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ABSTRACT: In this study, Psyllium and acrylic acid based
polymeric networks were synthesized under different reac-
tion conditions such as in-air, in-vacuum, and under the
influence of c-radiations using potassium persulphate (KPS)-
hexamethylene tetramine (HMTA) as an initiator-crosslinker
system. Initially, optimization of varied reaction parameters
was performed under all the different reaction conditions.
The synthesized networks were then characterized using
FTIR spectroscopy, SEM, TGA/DTA, and XRD techniques. It

has been found that the percent grafting varies with varying
reaction conditions with maximum grafting (138 6 1.15%)
reported in case of synthesis carried-out in-vacuum followed
by the synthesis in-air (125 6 1.00%) and then in case of syn-
thesis under the influence of c-radiations (124 6 1.15%).
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123: 1874–1883, 2012
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INTRODUCTION

Functionalization of natural polysaccharide using
different monomers for use in broadened areas has
been the major focus of scientists these days. Numer-
ous studies revealed the scientific importance of this
research field for mankind. Graft copolymerization
of acrylamide on cotton fibers and fabrics was stud-
ied in a limited aqueous system using potassium per-
sulphate as an initiator. Grafting parameters under
different sets of condition were determined and the
mechanism of graft copolymer was discussed.1 Now
a days more emphasis is given to biodegradable
polymers such as polysaccharides and proteins,
which have been extensively used and investigated
fir industrial applications.2,3 Various natural polysac-
charides such as Starch,4 Guar gum,5 cellulose,2 Xan-
than gum,3 j-Carrageenan,6 chitosan,7,8 and Psyl-
lium9–11 have been modified for their wide
applications in variety of areas like waste water treat-
ment,12 biomedicine,13 and food industry.14

Pande et al.15 studied the functionalization of
poly(vinyl chloride) through irradiation in air with
c-rays. In a study, polyacrylamide-grafted-guar gum
was utilized for the controlled release of diltiazen
hydrochloride, in the form of tablet.16 Potassium

persulphate/ascorbic acid were used as initiators in
gravimetrically grafting of methylmethacrylate onto
Cyanaposis tetragonolobus seed galactomannan.17

Singh et al.18 studied microwave assisted synthesis
of guar-g-polyacrylamide and reported that the
grafting yields are comparable to that obtained
through KPS/ascorbic acid initiated thermal poly-
merization. Preparation of polyaniline film from oxi-
dative polymerization of aniline using potassium
persulphate and its deposition has been studied by
Ayad and Shenashin.19 Radical induced polymeriza-
tion technique has been used to crosslink acrylamide
with N, N0-methylene bisacrylamide.20,21 Abdel-
Hafiz22 studied the graft copolymerization of metha-
crylic acid onto loomstate cotton fabric under differ-
ent reaction conditions using KMnO4/ thiourea
dioxide system as an initiator. El-Naggar et al.23

used preirradiation technique for graft copolymeriz-
ing acrylamide onto Nylon-66. Graft copolymer from
poly(acrylamide) and poly(ethylene oxide-co-propyl-
ene oxide) was synthesized for the investigation of
rheological behavior of the grafted product.24 Kaith
and Kumar9–11 synthesized the graft copolymers of
psyllium with different vinyl monomers and studied
the absorption of water from different petroleum
fraction-water emulsions. Mirzadeh et al.25 grafted
acrylamide onto ethylene-propylene powder using
CO2-pulsed lased induced surface grafting technique
in presence of benzophenone and azobis-isobutyro-
nitrile. The synthesized product was characterized
with FTIR and SEM.
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Since the authors have carried-out the synthesis of
psyllium based hydrogels with different vinyl mono-
mers under different reaction conditions like in air,
under vacuum and under the influence of c-radia-
tions, therefore, a comparison of the impact of differ-
ent reaction conditions on physical and chemical
properties on psyllium-based hydrogels has been
exhibited in the present communication.

EXPERIMENTAL

Materials

Plantago Psyllium (Sidhpur Sat-Isabgol Factory),
acrylic acid (Merck-Schuchardt), potassium per sul-
fate (S. D. Fine) and hexamethylene tetramine (S. D.
Fine) were used as received. Double distilled water
was used as solvent for the synthesis of graft
copolymer.

