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Abstract
Focus of the present studies was to synthesize a novel pH sensitive and thermore-
sponsive hydrogel which may show swelling behavior suitable for drug delivery at 
colon part of body. For this purpose, starch was copolymerized with methyl-3-ami-
nocrotonate through free radical polymerization. The structural and thermal char-
acterization of wheat starch/methyl-3-aminocrotonate hydrogel was carried out by 
XRD, FTIR and TGA. FTIR and XRD confirmed successful formation of the gel. 
Thermal data were further subjected to the isoconversional method for the deter-
mination of kinetic triplet (activation energy Ea, frequency factor A and g(α) func-
tion) to predict mechanism for thermal degradation of the synthesized gel. The first 
step showed a complex mechanism of thermal degradation, i.e., A2 followed by A3/2. 
Thermodynamic parameters ΔS* and ΔG* were also calculated. Moreover, swell-
ing investigations unveiled these gels to be pH sensitive and thermoresponsive. 
The swelling percentage markedly increased with increasing pH and temperature. 
Kinetic order of swelling, diffusion mechanism and network parameters (i.e., molec-
ular weight between cross-links and volume faction of polymers) of the synthesized 
hydrogel was also determined.

Keywords  Swelling kinetics · Starch-based hydrogels · Isoconversional method · 
Stimuli-responsive hydrogel · Methyl-3-aminocrotonate

Introduction

Hydrogels are the hydrophilic polymers that can imbibe large volumes of water or 
other solvents in their three-dimensional networks. Their elastic behavior and prop-
erty to swell upon interaction with water or other solutions make them mimic to 
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living tissues [1]. The hydrogels can respond to experimental variations in external 
pH, temperature, ionic strength and solvent type, etc. Because of these distinctive 
properties, hydrogels have been exploited in biomedical applications such as drug 
and hormone delivery carriers, wound dressings, tissue engineering of bones [2]. 
Other practical applications of hydrogels lie in agriculture (fertilizer carriers) [3], 
industries (paper and textile industries) [4] and catalysis [5], etc.

An immense increase in pollution (due to rapidly growing urge for plastic and 
pharmaceutical industries) demands a rapid development of strategies which utilize 
biodegradable materials. Therefore, the use of natural biopolymers, i.e., nontoxic, 
biodegradable, renewable and abundant in nature, as precursors for the prepara-
tion of hydrogels is more promising approach [6]. Starch being one of such biode-
gradable natural polymers additionally has great cross-linking ability due to abun-
dant –OH groups and hence is considered appreciable precursor for the hydrogel 
synthesis.

In its native form, starch does not have appreciable thermal and mechani-
cal stability and is hydrophilic that limits its sustainability. Therefore, in order to 
enhance its mechanical properties, various synthetic monomers, e.g., poly (lactic 
acid) (PLA), poly (vinyl alcohol) (PVA) and poly (caprolactone) (PCL) have been 
blended with the starch [6]. The blended polymers sometimes may not exhibit desir-
able characteristics owing to their poor adhesive interactions. Hence, the synthesis 
of the cross-linked polymers is a preferable choice. Different cross-linkers used for 
the cross-linking of starch include phosphoryl chloride, [7] epichlorohydrin, [8] 
sodium trimetaphosphate [9] and glutaraldehyde [10]. However, the use of some 
harmful and non-biodegradable cross-linkers in polymers limits their applications 
in biomedicine. Hence, need of the day is to synthesize and develop a cross-linked 
polymer that meets all the above-mentioned essentials. Di(ethyleneglycol) dimeth-
acrylate (DEGDMA) is a biocompatible cross-linking agent that provides stable net-
works in a wide range of pHs and temperatures under in vitro conditions. Thus, it 
can generate a useful drug delivery carrier as established earlier [11].

Wheat starch is one of the most commonly available and cheap starches. Its every 
minute granule consists essentially of linear amylose structure and branched amylo-
pectin structure [12, 13]. Researchers have attempted various copolymers of wheat 
starch using different hydrophilic monomers, e.g., acrylic acid [14], lactic acid [15] 
and PVC [16] to enhance its thermal and mechanical stability. However, still some 
areas of research need to be explored particularly starch grafted with hydrophobic 
monomers. Methyl-3-aminocrotonate (MAC), a hydrophobic monomer, has phar-
maceutical importance as it is used as an intermediate in the synthesis of efficient 
drugs (e.g., 1, 4-dihydropyridine derivatives [17] and nitrendipine [18]) for treating 
hypertension and other chronic diseases reflecting biocompatibility of the monomer. 
Due to its biocompatibility, MAC was selected as a monomer to make its copolymer 
with wheat starch in these studies. It is expected that MAC, being a bulky monomer, 
will increase the hydrophobicity of copolymer which will restrict the hydrogel to 
release the drug easily; thus, the drug can travel to the targeted part of body without 
affecting other body parts. Keeping in view all this discussion, wheat starch/methyl-
3-aminocrotonate (WSCR) was copolymerized through free radical polymeriza-
tion by using ammonium persulfate as an initiator and DEGDMA as a cross-linker. 
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Thermal behavior of these polymers is useful to anticipate their stability and pro-
posed applications [19–21]. However, literature reviews few reports of mechanistic 
details for thermal degradation of starch-based copolymers. In this report, therefore, 
detailed thermal analysis of the synthesized copolymer was explored. Thermogravi-
metric analysis was selected as a tool for determination of thermal stability, kinetic 
and thermodynamic parameters of the copolymer. Moreover, the swelling measure-
ments of the copolymer were also carried out to examine the suitability of the copol-
ymer for drug delivery applications. Fourier transform infrared (FTIR) spectra and 
X-ray diffraction (XRD) patterns of wheat starch and its copolymer have also been 
discussed in this manuscript.

