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This  work  aims  at study  of thermal  degradation  kinetics  and  mechanism  of pentose-  and  hexose-
based  carbohydrate  polymers  isolated  from  Plantago  ovata  (PO),  Salvia  aegyptiaca  (SA)  and  Ocimum
basilicum  (OB).  The  analysis  was  performed  by isoconversional  method.  The  materials  exhibited  mainly
two-stage  degradation.  The  weight  loss  at ambient–115 ◦C characterized  by  low  activation  energy  cor-
responds  to  loss  of moisture.  The  kinetic  triplets  consisting  of  E, A  and  g(˛)  model  of  the  materials
were  determined.  The  major  degradation  stage  represents  a loss  of  high  boiling  volatile  compo-
nents.  This  stage  is  exothermic  in  nature.  Above  340 ◦C  complete  degradation  takes  place  leaving  a
hermogravimetry
soconversional analysis
hermal degradation
olysaccharides
inetic triplet
hermal stability
aster plots

residue  of  10–15%.  The  master  plots  of  g(˛)  function  clearly  differentiated  the  degradation  mech-
anism  of  hexose-based  OB  and  SA  polymers  and  pentose-based  PO polymer.  The pentose-based
carbohydrate  polymer  showed  D4 type  and  the  hexose-based  polymers  showed  A4 type  degradation
mechanism.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Several plants are a renewable source of gums and mucilages
hich can be used in a number of applications. Some of these
aterials are polysaccharides having large capacity to absorb water

nd behave like hydrogels. Plantago ovata, Ocimum basilicum, Salvia
egyptiaca are among the plants which contain swellable polysac-
harides which can be developed for use as thickeners, drug carriers
nd in tissue engineering (Akbar, Iqbal, Chaudhary, Yasin, & Massey,
012; Barbucci, 2009; Fariba & Ebrahim, 2009; Gupta, Vermani, &
arg, 2002; Hoare & Kohane, 2008; Iqbal, Akbar, Hussain, Saghir, &
her, 2011; Ruel-Gariépy & Leroux, 2006). In order to develop these
aterials for any of such applications there is a need to study their

hermal stability and degradation pattern. By use of thermal anal-
sis techniques including thermogravimetric analysis (TGA) and
ifferential scanning calorimetry (DSC) we can determine various
hermal and kinetic parameters including thermal stability (life-
ime), glass transition temperature, energy of activation (E) and
Please cite this article in press as: Akbar, J., et al. Kinetics and mechanism
polymers. Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbp

egradation mechanism. These parameters are extremely help-
ul in knowing and predicting the thermal behavior of polymeric

aterials to be used for a specific application (Aggarwal, Dollimore,

∗ Corresponding author. Tel.: +92 300 4262813.
E-mail address: saeediq50@hotmail.com (M.S. Iqbal).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.07.008
& Heon, 1997; Chrissafis, 2009; Iqbal, Akbar, Saghir, et al., 2011;
Villetti et al., 2002; Yang, Yan, Chen, Lee, & Zheng, 2007; Zohuriaan
& Shokrolahi, 2004).

There are different methods available to analyze and interpret
the thermal analysis data. These are single heating rate model-
fitting methods (e.g., Broido, Coats–Redfern, Horowitz–Metzger
methods, etc.) and multiple heating rate model-free methods
(also known as isoconversional methods). The single heating
rate methods are generally criticized for giving unreliable esti-
mates of thermal parameters. The multiple heating rate methods
provide good estimates of activation energy (Vyazovkin et al.,
2011).

The polymers from O. basilicum (OB), S. aegyptiaca (SA) and
P. ovata (PO) were included in this study because they have
well-defined chemical composition and are being widely used as
thickeners for food and pharmaceutical products (Chatterjee &
Mukherjee, 1958; Hosseini-Parvar, Matia-Merino, Goh, Razavi, &
Mortazavi, 2010; Saghir, Iqbal, Hussain, Koschella, & Heinze, 2008;
Singh, 2007). Very little information is available on thermal degra-
dation behavior of these materials. We  recently reported a study
using the single-heating-rate method (Iqbal, Akbar, Saghir, et al.,
 of thermal degradation of pentose- and hexose-based carbohydrate
ol.2012.07.008

2011). No detailed study has been carried out to determine the
kinetics and mechanism of thermal degradation of these materials.
In the present paper a detailed analysis of thermal data by use of
isoconversional method is being reported.

dx.doi.org/10.1016/j.carbpol.2012.07.008
dx.doi.org/10.1016/j.carbpol.2012.07.008
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:saeediq50@hotmail.com
dx.doi.org/10.1016/j.carbpol.2012.07.008
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. Materials and methods

.1. Materials

Seeds of SA, OB and PO were obtained from the local market
nd acetone was procured from E. Merck, Germany. The chemicals
ere used without further purification. Double-distilled water was
sed in the study.