FTIR spectroscopy

PERKIN ELMER RXI Spectrophotometer was used
for taking FTIR spectra of the samples using KBr
pellets.

Scanning electron microscopy

JEOL STEROSCAN 150 MICROSCOPE was used for
capturing SEMs of the samples.

Thermogravimetric analysis/differential thermal
analysis

Thermogravimetric analysis/differential thermal
analysis (TGA/DTA) studies were carried-out on
Linseis, L-81 11 thermal analyzer in air at a heating
rate of 10�C/min.

X-ray diffraction studies

X-ray diffractometer (BRUKER AXS D8 ADVANCE)
was used to carry-out X-ray diffraction studies. The
studies were performed under ambient conditions
on Bruker-D8 advance model using Cu Ka (1.5418
�A) radiation, Ni-filter and scintillation counter as
detector at 40 KV and 40 mA on rotation between
0.5� or 1.0 mm of divergent and antiscattering slit.
Psyllium and Psy-cl-poly(AA) were converted to
small particle size through crushing in the mortar
pestel and homogeneous sample of each polymer
was subjected for X-ray diffractometry. The sample
holder was made of PMMA polymer and consisted
of round central cavity. Outer diameter of the holder
was 50 mm, central cavity had diameter of 25 mm
which retained the sample of height 1 mm and the
holder height was 8.5 mm. The holder was then
held in vertical position and the sample was tapped

gently. A glass slide was clipped up to the top face
of the sample holder first, so as to form a wall of the
sample in symmetry to the holder walls. This proce-
dure was repeated until the cavity was filled.
Finally, the glass slide was carefully removed with-
out disturbing the sample surface. Powder outside
the central cavity was removed with tissue paper.
Corrundum was the reference to calibrate the
instrument.
The randomly oriented powdered sample with a

uniform surface was exposed to X-rays from all
possible planes of the sample and then measuring
the scattering angle of the diffracted X-rays with
respect to the angle of the incident beam. The con-
tinuous scans were taken and relative intensity
was obtained. Crystalline index (C.I.), which meas-
ures the orientation of the crystals in a polysaccha-
ride to the polysaccharide axis, was determined by
using the wide angle X-ray diffraction counts at 2y
angle close to 21.297 and 34.744�. The counter
reading at peak intensity of 21.297� is said to rep-
resent the crystalline material and the peak inten-
sities at 34.744� corresponds to the amorphous
material in Psyllium.26 Percentage crystallinity
(%Cr)27 and the crystalline index28 were calculated
as follows:

%Cr ¼ I21:297
I21:297 þ I34:744

� 100

C:I: ¼ I21:297 � I34:744
I21:297

where I21.297. and I34.744 are the crystalline and amor-
phous intensities at 2y scale close to 21.297 and
34.744�, respectively.

Synthesis

Synthesis of different crosslinked graft copolymers
of Psyllium and acrylic acid was carried-out under
three different reaction conditions: in-air (IA), in-vac-
uum (IV) and under the influence of c-radiations
(UR) using Co-60 as the source of radiation.
Psyllium (1.0 g) was taken in a flask and to it a

known amount of double distilled water was
added. To the reaction mixture a known amount
of monomer was added and this was followed by
the addition of an initiator and crosslinker dis-
solved previously in minimum amount of the
water. Mixture was made uniform by thorough
stirring. The reaction was carried-out under differ-
ent reaction conditions such as in-air, in-vacuum
and under the influence of c-radiations. After com-
pletion of reaction, initially hot water was used for
the removal of homopolymer, however, subsequent
removal of homopolymer was done with soxhlet
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refluxing for 24 h in 80% methanol. The synthe-
sized polymers were dried to constant weight in
hot air oven at 50�C. Optimization of different
reaction parameters like reaction temperature, time,
amount of double distilled water, pH, and initiator
concentration was carried-out as a function of per-
centage grafting (Pg) following the standard
method.29 Whereas, optimization of monomer con-
centration and crosslinker concentration was car-
ried-out as a function of percentage swelling (Ps)
using the standard method.30

The replications carried-out for the reproducibil-
ity of the results were in triplicates and the statisti-
cal analysis of the results obtained was performed
using Statistical Package for Social Science (SPSS)
version 10. Statistical results of the optimum per-
cent grafting and percent swelling are depicted in
Table I.