Experimental

Materials

Native wheat starch (Sigma-Aldrich, 99%), methyl-3-aminocrotonate (Aldrich, 
97%), ethanol (AnalaR, 99%), ammonium persulfate (Fischer scientific, > 98%) and 
DEGDMA (Aldrich, 95%) were used for the synthesis of WSCR hydrogel.

Synthesis of the hydrogel

Native wheat starch (4.0  g) was diluted in 208.0  ml of deionized water in three 
necked quick fit flask. This mixture was stirred and heated at 373  K for an hour 
under nitrogen atmosphere. A condenser was adjusted on the quick fit flask to reflux 
the reaction mixture. After an hour, the slurry of wheat starch was transformed into 
an opaque gel-like paste [22]. This paste has some agglomerations which may be 
due to less soluble part of starch, i.e., amylose. These agglomerations were removed 
by sieving, and homogenized gel thus obtained was further subjected to polymeri-
zation. The monomer, methyl-3-aminocrotonate (4.0  g), was dissolved in ethanol 
(10 ml) and added to 173.0 g of wheat starch gel. DEGDMA (8 ml) and ammonium 
persulfate (1% w/w) were used as cross-linking agent and initiator, respectively. The 
nitrogen gas was bubbled through the reaction mixture to eliminate the interference 
of oxygen. The assembly was closed and incubated for 72 h at 323 K. The synthe-
sized polymer was separated, washed with ethanol and deionized water to remove 
the unreacted materials and dried in an electric oven at 333 K for 6 h. The yellowish 
WSCR co-polymeric hydrogel was reserved for further investigations. The proposed 
mechanism for synthesis of WSCR hydrogel is shown in Fig. 1.

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of wheat starch, methyl-3-aminocrotonate monomer and WSCR 
hydrogel were recorded using NICOLET 6700 FTIR Spectrophotometer, Thermo 
Scientific, USA. These spectra were used to identify the functional groups present in 
the monomers and polymer.
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X‑ray diffraction analysis

Wheat starch and WSCR hydrogel were subjected to XRD analysis using PAna-
lytical X-ray diffractometer. This instrument uses Cu-kα as a radiation source 
(λ = 1.54 Å) at a 40 kV generator voltage and 30 mA tube current allowing the 
scan in 2θ ranging from 10° to 70° with the scan rate of 0.02°/s.

MAC

DEGDMA

Wheat Starch

WSCR

Fig. 1   Proposed scheme for the synthesis of WSCR hydrogel
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Thermogravimetric analysis

The synthesized WSCR hydrogel was analyzed at three different heating rates (i.e., 
10, 15 and 20 K/min) by using Perkin Elmer TG/DTG Diamond instrument. The 
temperature was raised from ambient to 923 K, and the data obtained were subjected 
to various kinetic and thermodynamic determinations by isoconversional methods.

Swelling of hydrogel

The powdered WSCR hydrogel was tested for its water retaining behavior at differ-
ent pH, i.e., 1.0, 3.0, 5.0, 7.0 and 8.0 and at 303 K and 313 K. The gel sample was 
allowed to uptake water till the swelling equilibrium was achieved. During this pro-
cess, swollen gel was weighed after different intervals of time.

Results and discussion

Characterization of functional groups by FTIR analysis

The FTIR spectra of wheat starch, monomer and WSCR are shown in Fig. 2.
The IR spectrum of wheat starch showed that C–H stretching was displayed at 

2921  cm−1. Furthermore, a broad absorption band for O–H stretching appeared 
at 3286  cm−1 and peaks at 1217  cm−1, 1149  cm−1 and 1075  cm−1 attributed to 
C–O– stretching [23]. In case of methyl-3-aminocrotonate, the characteristic 
peaks at 3411  cm−1, 3314  cm−1 and at 1559  cm−1 appeared due to –NH2 group. 
The bands at 1650  cm−1 (C=C– stretching) and 1444  cm−1(C–H stretching) were 
assigned to the unsaturation present in the monomer. The characteristic absorption 