.2. Extraction of polymers from seeds

A hot-water extract of PO seeds was obtained as per reported
ethod (Iqbal, Akbar, Hussain, et al., 2011). Briefly, the washed

eeds (15 g) were heated gently to boiling in water (500 cm3) to pro-
uce a thick solution. The seeds were filtered off and the hot-water
xtract was cooled, treated with acetone (about two volumes) to
oagulate the polymer, separated by filtration through muslin cloth,
ashed with acetone and air-dried to a moisture content of 8–12%

w/w). The polymers from SA and OB seeds were obtained by using
cetone as reported earlier (Iqbal, Akbar, Saghir, et al., 2011). Briefly,
he seeds (15 g) were soaked in water (500 cm3) for 6 h. The mixture
as blended with blunt blades vigorously using kitchen blender.

he seeds were filtered off and the thick solution was treated with
cetone (about two volumes) to coagulate the gel and processed
s for PO. The isolated polymers were powdered by using kitchen
rinder.

.3. Thermal analysis

The powdered polymers were subjected to a simultaneous TGA
nd DSC analysis by thermal analyzer SDT, Q-600 (TA instruments,
SA). The thermal data were obtained at four heating rates: 5, 10, 15
nd 20 ◦C min−1 in the temperature range ambient to 600 ◦C under
itrogen atmosphere (at 100 cm3 min−1). The baseline correction
as applied to DSC scans. The data were processed by use of Uni-

ersal Analysis 2000 software, version 4.2E (TA Instruments, USA),
nd MS  Excel® 2007.

.4. Thermal degradation kinetics

The isoconversional principle assumes that the reaction rate
nly depends upon the temperature at any given degree of con-
ersion and it is independent of the reaction mechanism. This
ssumption provided the basis for the development of model-free
ethods to analyze thermal data. The integral model-free kinetic

quation obtained by an approximation can be given in its more
eneral form as Eq. (1) (Vyazovkin et al., 2011).

n
ˇ

Tx
= const − y

E

RT
(1)

here x and y are parameters determined by the type of approxi-
ation used in a particular integral isoconversional method.
The most widely used integral isoconversional method was

eveloped by Ozawa, and Flynn and Wall in which the x and y were 0
nd 1.052, respectively. However, it has been shown that with x = 2
nd y = 1 in Eq. (1),  more reliable estimates of E can be obtained. This
esult in the so-called Kissinger–Akahira–Sunose (KAS) equation
Eq. (2)) (Vyazovkin et al., 2011).

n
ˇ

T2
= const − E

RT
(2)

here  ̌ is the heating rate; R the general gas constant; E and T are
Please cite this article in press as: Akbar, J., et al. Kinetics and mechanism
polymers. Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbp

he activation energy and temperature at a degree of conversion ˛.
he  ̨ is defined as (wo − wt)/(wo − wf), where wt is the weight of
he sample at any temperature t, wo the initial weight and wf the
nal weight at the temperature at which the mass loss is almost
 PRESS
ymers xxx (2012) xxx– xxx

negligible. In the KAS method, data obtained at multiple heating
rates is used and a plot of log (ˇ/T2) vs 1/T  at a given  ̨ gives a
straight line. From the slope of the lines E values were determined
and average was reported.