RESULTS AND DISCUSSION

Mucilage forming fraction of psyllium i.e., arabinox-
ylan having xylopyranose straight chain with arabi-
nofuranose branches at two or three positions acts as
the active site for the graft copolymerization with
the help of its hydroxyl groups. In case of reactions
performed in-air and in-vacuum, mechanism for
graft copolymerization of the monomer onto Psyl-
lium can be presented through the following
mechanism31:

Initiation

�O3S�O�O� SO�
3 �!2 SO4

��
(1)

SO�
4
� þH2O�!HSO�

4 þ �OH (2)

Psy�OHþ SO�
4

��!Psy�O� þHSO�
4 (3)

Psy�OHþ � OH�!Psy�O� þH2O (4)

MþOH�! �M�OH (5)

Mþ SO�
4
��! �M� SO�

4 (6)

Propagation

Psy�OHþ �M�OH�!Psy�O�M� þH2O (7)

Psy�O�M� þ nM�!Psy�O� ðMÞn �M� (8)

Psy�O� þ nM�!Psy�O� ðMÞn�1M
� (9)

�M�OHþ nM�!HO� ðMÞnM� (10)

Termination

Psy�O� ðMÞn �M� þM� � ðMÞn �O� Psy�!
Psy�O� ðMÞn �M2 � ðMÞn �O� Psy

Graft co� polymer ð11Þ
Psy�O� ðMÞn�1M

� þM� � ðMÞn�1 �O� Psy�!
Psy�O� ðMÞn�1M2 � ðMÞn�1O� Psy

Graft co� polymer ð12Þ
Psy�O� ðMÞnM� þ �OH�!Psy�O� ðMÞnþ1OH

(13)

HO� ðMÞn �M� þ �M� ðMÞn �OH�!HO� ðMÞn
�M2 � ðMÞn �OHHomopolymer ð14Þ

where M* ¼ monomer free radical; Psy-O* ¼ back-
bone free radical.
Mechanism for c-radiation initiated graft copoly-

merization differs from the reactions carried-out in
air and under vacuum, in the initiation step and can
be presented as:
Initiation

nM �!c�Radiations �Mn (15)

H2O �!c�Radiations
H� þ �OH (16)

Psy�OH �!c�Radiations
Psy�O� þH� (17)

Psy�OHþ �OH�! Psy�O� þH2O (18)

Mþ �OH�! �M�OH (19)

Psy�OHþ �M�OH�! Psy�O�M� þH2O (20)

Propagation and termination follows the similar
mechanism [eqs. (vii)–(xiv)].
A three dimensional network is formed as the

multifunctional hexamethylene tetramine undergoes
crosslinking with psyllium and monomer chains32:

Optimization of different reaction parameters

Effect of initiator concentration

Figure 2 depicts the effect of initiator concentration
onto Pg. It has been observed that Pg increases with
increase in initiator concentration but after reaching
optimum level, it decreases. Optimum initiator

TABLE I
Optimum Percent Grafting and Percent Swelling During
Synthesis of Psy-cl-poly(AA) Under Different Reaction

Conditions

Sample M 6SD 6SE

Psy-cl-poly(AA)-IA Pg 125.00 1.00 1.73
Ps 3200.0 20.81 36.05

Psy-cl-poly(AA)-IV Pg 138.0 1.15 2.00
Ps 4380.0 20.81 36.05

Psy-cl-poly(AA)-UR Pg 124.0 1.15 2.00
Ps 10578.0 19.55 33.86

Where, No. of samples used in each case ¼ 03; M,
mean; 6SE, standard error of mean; 6SD, standard
deviation.
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concentrations for getting maximum Pg in case of
reactions conducted in air and under vacuum have
been found to be 1.849 � 10�2 mol L�1 and 2.774 �
10�2 mol L�1, respectively. It can be explained on
the basis of the fact that with the increase in initiator
concentration the concentration of free radicals on
the activated chains increases which enhances the
chance of collision between two radical species lead-
ing to termination.