Fig. 2   FTIR spectra of wheat starch, MAC and WSCR hydrogel
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peaks of α, β-unsaturated esters appeared at 1288  cm−1, 1185  cm−1, 1162  cm−1 
(C–O stretching) and 1750  cm−1 (C=O stretching, weak). Whereas in the case of 
WSCR hydrogel, all absorption peaks of wheat starch were present with O–H peak 
shifted from 3286 to 3275 cm−1, and peak due to C–H stretching was shifted from 
2921 to 2895 cm−1 (broad peak). In addition to this peak shifting, new bands were 
registered at 3393 cm−1 and 1540 cm−1 which were characteristic absorption peaks 
of –NH2 group attributed to the presence of –NH2 group in grafted polymer struc-
ture. Another broadband appeared at 1264  cm−1 which was present in MAC (for 
C–O stretching in α, β-unsaturated esters), whereas the peaks at 1149  cm−1 and 
1077  cm−1(for C–O stretching in alkanes) were initially present in the starch as 
well. At 1720  cm−1, there was a characteristic peak due to C=O stretching of α, 
β-unsaturated esters which was present at 1750  cm−1 in MAC. The polymer also 
exhibited weak absorption peaks at 1652 cm−1 and 1456 cm−1, but comparatively 
sharp absorption bands were present in MAC at these frequencies which ascribed 
that unsaturation has been reduced in the polymer. It could be possibly assumed that 
either the neighborhood of unsaturated carbon atom was changed or the unsaturation 
might have been reduced to some extent. The peak shifting and appearance of new 
characteristic bands confirmed the formation of WSCR hydrogel and supported the 
mechanism of chemical reaction for the formation of hydrogel represented in the 
scheme.

XRD analysis

The powder pattern of native starch and WSCR hydrogel are depicted in Fig.  3. 
Starches in general show two types of diffraction pattern, i.e., A-type patterns (espe-
cially cereals starches) giving peaks at 2θ = 15°, 17°, 18°, 20° and 23.5° and the 
most common B-type patterns with peaks at 2θ angles of 5.6°, 14.1°, 15°, 17°, 
19.7°, 22.2° and 24° [24]. Starches are generally semicrystalline in nature show-
ing clear peaks in their XRD pattern due to the presence of amylopectin fraction 
[25]. In the present case, powder pattern of unmodified wheat starch (Fig. 3a) shows 

Fig. 3   XRD patterns of (a) 
wheat starch (b) WSCR 
hydrogel
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a B-type diffraction pattern displaying peaks at 2θ = 15.0°, 17.9° and 23.0°. These 
peaks refer to the presence of crystallinity in starch upheld because of hydrogen 
bonds and crystalline amylopectin content in its structure. But in the diffraction pat-
tern of WSCR hydrogel (Fig. 3b), the degree of crystallinity has been reduced as 
a broadband appears from 15° to 25°. This broadness of peaks accounts for drop 
in crystallinity of starch due to breakage of H-bonds in starch, thus confirming the 
formation of WSCR gel. This also reflects that in addition to the amorphous content 
of starch, i.e., amylose the crystalline part (amylopectin) also takes part in copolym-
erization of starch gel with MAC [25].

Thermal analysis

The TGA curves of WSCR hydrogel at three different heating rates are presented 
in Fig. 4a. Initially, the weight loss of 9.57% is observed in the temperature range 
298–383  K. This may be due to the loss of moisture revealing somewhat hydro-
philic character of copolymer, as it absorbs water at very low temperature. Three 
major degradation steps are evident in the TGA curve (Fig. 4a). In first step, weight 
loss of 15.69% occurs in the temperature range of 484.2–535.1 K. The temperature 
corresponding to maximum weight loss in this step (Tp = 516.2 K) is close to the 
decomposition temperature of DEGDMA (i.e. 513.2 K); it is therefore assumed that 

Fig. 4   a TGA curve of WSCR hydrogel at different heating rates b representative α–T curve for second 
step (535.6–701.2 K). c Representative KAS plot for third step (701.8–841.9 K) to determine Ea
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evaporation of DEGDMA takes place in this step. The second step (535.6–701.2 K) 
with the maximum weight loss of 52.34% may correspond to the breakdown of pol-
ymer backbone. The third stage (701.8–841.9 K) with weight loss of 19.86% may be 
due to the degradation of long chains of wheat starch.

The progress of degradation reaction is generally investigated by α, which is frac-
tion of sample reacted (also known as degree of conversion) at any temperature T 
and it helps in the determination of reaction rate and is given by the formula:

where mo = initial %age weight of sample present, mf = final %age weight of sample 
and, mi = %age weight of sample at the given temperature.

