n-BAC), whereas the two peaks

in starch-g-(tert-BAC) at 250 and 316 �C referred to

poly(tert-BAC) and starch, respectively. X-ray tech-

nique showed larger crystallinity of starch-g-(n-BAC)

over starch-g-(tert-BAC) with about 120–150 accounts

which could be explained by the alignment of normal

butyl groups over each other in poly(n-BAC) over that of

tertiary butyl groups in poly(tert-BAC).

• Acid hydrolysis method in grafted natural polymers is a

useful method to determine the exact molecular weight

Table 4 Change of viscosity average molecular weight (Mv) and %GE with temperature and [CAN]

Experimental conditions %GE(tert-BAC) Mvðtert�BACÞ %GE(n-BAC) Mvðn�BACÞ

30 �C 64.9 2.30 9 106 74.0 2.14 9 106

40 �C 48.0 2.26 9 106 66.0 1.65 9 106

50 �C 39.0 1.91 9 106 61.0 1.58 9 106

[CAN] = 1.8 9 10-3 32.0 1.45 9 106 72.1 2.44 9 106

[CAN] = 3.7 9 10-3 72.3 2.40 9 106 88.2 2.97 9 106

[CAN] = 9.1 9 10-3 50.0 1.85 9 106 66.4 2.08 9 106
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of grafted polymer into the natural polymer (i.e. starch).

Furthermore, it can be an absolute method to determine

the real grafting efficiency namely %grafting yield

(%GY).

• The water absorbency of starch-g-(n-BAC) hydrogel

was found to be 10 times more than that of starch-g-

(tert-BAC) hydrogel, which could be deduced from the

increase in crystallinity, the increase in thermal stabil-

ity, and the marine-sponge like structure as Figs. 1, 3

and 4 suggest.

References

1. Koopmans C, Ritter H. Color change of N-isopropylacrylamide

copolymer bearing Reichardts Dye as optical sensor for lower

critical solution temperature and for host-guest interaction with

b-cyclodextrin. J Am Chem Soc. 2007;129:3502–3.

2. Schonohoff M, Larsson A, Welzel P, Kuckling D. Thermore-

versible polymers adsorbed to colloidal silica: a 1H NMR and

DSC study of the phase transition in confined geometry. J Phys

Chem. 2002;B106:7800–8.

3. Geresh S, Gdalevsky G, Gilboa I, Voorspoels J, Remon J, Kost J.

Bioadhesive grafted starch copolymers as platforms for peroral

drug delivery: a study of theophylline release. J Control Release.

2004;94:391–9.

4. Picker-Freyer KM. An insight into the process of tablet formation

of microcrystalline cellulose. J Therm Anal Calorim. 2007;89:

745–8.

5. Szamel Gy, Klebert S, Sajo I, Pukanszky B. Thermal analysis of

cellulose acetate modified with caprolactone. J Therm Anal Calo-

rim. 2008;91:715–22.

6. Fares MM, Al-Ta’ani B. Graft copolymerization onto chitosan: I.

Grafting of ethylmethacrylate using ceric ammonium nitrate as an

initiator. Acta Chim Slov. 2003;50:275–85.

7. Karavas E, Georgarakis E, Bikiaris D. Adjusting drug release by

using miscible polymer blends as effective drug carries. J Therm

Anal Calorim. 2006;84:125–33.

8. Qudsieh I, Fakhru’l-Razi A, Muyibi S, Ahmad M, Rahman MAb,

Yunus W. Preparation and characterization of poly(methyl meth-

acrylate) grafted sago starch using potassium persulfate as redox

initiator. J Appl Polym Sci. 2004;94:1891–7.

9. Pawelchak JM, Freeman FM. Method of treating wounds with

granules and dressing, Patent ID: US4728642, USA, March 1988.

10. Mao H, Li C, Zhang Y, Furyk S, Cremer P, Bergbreiter D. High-

throughput studies of the effects of polymer structure and solution

components on the phase separation of thermoresponsive poly-

mers. Macromolecules. 2004;37:1031–6.