Effect of solvent amount

It has been observed that initially Pg increases with
increase in solvent amount (Fig. 3), but after reach-
ing the maximum Pg, further increase in solvent
resulted in decreased Pg. This can be explained on
the basis that further increase in solvent amount
results in decrease in concentration of OH* which
ultimately decreased the free radical-sites on the
back-bone and hence decreased Pg. Optimum sol-
vent amount for the reactions carried-out in-air, in-

vacuum, and under c-radiations was found to be 25
mL, 20 mL, and 20 mL, respectively.

Effect of reaction time

As is evident from Figure 4 that Pg increases with
increase in reaction time and after reaching maxi-
mum, further increase in reaction time results in
decreased graft-yield. This can be explained on the
basis that after optimum reaction time homopolyme-
rization predominates graft copolymerization. Opti-
mum reaction time for getting maximum graft yield
for the reactions carried-out in air (125%), in vacuum
(138%) and under the influence of c-radiations
(124%) have been found to be 120, 240, and 600 min,
respectively.

Figure 2 Effect of initiator concentration on percentage
grafting.

Figure 3 Effect of amount of solvent on percentage
grafting.

Figure 1 Crosslinked network of Psy-cl-poly(M).

Figure 4 Effect of reaction time on percentage grafting.
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Effect of reaction temperature

It has been found that Pg increases with increase in
reaction temperature both in case of reactions car-
ried-out in air and in vacuum but after reaching the
optimum temperature (65�C) further increase in tem-
perature resulted in decreased graft yield (Fig. 5). It
is due to the fact that kinetic energies of the free rad-
icals increases with increase in temperature and
beyond optimum temperature this increased kinetic
energy resulted in increased collisions and termina-
tion reactions. Moreover, the hydrogen bonding
weakens with increase in temperature resulting in
shrinkage of hydrogels due to interpolymer chain
association through the hydrophobic interactions.33

Effect of pH

It is evident from Figure 6 that maximum Pg in case
of reactions carried-out in air, in vacuum and under

the influence of c-radiations has been found in neu-
tral medium. However, in case of graft copolymer-
ization carried-out in alkaline and acidic medium
negligible graft yield was obtained. Moreover, it was
observed that backbone polymer gets disintegrated
under acidic and alkaline conditions. This could be
the reason for minimum grafting under acidic and
alkaline conditions.

Effect of vacuum and radiation dose

An increase in Pg with increase in vacuum up to 650
mmHg was observed (Fig. 7). However, further
increase in vacuum resulted in decreased Pg. This
could be due to frequent interactions between differ-
ent chains free radicals resulting in the termination
of the polymerization process [eqs. (xi) and (xii)]. In
case of reaction carried-out in the presence of c-radi-
ations, Pg was found to increase with increase in
radiation dose upto 25.92 kGy/h, and further
increase in radiation dose resulted in decreased graft
yield (Fig. 8). This is due to the fact that at higher
radiation dose there is generation of more free radi-
cal sites on the backbone polymer and monomer
moieties. Because of increased interactions between
different free radical chain carriers, chain termina-
tion takes place and there is net decrease in graft
yield.

Effect of monomer concentration

It is evident from Figure 9 that optimum concentra-
tion of acrylic acid for getting maximum Ps in case
of reactions carried-out in air (3244), under vacuum
(4325) and in the presence of c-radiations (2175), has
been found to be 5.8 � 10�1 mol L�1, 3.625 � 10�1

mol L�1 and 7.25 � 10�1 mol L�1, respectively. Fur-
ther increase in monomer concentration resulted in

Figure 5 Effect of temperature on percentage grafting.

Figure 6 Effect of pH on percentage grafting.

Figure 7 Effect of vacuum on percentage grafting.
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decreased Ps which could be due to the reason that
the viscosity of the medium increases with the
increase in monomer concentration and it hinders
the free movement of free radicals and monomer
molecules.34 Also the accessibility of more solvent
into the polymeric matrices is prevented due to self-
crosslinking reactions with increase in monomer
concentration.