It is not possible to determine A and the reaction model (g(˛))
directly from the isoconversional methods, therefore, master-plot
method (Janković, 2008) was employed. Eq. (3) was  used for deter-
mination of these parameters.

g(˛) = A

ˇ

∫ T˛

To

exp
(−E

RT

)
dT = AE

ˇR

∫ ∞

x

exp(−x)
x2

dx = AE

ˇR
p(x) (3)

where x = E/RT. At a reference point (  ̨ = 0.5), the above equation
can be re-written as Eq. (4).

g(0.5) = AE

ˇR
p(x0.5) (4)

By dividing Eqs. (3) with (4) we  get Eq. (5) which was  used for
calculation of g(˛).

g(˛)
g(0.5)

= p(˛)
p(x0.5)

(5)

The theoretical master plots were obtained by plotting
g(˛)/g(0.5) against  ̨ for various g(˛) functions (Table 1) as reported
in the literature (Turmanova, Genieva, Dimitrova, & Vlaev, 2008).
The experimental master plots were constructed by plotting
p(x)/p(x0.5) against ˛, The integral p(x) has no analytical solution
but can be solved by various approximations and in this study we
used Senum–Yang fourth degree approximation (Senum & Yang,
1977). The experimental ˛–T profile and E are required to deter-
mine p(x)/p(x0.5), which were obtained from KAS analysis. The g(˛)
model provided best matches between experimental and theo-
retical master plots and was, therefore, considered as the most
probable mechanism. The experimental master plots showed neg-
ligible variations at different heating rates indicating a dependence
of g(˛) only on ˛. A plot of the selected g(˛) against (E/ˇR)p(x) would
permit the evaluation of A according to Eq. (3).  The g(˛) model was
reconstructed by using E and A values obtained above in order to
verify the fitness of data. These results can be extremely useful in
determining the storage and service conditions for these materi-
als in various applications. The model-free approach uses Eq. (6) to
predict the lifetimes of different materials (Vyazovkin et al., 2011).

t˛ =
∫ T˛

o
exp(−E˛/RT)dT

 ̌ exp(−E˛/RTo)
(6)

The integral in the numerator of this equation was  solved by
Senum–Yang fourth degree approximation.

3. Results and discussion

The isolated materials were lightweight and soft free-flowing
powders having white to off-white color. The results of thermal
analysis are discussed in the following sections.

3.1. Thermal degradation kinetics of PO polymer

The PO polymer is a pentose-based arabinoxylan (Fischer et al.,
2004; Saghir et al., 2008). Its TGA (Fig. 1a) exhibited decomposi-
tion in four stages at ambient to 115 ◦C, 215–310 ◦C, 280–330 ◦C
and >330 ◦C. The stage I (ambient to 115 ◦C, weight loss ≈10%) cor-
responds to a loss of moisture with an average E 51.58 kJ mol−1

(Prado & Vyazovkin, 2011). The value of E was  almost constant in
 of thermal degradation of pentose- and hexose-based carbohydrate
ol.2012.07.008

the range  ̨ ≥ 0.25 to  ̨ ≤ 0.85 suggesting that similar type of water
is contained by the material (Fig. 2a). At stage II (215–310 ◦C, weight
loss ≈12%) the average E was  118.15 kJ mol−1. This stage marks the
onset of polymer degradation. The rate vs temperature curves of the

dx.doi.org/10.1016/j.carbpol.2012.07.008
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Table  1
Various models used to describe solid state kinetics.

No. Code Name of the function g(˛) model Rate-determining mechanism

Chemical process mechanisms
1. F1/3 One-third order 1 − (1 − ˛)2/3 Chemical reaction
2. F3/4 Three-quarter order 1 − (1 − ˛)1/4 Chemical reaction
3.  F3/2 One and a half order (1 − ˛)−1/2 − 1 Chemical reaction
4.  F2 Second order (1 − ˛)−1 − 1 Chemical reaction
5.  F3 Third order (1 − ˛)−2 − 1 Chemical reaction

Acceleratory rate equations
6. P3/2 Mampel power law ˛3/2 Nucleation
7.  P1/2 Mampel power law ˛1/2 Nucleation
8. P1/3 Mampel power law ˛1/3 Nucleation
9.  P1/4 Mampel power law ˛1/4 Nucleation

Sigmoidal rate equations/Random nucleation and subsequent growth
10. A1, F1 Avrami–Erofeev equation −ln(1 − ˛) Assumed random nucleation and its growth, n = 1
11.  A3/2 Avrami–Erofeev equation [−ln(1 − ˛)]2/3 Assumed random nucleation and its growth, n = 1.5
12. A2 Avrami–Erofeev equation [−ln(1 − ˛)]1/2 Assumed random nucleation and its growth, n = 2
13.  A3 Avrami–Erofeev equation [−ln(1 − ˛)]1/3 Assumed random nucleation and its growth, n = 3
14.  A4 Avrami–Erofeev equation [−ln(1 − ˛)]1/4 Assumed random nucleation and its growth, n = 4
15. Au Prout–Tomkins equation ln[˛/(1 − ˛)] Branching nuclei