11. Atta A, Maysour N, Arndt K. Swelling characteristics of pH- and

thermo-sensitive crosslinked poly(vinyl alcohol) grafts. J Polym

Res. 2006;13:53–63.

12. Pajander J, Laamanen M, Grimsey I, Korhonen O, van Veen B,

Ketolainen J. Effects of formulation parameters and drug-poly-

mer interactions on drug release from starch acetate matrix tab-

lets. Eur J Phrma Sci. 2008;34:S31.

13. Abd El-Mohdy HL, Hegazy E-SA, Abd El-Rehim HA. Charac-

terization of starch/acrylic acid super-absorbent hydrogels pre-

pared by ionizing radiation. J Macromol Sci Part A. 2006;43:

1051–63.

14. Cao L, Chen L, Chen X, Zuo L, Li Z. Synthesis of smart core–

shell polymer in supercritical carbon dioxide. Polymer. 2006;47:

4588–95.

15. Misra BN, Dogra R. Grafting onto starch. IV. Graft copolymer-

ization of methyl methacrylate by use of AIBN as radical initi-

ator. J Macromol Sci Part A. 1980;14:763–70.

16. Hebeish A, Bayazeed A, El-Alfy E, Khalil I. Synthesis and

properties of polyacrylamide-starch graft copolymers. Starch/

Starke. 1989;40:223–9.

17. Feng B, Wu S. Hebei Gongxueyan Xuebao. 1989;18:75 (in

Chinese) (Chem Abstr. 115:9993b).

18. Ghosh P, Paul SJ. Photograft copolymerization of methyl meth-

acrylate on potato starch using potassium pervanadate as initiator.

J Macromol Sci Part A. 1983;20:261–9.

19. Beineke TA, Delgaudio J. Crystal structure of ceric ammonium

nitrate. Inorg Chem. 1968;7:715–21.

20. Mino G, Kaizerman S. J Polym Sci. 1958;31:122.

21. Fares MM, El-faqeeh AS, Osman ME. Graft copolymerization

onto starch–I. Synthesis and optimization of starch grafted with

N-tert-butylacrylamide copolymer and its hydrogels. J Polym

Res. 2003;10:119–25.

22. Fares MM, El-faqeeh AS. Thermal and thermoxidative degra-

dations of starch and thermosensitive starch-g-BAM copolymers.

J Therm Anal Calorim. 2005;82:161–6.

23. Fanta GF, Burr RC, Doane WM. Graft polymerization of

acrylamide and 2-acrylamido-2-methylpropanesulfonic acid onto

starch. J Appl Polym Sci. 1994;24:2015–23.

24. Brandrup J, Immergut EH. Polymer handbook. Wiley; 1966. P.

VII-68.

25. Keles H, Celik M, Sacak M, Aksu L. Graft copolymerization of

methyl methacrylate upon gelatin initiated by benzoyl peroxide in

aqueous medium. J Appl Polym Sci. 1999;74:1547–56.

666 M. M. Fares et al.

123


	Hydrogels of starch-g-(tert-butylacrylate) �and starch-g-(n-butylacrylate) copolymers
	Abstract
	Introduction
	Experimental
	Materials
	Graft copolymerization
	Characterization of grafted starch
	Thermogravimetric analysis (TG)
	FTIR
	X-ray diffraction (XRD)
	Scanning electron microscopy (SEM)

	Properties of grafted starch
	Optimization of reaction conditions
	Acid hydrolysis and MW measurements

	Water absorbency
	Water uptake
	Moisture uptake


	Results and discussion
	Characterization of grafted starch
	Gravimetric estimation
	Thermogravimetric analysis (TG)
	FTIR
	X-ray diffraction (XRD)
	Scanning electron microscopy (SEM)

	Properties of grafted starch
	Monomer & initiator concentration optimizations
	Temperature optimization
	Acid hydrolysis and MW measurements
	Water absorbency


	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