Effect of crosslinker concentration

It has been observed that Ps increases with increase
in crosslinker concentration. However, after reaching
the optimum level, further increase in crosslinker
concentration resulted in decreased Ps (Fig. 10). This
could be due to the reason that with increased cross-
linker concentration, the crosslinking density
increases resulting in decreased pore size, which
leads to inaccessibility of the solvent molecules to

enter the polymer matrix and hence decreased Ps.
Optimum crosslinker concentrations for getting max-
imum Ps in case of reactions carried-out in air, in
vacuum and under c-radiations, were found to be
2.853 � 10�2 mol L�1 (3200), 1.783 � 10�2 mol L�1

(4380) and 7.133 � 10�2 mol L�1, (10,578)
respectively.

Comparative study of the Psy-cl-poly(AA)
prepared in air, in vacuum and under the
influence of c-radiations

The graft copolymerization reactions were carried-
out under three different conditions: in air, in vac-
uum and under the influence of c-radiations. The
optimized reaction parameters for getting maximum
Pg or Ps, were found to be different for all the differ-
ent reaction conditions. In-vacuum synthesis showed
maximum Pg (138 6 1.15) as compared with that of
in-air (125 6 1.00) and under the influence of c-radi-
ations (124 6 1.15). The various optimized reaction
parameters for the graft copolymerization and cross-
linking carried-out under different reaction condi-
tions are shown in Table II.
The minimum Pg observed in case of synthesis

carried-out in air and under the influence of c-radia-
tions can be due to the action of oxygen as an inhibi-
tor, decreasing the active free radical sites present
on the backbone and acrylic acid and ultimately
decreasing grafting.35 The mechanism can be pre-
sented as:

Hydroperoxide linkage decays with a following
pathway:

Figure 9 Effect of monomer concentration on percentage
swelling.

Figure 10 Effect of crosslinker concentration on percent-
age swelling.

Figure 8 Effect of radiation dose on percentage grafting.
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CHARACTERIZATION

FTIR spectroscopy

Psyllium

The IR spectrum of Psyllium showed broad peaks at
3780.9 cm�1 and 3427.6 cm�1 (OAH stretching

bonded absorption of carbohydrates), 2925.8
cm�1(CH2 asymmetric stretching), 1378.8 cm�1(CH,
CH2, and OH in-plane bending in carbohydrates),
1039.5 cm�1 (CAO stretching region as complex
bands, resulting from CAO and CAOAC stretching
vibrations), 897 cm�1 and 533 cm�1 (pyranose rings).
Whereas, FT-IR spectrum of Psy-cl-poly(AA)-IA
showed peaks at 2857.1 cm�1 (carboxylic acid OAH
stretching), 1737.9 cm�1 (C¼¼O stretching in carbox-
ylic acid), 1636.4 cm�1 (strong C. . .. . .O asymmetric
stretching) and 1400 cm�1 (coupled OH in-plane
bending and CAO stretching) besides peaks
obtained with that of Psyllium. IR spectrum of Psy-
cl-poly(AA)-IV showed peaks at 2855.9 cm�1 (OH
stretching of carboxylic acids), 2362.0 cm�1 (over-
tones and combinations of OH in-plane bending and
CAO stretching vibration), 1744.1 cm�1 and 1659.6
cm�1 (C¼¼O stretching in acids), 1440.6
cm�1(coupled OH in-plane bending and CAO

TABLE II
Comparison of the Optimized Reaction Parameters For the Graft Copolymerization Reactions Carried-Out in Air,

Under Vacuum and Under the Influence of c-Radiations

Sample [KPS] (mol/L)
Amount of
solvent (mL) Time (h)

Temp.
(�C) pH

[M]
(mol/L) [cl](mol/L)

Vacuum
(mmHg)

Radiation
Dose(kGy/h)

Psy-cl-poly(AA)- IA 0.01849 25.0 2.0 65 7.0 0.5800 0.02853 – –
Psy-cl-poly(AA)-IV 0.02774 20.0 4.0 65 7.0 0.3625 0.01783 650 –
Psy-cl-poly(AA)-UR – 20.0 10.0 – 7.0 0.725 0.07133 – 25.92

where, M, acrylic acid; cl, HMTA; KPS, Potassium persulphate; IA, in air; IV, in vacuum; UR, under radiations.