The average activation energy for all steps is calculated by Kissinger method 
(Eq. 2)

Here β is the heating rate, and T is the temperature at given degree of conversion 
[26]. A plot of ln(β/T2) v/s 1/T gives a straight line for each α value whose slope 
is used for calculation of activation energy, which is 142.93 kJ/mol for first step of 
thermal degradation of WSCR (Fig. 4c).

There are no consequential variations in α–T curve (Fig.  4b) at different heat-
ing rates, in this stage, which recommend similar relationship of temperature with 
degree of conversion (α) for all heating rates [26].

The reaction mechanism is determined by master plot method (Eq. 3)

The theoretical master plots are determined by plotting g(α)/g(0.5) against α. 
Here, g(α) represents various models, presented in Table 1, which control the deg-
radation process, while g(0.5) is the g(α) value for a reference point α = 0.5 [26]. 
Similarly, the experimental master plots are obtained by plotting p(x)/p(0.5) and α. 
To solve p(x) in this paper, Senum–Yang fourth degree approximation (Eq. 3a) was 
used [27].

where x = E/RT and p(0.5) is the p(x) for a reference point when α = 0.5.
The theoretical plot for the given g(α) model which matches best with the experi-

mental master plot will actually control the degradation mechanism.
In the present investigations, the reaction mechanism determined by master plot 

method (Eq. 3) suggests that first stage follows a complex degradation mechanism (A2 
model for α = 0.1–0.5 and A3/2 model for α = 0.6–0.9), depicting initial one-dimensional 

(1)� =
mo − mi

mo − mf

(2)ln �∕T2 = const − yE∕RT

(3)g(�)∕g(0.5) =
p(�)

/

p
(

x0.5
)

(3a)
p(x) =

e−x�(x)

x

�(x) =
x3 + 18x2 + 86x + 96

x4 + 20x3 + 120x2 + 240x + 120



3081

1 3

Polymer Bulletin (2019) 76:3073–3092	

Ta
bl

e 
1  

S
ev

er
al

 m
od

el
s u

se
d 

to
 d

is
cu

ss
 so

lid
-s

ta
te

 k
in

et
ic

s [
26

]

N
o.

M
ec

ha
ni

sm
 c

od
e

Fu
nc

tio
n 

na
m

e
g(

α)
 m

od
el

R
at

e 
co

nt
ro

lli
ng

 m
ec

ha
ni

sm

C
he

m
ic

al
 re

ac
tio

n 
m

ec
ha

ni
sm

1
F 1

/3
1/

3r
d 

O
rd

er
1 −

 (1
 −

 α
)2/

3
C

he
m

ic
al

 re
ac

tio
n

2
F 3

/4
3/

4t
h 

O
rd

er
1 −

 (1
 −

 α
)1/

4
-d

o-
3

F 2
/3

2/
3r

d 
O

rd
er

(1
 −

 α
)1/

2  −
 1

-d
o-

4
F 2

2n
d 

O
rd

er
(1

 −
 α

)−
1  −

 1
-d

o-
5

F 3
3r

d 
O

rd
er

(1
 −

 α
)−

2  −
 1

-d
o-

Ac
ce

le
ra

to
ry

 ra
te

 e
qu

at
io

ns
6

P 3
/2

M
ap

le
 p

ow
er

 la
w

α3/
2

N
uc

le
at

io
n

7
P 1

/2
M

ap
le

 p
ow

er
 la

w
α1/

2
-d

o-
8

P 1
/3

M
ap

le
 p

ow
er

 la
w

α1/
3

-d
o-

9
P 1

/4
M

ap
le

 p
ow

er
 la

w
α1/

4
-d

o-
Si

gm
oi

da
l r

at
e 

eq
ua

tio
ns

/ra
nd

om
 n

uc
le

at
io

n 
an

d 
su

bs
eq

ue
nt

 g
ro

w
th

10
A

1, 
F 1

A
vr

am
i–

Er
of

ee
v 

eq
ua

tio
n

−
ln

(1
 −

 α
)