Deceleratory rate equations/Phase boundary equations
16.  R1, F0, P1 Power law  ̨ Contracting disk
17.  R2, F1/2 Power law 1−(1 − ˛)1/2 Contracting cylinder
18.  R3, F2/3 Power law 1−(1 − ˛)1/3 Contracting sphere

Diffusion mechanism equations
19. D1 Parabola equation ˛2 One-dimensional diffusion
20. D2 Valensi equation  ̨ + (1 − ˛)ln(1 − ˛) Two-dimensional diffusion
21.  D3 Jander equation [1 − (1 − ˛)1/3]2 Three-dimensional diffusion, spherical symmetry
22.  D4 Ginstling–Brounstein equation 1 − 2˛/3 − (1−˛)2/3 Three-dimensional diffusion, cylindrical symmetry
23.  D5 Zhuravlev, Lesokin, Tempelman equation [(1−˛)−1/3 − 1]2 Three-dimensional diffusion
24.  D6 Anti-Jander equation [(1 + ˛)1/3 − 1]2 Three-dimensional diffusion
25. D7 Anti-Ginstling–Brounstein equation 1 + 2˛/3 − (1 + ˛)2/3 Three-dimensional diffusion
26.  D8 Anti-Zhuravlev, Lesokin, Tempelman equation [(1 + ˛)−1/3 − 1]2 Three-dimensional diffusion

at diff

p
r
p
a
v
p

Fig. 1. TGA and DSC curves for polymers 

olymer did not show significant variation with different heating
ates, which suggests a similar relationship of  ̨ with T. The master
Please cite this article in press as: Akbar, J., et al. Kinetics and mechanism
polymers. Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbp

lot method (Fig. 3) suggested that this stage followed the acceler-
tory Maple power law model P3/2. During this stage the value of E
aries slightly (Fig. 2a) indicating occurrence of multiple reactions
ossibly due to merging of this stage with III. This phenomenon
erent heating rates: (a) PO, (b) SA, (c) OB.

is well explained by acceleratory nature of P3/2 model. The kinetic
triplet determined for this stage was: g(˛) = P3/2, E = 118.15 kJ mol−1

10 −1
 of thermal degradation of pentose- and hexose-based carbohydrate
ol.2012.07.008

and A = 2.89 × 10 min (ln A = 24.09).
The major degradation of this polymer took place at stage III

(280–330 ◦C, weight loss ≈40%). The average E for this stage was
157.78 kJ mol−1, which was higher than that for the stage II. The E

dx.doi.org/10.1016/j.carbpol.2012.07.008
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Fig. 2. (i) Variation of activation energy (E) with degree of dissociation (˛) for different stages of polymers: (a) PO, (b) SA, (c) OB; and (ii) life-time prediction of polymers.

Fig. 3. Determination of kinetic model for PO degradation at stage II: (a) experimental and theoretical master plots, (b) determination of A, (c) reconstructed g(˛) model.

dx.doi.org/10.1016/j.carbpol.2012.07.008
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ig. 4. Determination of kinetic model for PO degradation at stage III: (a) ˛–T curve
lots,  (d) determination of A, (e) reconstructed g(˛) model.

or this stage showed negligible variation with  ̨ (Fig. 2a) suggesting
t to be a single step decomposition. The master plot method (Fig. 4)
uggested that Avrami–Erofeev sigmoidal kinetic model A4 (with

 = 4) best describes the degradation at this stage. The A4 is a ther-
al  nucleation and growth model which suggests that the process

s initiated by the formation of multiple nuclei in the material which
ubsequently grow in size leading to degradation of the polymer.
he kinetic triplet for this stage was: g(˛) = A4, E = 157.78 kJ mol−1

nd A = 9.57 × 1013 min−1 (ln A = 32.19). Previously the PO polymer
Please cite this article in press as: Akbar, J., et al. Kinetics and mechanism
polymers. Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbp

arabinoxylan) has been shown to be composed of two polysaccha-
ide fractions with different molar mass distributions (Iqbal, Akbar,
ussain, et al., 2011; Laidlaw & Purcival, 1949, 1950), therefore, it
ay  be suggested that at stage II the lower molar mass fraction was
AS plot to calculate the activation energy, (c) experimental and theoretical master

decomposed first followed by decomposition of the higher molar
mass fraction at stage III. This was  verified by treating stages II and
III as the single stage, which resulted in a sigmoidal kinetics with
enhanced variation in E at different  ̨ values.