Figure 11 FT-IR of (a) Psyllium; (b) Psy-cl-poly(AA)-IA; (c) Psy-cl-poly(AA)-IV and (d) Psy-cl-poly(AA)-UR.
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Figure 12 SEM of (a) Psyllium; (b) Psy-cl-poly(AA)-IA; (c) Psy-cl-poly(AA)-IV and (d) Psy-cl-poly(AA)-UR.

Figure 13 TGA/DTA of (a) Psyllium; (b) Psy-cl-poly(AA)-IA; (c) Psy-cl-poly(AA)-IV and (d) Psy-cl-poly(AA)-UR.
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stretching) besides peaks obtained with that of Psyl-
lium. IR spectrum of Psy-cl-poly(AA)-UR showed
additional peaks at 2856.0 cm�1 (OAH stretching of
carboxylic acid), 1731.3 cm�1 and 1631.8 cm�1 (C¼¼O
stretching in carboxylic acid) (Fig. 11).

Scanning electron microscopic studies

To have the conducting impact, the gels were gold
plated and the scanning was synchronized with mi-
croscopic beam so as to maintain the small size over
large distance relative to the specimen. The resulting
images had a great depth of the field. A remarkable
three dimensional appearance with high resolution
was obtained in case of backbone and crosslinked
samples. SEM results of Psyllium and crosslinked
products of psyllium prepared under different reac-
tion conditions clearly illustrate the niceties brought
about by the graft copolymerization and crosslink-
ing. The morphological changes in the features of
Psyllium and functionalized Psyllium are quite evi-
dent (Fig. 12).

Thermogravimetric analysis and differential thermal
analysis

Thermogravimetric analysis of Psyllium and Psy-cl-
poly(M) in different conditions was carried-out as a
function of percent weight loss versus temperature
at a rate of 10�C/min in air. The analysis was per-
formed to examine the changes in thermal properties

of the Psyllium brought about by graft copolymer-
ization with acrylamide and acrylic acid in different
reaction conditions.

Psyllium

It is quite evident from Figure 13(a) that Psyllium
exhibited initial decomposition temperature (IDT) at
229.3�C and final decomposition temperature (FDT)
at 601.9�C. Two stage decomposition has been found
between 229.3�C to 316.4�C (wt. loss ¼ 47.16%) and
316.4�C to 601.9�C (wt. loss ¼ 38.0%). DTA curve of
Psyllium indicated one endothermic peak at 67.1�C
(�2.3 lV) and two exothermic peaks at 298.9�C (12.7
lV) and 487.9�C (6.0 lV).

Psy-cl-poly(AA)-IA

It has been found that in case of Psyllium, IDT
(229.3�C) is higher as compared with that of Psy-cl-
poly(AA)-IA (172.2�C). However, FDT of Psy-cl-pol-
y(AA)-IA has been found to be higher (620.5�C)
than that of Psyllium (601.9�C). Two-stage decompo-
sition from 172.2�C to 496.1�C (wt. loss ¼ 40.8%)
and 496.1�C to 620.5�C (wt. loss ¼ 31.0%) was
observed [Fig. 13(b)]. DTA studies of this cross-
linked sample showed one endothermic peak at
138.7�C (�3.1 lV) and one exothermic peak at
534.3�C (22.4 lV). It shows that exothermic combustion

TABLE III
Percentage Crystallinity (%Cr) and Crystalline Index (C.
I.) of Psyllium and Psy-cl-poly(AA) Prepared Under

Different Reaction Conditions

Sample Pg 6 S. E.

At 2y-scale

%Cr C.I.I21.297 I34.744

Psyllium – 100 32 75.76 0.68
Psy-cl-poly(AA)-IA 125.0 6 1.00 98 53 64.91 0.4592
Psy-cl-poly(AA)-IV 138.0 6 1.15 88 33 72.73 0.6250
Psy-cl-poly(AA)-UR 124.06 1.15 100 28 78.12 0.72

where, I, relative intensity; IA, in air; IV, in vacuum;
UR, under radiations; Pg, percent grafting. Figure 14 XRD of Psyllium and acrylic acid based

hydrogels.