Su
pp

os
ed

 ra
nd

om
 n

uc
le

at
io

n 
an

d 
its

 g
ro

w
th

, n
 =

 1
11

A
3/

2
A

vr
am

i–
Er

of
ee

v 
eq

ua
tio

n
−

ln
(1

 −
 α

)2/
3

Su
pp

os
ed

 ra
nd

om
 n

uc
le

at
io

n 
an

d 
its

 g
ro

w
th

, n
 =

 1.
5

12
A

2
A

vr
am

i–
Er

of
ee

v 
eq

ua
tio

n
−

ln
(1

 −
 α

)1/
2

Su
pp

os
ed

 ra
nd

om
 n

uc
le

at
io

n 
an

d 
its

 g
ro

w
th

, n
 =

 2
13

A
3

A
vr

am
i–

Er
of

ee
v 

eq
ua

tio
n

−
ln

(1
 −

 α
)1/

3
Su

pp
os

ed
 ra

nd
om

 n
uc

le
at

io
n 

an
d 

its
 g

ro
w

th
, n

 =
 3

14
A

4
A

vr
am

i–
Er

of
ee

v 
eq

ua
tio

n
−

ln
(1

 −
 α

)1/
4

Su
pp

os
ed

 ra
nd

om
 n

uc
le

at
io

n 
an

d 
its

 g
ro

w
th

, n
 =

 4
15

A
u

Pr
ou

t-T
om

ki
ns

 e
qu

at
io

n
ln

[α
/(1

 −
 α

)]
B

ra
nc

hi
ng

 n
uc

le
i

D
ec

el
er

at
or

y 
ra

te
 e

qu
at

io
ns

/p
ha

se
 b

ou
nd

ar
y 

eq
ua

tio
ns

16
R

1, 
F o

, P
1

Po
w

er
 la

w
Α

C
on

tra
ct

in
g 

di
sk

17
R

2, 
F 1

/2
Po

w
er

 la
w

1 −
 (1

 −
 α

)1/
2

C
on

tra
ct

in
g 

cy
lin

de
r

18
R

3, 
F 2

/3
Po

w
er

 la
w

1 −
 (1

 −
 α

)1/
3

C
on

tra
ct

in
g 

sp
he

re
Eq

ua
tio

ns
 o

f d
iff

us
io

n 
m

ec
ha

ni
sm

19
D

1
Pa

ra
bo

la
 e

qu
at

io
n

α2
O

ne
-d

im
en

si
on

al
 d

iff
us

io
n



3082	 Polymer Bulletin (2019) 76:3073–3092

1 3

Ta
bl

e 
1  

(c
on

tin
ue

d)

N
o.

M
ec

ha
ni

sm
 c

od
e

Fu
nc

tio
n 

na
m

e
g(

α)
 m

od
el

R
at

e 
co

nt
ro

lli
ng

 m
ec

ha
ni

sm

20
D

2
Va

le
ns

i e
qu

at
io

n
α 

+
 (1

 −
 α

)ln
(1

 −
 α

)
Tw

o-
di

m
en

si
on

al
 d

iff
us

io
n

21
D

3
Ja

nd
er

 e
qu

at
io

n
[1

 −
 (1

 −
 α

)1/
3 ]2

Th
re

e-
di

m
en

si
on

al
 d

iff
us

io
n,

 sp
he

ric
al

 sy
m

m
et

ry
22

D
4

G
in

stl
in

g–
B

ro
un

ste
in

 e
qu

at
io

n
1 −

 2 
α/

3−
(1

 −
 α

)2/
3

Th
re

e-
di

m
en

si
on

al
 d

iff
us

io
n,

 c
yl

in
dr

ic
al

 sy
m

m
et

ry
23

D
5

Zh
ur

av
le

v,
 T

em
pe

lm
an

 e
qu

at
io

n
[(

1 −
 α

)−
1/

3  −
 1]

2
Th

re
e-

di
m

en
si

on
al

 d
iff

us
io

n
24

D
6

A
nt

i-J
an

de
r e

qu
at

io
n

[(
1 −

 α
)1/

3  −
 1]

2
-d

o-
26

D
7

A
nt

i-G
in

stl
in

g–
B

ro
un

ste
in

 e
qu

at
io

n
1 +

 2α
/3

 −
 (1

 +
 α

)2/
3

-d
o-

26
D

8
A

nt
i-Z

hu
ra

vl
ev

, L
es

ok
hi

n,
 T

em
pe

lm
an

 e
qu

at
io

n
[(

1 +
 α

)−
1/

3  −
 1]

2
-d

o-



3083

1 3

Polymer Bulletin (2019) 76:3073–3092	

random nucleation followed by three-dimensional growth of nuclei (Fig. 5a). Similar 
complex mechanism has also been reported for understanding the crystallization mech-
anism of a wallastonite base glass using isoconversional, IKP methods and master plots 
[17].

In the second step, degradation of WSCR polymer is due to second-order chemical 
reaction thus following F2 mechanism (Fig. 5b). The third step can be well described 
by A2 mechanism which is indicative of one-dimensional random nucleation (Fig. 5c). 
For confirming the reaction mechanism, g(α) model for all the steps is reconstructed by 
using Eq. 3b. The frequency factor A is also determined by slope of the plot of g(α) v/s 
E*p(x)/βR (Eq. 3b).

where g(α) represents different theoretical models presented in Table 1 where p(x) 
and other terms are defined earlier. All the reconstructed plots confirmed the dis-
cussed reaction mechanisms. Representative plot of reconstructed model for second 
step is shown in Fig. 5d. The values of kinetic triplet, i.e., activation energy Ea, fre-
quency factor A and model of thermal degradation for all stages are presented in 
Table 2. These values are in good agreement with those calculated from Coats-Red-
fern method (Eq. 4) and are listed in Table 2 [28].