TABLE IV
d-Spacings and Relative Intensities at Different 2y-Values in Case of X-Ray Diffraction Studies of Psyllium and Psy-g-

poly(AA) Prepared Under Different Reaction Conditions

Sample

2y-values

10.51 21.29 30.35 39.08 49.81

Pg 6 S.E D I D I D I D I D I

Psyllium – 8.4128 20 4.1686 100 2.5799 22 2.3028 23 1.8291 04
Psy-g-poly(AA)-IA 125.0 6 1.00 8.5438 37 4.2347 98 2.9903 62 2.3007 40 1.8417 03
Psy-g-poly(AA)-IV 138.0 6 1.15 8.3403 17 4.3181 100 2.9673 57 2.2917 19 1.8345 06
Psy-g-poly(AA)-UR 124.0 6 1.15 8.3813 39 4.0594 100 2.9581 38 2.2796 30 1.8324 00

where, D, d-spacings (�A); I, relative intensity; IA, in air; IV, in vacuum; UR, under radiations.
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of Psy-cl-poly(AA)-IA persists at higher temperature
as compared to that of Psyllium.36

Psy-cl-poly(AA)-IV

It is evident from Figure 13(c) that IDT and FDT of
Psy-cl-poly(AA)-IV have been found to be 162.6�C
and 658.1�C, respectively. In this case, two-stage
decomposition from 162.6�C to 512.5�C (wt, loss ¼
45.8%) and 512.5�C to 658.1�C (wt. loss ¼ 29.2%) has
been observed. The results are further supported
with DTA studies exhibiting exothermic peak at
533.4� (7.3 lV) and endothermic peak at 128.9�

(�18.9 lV). It shows that exothermic combustion of
Psy-cl-poly(AA)-IV persists at higher temperature as
compared with that of Psyllium and accounts
towards higher thermal stability.

Psy-cl-poly(AA)-UR

Psy-cl-poly(AA)-UR showed IDT and FDT at
189.3�C and 612.6�C, respectively. In this case, two-
stage decomposition at 189.3�C to 481.2�C (wt. loss
¼ 61.8%) and 481.2�C to 612.6�C (wt. loss ¼ 28.8%)
has been observed [Fig. 13(d)]. In DTA analysis, two
exothermic peaks at 252.2�C (0.2 lV) and 499.8�C
(29.9 lV) have been found. Thus, it is quite evident
from the above results that the thermal stability of
Psyllium could be increased through grafting and
crosslinking.

X-ray diffraction

It has been observed that Psyllium exhibited 75.76%
percentage crystallinity and crystalline index was
found to be 0.6800. Whereas, Psy-cl-poly(AA)-IA, Psy-
cl-poly(AA)-IV and Psy-cl-poly(AA)-UR exhibited
64.91%, 72.73%, and 78.12% percentage crystallinity,
respectively. Crystalline indices of Psy-cl-poly(AA)-IA,
Psy-cl-poly(AA)-IV, and Psy-cl-poly(AA)-UR have
been found to be 0.4592, 0.6250, and 0.7200, respec-
tively (Table III).

It is evident from Figure 14 that spectrum of Psyl-
lium is more convex than that of all of the graft
copolymers prepared under different reaction condi-
tions. The incorporation of monomer moiety onto
the Psyllium had impaired its crystallinity, thereby
decreasing the %Cr.30 However, Psy-cl-poly(AA)-UR
showed exceptional behavior than that of others
having more %Cr (78.12) than that of Psyllium. This
exceptional behavior can be attributed to re-structur-
ing of the crystal lattice during graft copolymeriza-
tion under the influence of c-radiations, leading to
higher percentage crystallinity. The 2y, I and d-val-
ues of graft copolymers have been found to be quite
different than that of Psyllium (Table IV). In case of
crosslinked moieties: Psy-cl-poly(AA)-IA, Psy-cl-pol-

y(AA)-IV, and Psy-cl-poly(AA)-UR showed the rela-
tive intensities of 49 (d ¼ 2.2175), 56 (d ¼ 2.1085),
and 30 (d ¼ 2.2795), respectively, at 42.9� 2y-scale.
This behavior is due to the involvement of primary
bonding like covalent bonding between Psyllium
and acrylic acid during graft copolymerization.26
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