(3b)g(�) =
AE

R

∞

∫
x

exp(−x)

x2
dx =

AE

�R
p(x)

(4)ln g(�)
/

T2 = lnAR∕�E − E∕RT +
(

1 + 2RT∕E

)

≅ lnAR∕�E − E∕RT

Fig. 5   Experimental and theoretical master plots to determine the kinetic model of WSCR decomposi-
tion in a first step. b Second step. c Third step. d Reconstructed g(α) model for second step. e Repre-
sentative plot to determine frequency factor A for second step
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All the terms in Eq. 4 have same meanings as mentioned above.
The values of A for all the steps are evaluated by using Eq. 3, and representative plot 

to determine A value for second step is shown in Fig. 5e. The values of frequency fac-
tor (A) at first and second steps of degradation were 2 × 1015 and 3 × 108, respectively. 
These results may be explained in terms of rotation of reactants and activated complex 
along the surface. In the former case, i.e., for A = 2 × 1015, it is assumed that activated 
complex unlike reactants is free to rotate parallel to the surface. Whereas in the later 
case, activated complex is highly restricted and the reactants rotate freely. This inter-
pretation is in line with the argument given by Vlaev et al. [29] and Bamford et al. [30] 
while comparing the kinetic results of non-isothermal degradation of calcium oxalate 
monohydrate.

Thermodynamic parameters

Thermodynamic parameters ΔS*, ΔH*and ΔG* were calculated for thermal degrada-
tion of WSCR hydrogel using Eqs. 5, 6 and 7, respectively, and are given in Table 3.

(5)ΔS∗ = R ln
Ah

e�kBTP

Table 2   Kinetic triplet obtained from Kissinger and Coats-Redfern method for thermal degradation of 
WSCR hydrogel

Step Methods Activation energy 
(kJ/mol)

A (1/s) Model

First Kissinger 142.92782 2 × 1015 A2 (assumed random 
nucleation and its 
growth n = 2)

A3/2 (n = 1.5)

Coats-Redfern (15 K/min) A2 126.1816 4.46 × 1013

A3/2 171.152 1.89 × 1015

Second Kissinger 86.876958 3.0 × 108 F2 (chemical reaction)
Coats-Redfern 100.1671 3.20 × 109

Third Kissinger 63.175315 6.3 × 104 A2 (assumed random 
nucleation and 
growth)

Coats-Redfern 60.42366 2.08 × 104

Table 3   Thermodynamic parameters calculated from Kissinger and Coats-Redfern method for WSCR 
hydrogel

Step Methods ΔS* (J/Kmol) ΔH* (kJ/mol) ΔG* (kJ/mol)

First Kissinger − 832.309 138.624 569.849
Coats-Redfern (20 K/min) A2 − 765 A2 121.82 A2 522.89

A3/2 − 734 A3/2 166.79 A3/2 551.137
Second Kissinger − 960.9 81.93 655.65

Coats-Redfern (15 K/min) − 843 95.22 596.93
Third Kissinger − 1031.03 56.76 852.18

Coats-Redfern (20 K/min) − 959 40.17 828.38
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The values of ΔG*, free energy for the formation of activated complex from 
reactant precursors, [31] gradually increase from first to third step indicating that 
as the degradation reaction precedes it becomes more and more non-spontaneous. 
So, in third step, more energy (high temperature) is required to carry out degrada-
tion reaction. ΔH* indicates the energy difference between the reagents and the 
activated complex [31]. Generally, the small values of ΔH* favor the formation 
of activated complex due to this low potential energy barrier and vice versa. In 
the presented case, ΔH* decreases from first to third step which shows that going 
from first to third step, formation of activated complex becomes easier as poten-
tial energy barriers are gradually decreasing. The ΔS* values obtained are excep-
tionally low (Table 3) indicating that the activated complex is more arranged than 
reactants.

Swelling studies of hydrogel

Percentage swelling (S %) of WSCR calculated by using Eq. 8 (Fig. 6a, b) showed 
that percentage swelling increased with time, until it reached to its limiting value 
referred to as equilibrium swelling We.

Here Wt is weight of swollen hydrogel at any time t, and Wo is weight of dried 
hydrogel.

(6)ΔH∗ = E − RTp

(7)ΔG∗ = ΔH∗ − TpΔS
∗

(8)%S(m) =
Wt −Wo

Wo

× 100

Fig. 6   a Effect of temperature on % swelling of WSCR hydrogel, b effect of pH on % swelling of WSCR 
hydrogel
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Thermosensitivity of the gel

The curve showing swelling of WSCR hydrogel as a function of time at two differ-
ent temperatures, i.e., 303 K and 313 K is shown in Fig. 6a. At lower temperature 
dynamic swelling was greater than that at higher temperature, whereas the trend was 
reversed in case of equilibrium swelling.

This increase in percent swelling with temperature may be attributed to differ-
ential penetration of water into the network structure. At lower temperature, water 
molecules diffused in bound form into the polymer network, whereas at higher tem-
perature, the molecules gained energy and intermolecular H-bonding between water 
molecules may break thus facilitating their entry in the hydrogel. Similar interpre-
tations for greater swelling in wheat straw cellulose-based semi-IPNs hydrogel at 
higher temperature were given by Jia Liu et al. in 2014 [32].

pH sensitivity

Figure 6b shows the swelling response of WSCR hydrogel at pH 1.0, 3.0, 5.0 7.0 and 
8.0 at 313 K. It was clear from the figure that dynamic swelling is maximum at pH 
1.0. It was assumed that –NH2 group of MAC gets protonated in acidic conditions 
(pKb > pH). This increased the hydrophilic ability of the gel due to chain relaxation 
[33]. This is why dynamic swelling in acidic conditions was higher as compared to 
that in neutral or basic conditions. Furthermore, ionization of carboxymethyl group 
at pH higher than pKb would cause electrostatic repulsions and chain expansion 
leading to enhanced equilibrium swelling [34, 35]. So it might be concluded that 
the swelling behavior of this specific system was strongly controlled by the –NH2: 
–COOCH3 ratio present in the gel network structure. So in acidic medium, the –NH2 
groups were proving to be more effective, whereas –COOCH3 contributes more to 
the swelling percentage of the gel in basic conditions. The pH sensitivity of the sys-
tem indicates that this hydrogel may be useful for controlled release of drug inside 
the body because medium of stomach is acidic while that of intestine has basic pH.

Mechanism of swelling

Before using hydrogels as drug delivery carriers, it was essential to understand dif-
fusion mechanism. The diffusion required the movement of solvent into previously 
established or thermodynamically formed spaces between the networks of macro-
molecules resulting into enhanced separations between cross-linked chains [36].

In the present work, Eq. 9 is applied on initial stages of solvent penetration to evalu-
ate the mechanism of swelling. In this equation, Wt and We correspond to the weight of 
solvent absorbed at any time t and at equilibrium, respectively. The slope of the graph 
ln Wt/We vs lnt gives the value of constant n (diffusion exponent), and intercept gives 
the value of k (swelling rate constant) [37]. Mechanism of swelling of polymer could 

(9)
Wt

We

= ktn
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be inferred from the values of diffusion exponent (n). It has been suggested that if value 
of n is between 0.45 and 0.5 the diffusion of the medium into the hydrogel followed 
Fickian mechanism and if n was greater than 0.5 and less than 1 the mechanism of dif-
fusion was non-Fickian (i.e., transport is primarily due to chain relaxation of polymer 
as well as diffusion of solvent) [38].

Representative plots for the determination of diffusion exponent n at different tem-
peratures (303 and 313 K) and pH (8.0) are shown in Fig. 7a, b, respectively. As far 
as the swelling mechanism of the gel under discussion is concerned, it was found that 
diffusion of water into polymer network showed anomalous behavior (0.5 < n < 1) at 
all pH values at 313 K, whereas mixed behavior was observed at 303 K (Table 4). It 
suggested that process of swelling of WSCR hydrogel was controlled by diffusion and 
chain relaxation at higher temperature. At lower values of temperature and pH, process 
of swelling was found to be diffusion controlled only but at higher pH it was also con-
trolled by chain relaxation.

Kinetic order of swelling

In order to determine kinetic order of swelling of WSCR hydrogel, pseudo-first order 
(Fick’s model) and pseudo-second order (Schott model) expressed by Eqs. 10 and 11, 
respectively, were applied to the experimental data.

(10)ln
We −Wt

We

= −kt

Fig. 7   Representative plots for the determination of diffusion exponent at a pH 8.0, 303 K, b pH 8.0, 
313 K, determination of kinetic order of swelling; representative plot for c Fick’s model at pH 8.0, 303 K 
d Schott’s model at pH 8.0, 313 K
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The representative graphs of kinetic order of swelling (at 303 and 313 K; pH 8) 
are shown in Fig. 7c, d. Values of R2 and swelling rate constant ks are presented in 
Table 4. It could be seen from the table that values of correlation coefficient hold 
good for pseudo-second order at 313 K for all pH values except at pH 7.0, where 
swelling of the gel follows first-order kinetics. But at 303  K swelling of the gel 
follows pseudo-second-order kinetics at pH 1.0, 3.0 and 5.0, whereas a transition 
occurred to first order at pH 7.0 and 8.0.

Network parameters

Due to simplicity of the technique, swelling is widely used to calculate network 
parameters (polymer volume fraction, molar mass between cross-links, etc.) of 
cross-linked polymeric materials.

(a)	 polymer volume fraction (ν2,s) and molecular weight between cross-links (Mc)

Polymer volume fraction is defined as the ratio of the polymer volume (Vp) to the 
swollen gel volume (Vg). This was used to measure amount of solvent absorbed and 
retained by the gel and was necessarily calculated (Eq. 12) to predict Mc (molecular 
weight between cross-links).

Here dp and ds are the respective densities of polymer and solvent, while Ma and Mb 
are the respective masses of hydrogel before and after swelling [39].

One of the significant parameters of cross-linked hydrogels is the molecular 
weight between neighboring cross-links Mc. Information about the degree of pol-
ymer cross-linking was provided by the average value of Mc. Average value of Mc 

(11)
t

Wt

=
1

ksW
2
e

+
t

We

(12)v2,s = [1 + dp
/

ds(Ma

/

Mb − 1)]−1

Table 4   Kinetic parameters and correlation coefficients obtained from Fick’s and Schott’s models at all 
pH and all temperatures studied

pH 303 K 313 K

Fick’s model Schott’s model Fick’s model Schott’s model

R2 ks (min−1) R2 ks (min−1) R2 ks (min−1) R2 ks (min−1)

1.0 0.981 0.031 0.954 − 3.27 0.974 0.172 0.995 0.174
3.0 0.993 0.038 0.999 0.035 0.819 0.002 0.896 0.001
5.0 0.992 0.024 0.999 0.025 0.925 0.003 0.931 0.004
7.0 0.964 0.014 0.925 0.016 0.815 0.023 0.197 0.022
8.0 0.973 0.027 0.968 0.030 0.938 0.044 0.943 0.045
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was used because of the random nature of the polymerization process. Flory–Reh-
ner equation (Eq. 13) was applied to determine Mc of the hydrogel [40, 41]

Here Vs is the molar volume of the swelling agent (in cm3 mol−1), v2,s is the volume 
fraction of polymer in the swollen gel, χ is the Flory–Huggins interaction parameter 
between solvent and polymer, and dp is density of polymer (in gm L−1) [41].

The volume fraction of WSCR hydrogel decreased with pH, and molecular 
weight between the cross-links was increased except at pH 7 at 303 K as indicated 
in Table 5. The overall lower values of Mc suggested that the hydrogel has a com-
pact structure with lower average molecular weight of polymer chains between 
two adjacent cross-links. Furthermore, this may reflect higher cross-linking den-
sity [42]. The values of Mc (Table 5) showed that by increasing temperature the 
swelling response of hydrogel is also elevated due to which the molecular weight 
between two cross-links has been increased. In addition to temperature, the 
increase in pH of the medium also imparted positive impact on swelling percent-
age of the gel. This will further lead to the increase in molecular weight between 
adjacent cross-links. So the best swelling activity of WSCR gel was observed 
at pH 8 and 313  K. Moreover, good correlation of linear regression was found 
when v2,s and Mc were plotted against equilibrium degree of swelling. Similar 
results had been obtained by Yarimkaya and Basan [38] while studying the swell-
ing behavior of poly (2‐hydroxyethyl methacrylate‐co‐acrylic acid‐co‐ammonium 
acrylate) hydrogels. So, WSCR hydrogel may suitably be used to deliver drug to 
colon part of gastrointestinal tract of the body (309 K and pH 8).

(13)Mc = dpVs

(

v
1∕3

2,s
− v2,s

/

2
)(

ln(1 − v2,s) + v2,s + �v2
2,s

)−1

Table 5   Network parameters 
and diffusion exponent 
calculated for WSCR hydrogel 
at different temperatures and pH

T (K) pH Qe g/g V2s dm3 Mc g/mol Diffusion 
exponent 
(n)

303 1.0 0.512 0.609 84.28 0.178
3.0 3.694 0.999 103 0.996
5.0 2.825 0.999 144 0.851
7.0 0.366 0.686 51.17 0.472
8.0 0.821 0.493 188 0.442

313 1.0 0.673 0.543 131.7 0.885
3.0 1.528 0.999 139 0.831
5.0 1.390 0.999 145 0.851
7.0 0.747 0.517 159 0.928
8.0 0.880 0.476 214 0.952
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Conclusion

FTIR and XRD analyses confirmed the formation of WSCR hydrogel. The synthe-
sized WSCR gel followed three-step thermal degradation, while the first followed 
complex mechanism as inferred from the master plot method, i.e., A2 model (n = 2) 
for α = 0.1–0.5. The equilibrium swelling of the gel was maximum at 313  K and 
pH 8.0 exhibiting stimuli (temperature and pH)-responsive nature. The values of 
diffusion exponent proposed Fickian behavior at lower temperature and anomalous 
behavior at higher temperature. The gel followed pseudo-first-order kinetics at lower 
temperature and pseudo-second order at higher temperature. Mc increased and V2s 
decreased with the rise of pH. The synthesized gel because of exhibiting best swell-
ing response at pH 8.0 and 313 K may be used as a candidate for controlled drug 
delivery systems.
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