The DSC scan (Fig. 1a) showed a small endotherm at stage I
due to desorption of moisture. The stages II and III were associ-
ated with exothermic enthalpy changes indicating chain scission
reactions resulting in a significant weight loss (total ≈52%). At the
stage IV (>330 ◦C), the polymer is totally decomposed exothermally
 of thermal degradation of pentose- and hexose-based carbohydrate
ol.2012.07.008

to gaseous products resulting in a carbon rich residue (char yield
15% at 600 ◦C).

For the prediction of lifetime of the polymer, stage II was used
where the real degradation starts. At stage I only moisture is lost

dx.doi.org/10.1016/j.carbpol.2012.07.008
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ig. 5. Determination of kinetic model for SA degradation at stage II: (a) ˛–T curve
lots, (d) determination of A, (e) reconstructed g(˛) model.

hich may  be reabsorbed by the polymer when exposed to humid
nvironment. The lifetimes at different temperatures and 5% degree
f conversion are presented in (Fig. 2d). The PO polymer appears
o posses high IPDT (282.9 ◦C) and ITS (0.45) values comparable
o those of hydroxyethyl cellulose, carboxymethyl cellulose, tra-
acanth gum, etc., which are commercial materials (Zohuriaan &
hokrolahi, 2004).

.2. Thermal degradation kinetics of SA and OB polymers
Please cite this article in press as: Akbar, J., et al. Kinetics and mechanism
polymers. Carbohydrate Polymers (2012), http://dx.doi.org/10.1016/j.carbp

The SA and OB polymers showed similar thermal decomposition
ehavior (Fig. 1b and c), therefore, these are discussed together

n this section. They exhibited three distinct stages of weight
AS plot to calculate the activation energy, (c) experimental and theoretical master

loss occurring at ambient to 115 ◦C (stage I, weight loss ≈8%),
215–365 ◦C (stage II, weight loss ≈50%) and >365 ◦C (stage III).
The stage I with low E value corresponds to desorption of mois-
ture. The activation energies of the polymers at this stage were
29.11 kJ mol−1 (SA) and 29.65 kJ mol−1 (OB). Relatively lower E val-
ues than that of the PO polymer may  be possibly due to weaker
hydrogen bonding of water with the surfaces in these polymers.

The major degradation of these polymers occurred at
stage II with average E values: 167.41 kJ mol−1 (SA) and
 of thermal degradation of pentose- and hexose-based carbohydrate
ol.2012.07.008

155.47 kJ mol−1 (OB). The decompositions at this stage followed
Ginstling–Brounstein diffusion mechanism D4 for the two poly-
mers (Figs. 5 and 6). The corresponding A values are given in Table 2.
Relatively higher IPDT and ITS values were observed for these

dx.doi.org/10.1016/j.carbpol.2012.07.008
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Fig. 6. Determination of kinetic model for OB degradation at stage II: (a) ˛–T curve, (b) KAS plot to calculate the activation energy, (c) experimental and theoretical master
plots,  (d) determination of A, (e) reconstructed g(˛) model.

Table 2
Thermal parameters for polymers under study.

Sample code Degradation stage Temperature range (◦C) E (kJ mol−1) ln A Mechanism

PO I Ambient–115 51.58 – Desorption
II 215–310 118.15 24.09 P3/2

III 280–330 157.78 32.19 A4

SA I Ambient–115 29.11 – Desorption
II  215–365 167.41 30.93 D4

OB I Ambient–115 29.65 – Desorption
II 235–370 155.46 28.56 D4

dx.doi.org/10.1016/j.carbpol.2012.07.008
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olymers (SA: 287.2 ◦C, 0.46; OB: 300.8 ◦C, 0.48). These polymers
lso possess sufficiently good life to use them in various appli-
ations (Fig. 2d). For the purpose of comparison, the lifetime of
ethocel® K15M was also determined as shown in Fig. 2d; the

olymers under investigation appear to be more stable. The DSC
cans (Fig. 1b and c) showed that the stage I was endothermic and
he stages II and III were exothermic as expected.

The similarity in the thermal behavior of these polymers reflects
he similarity in their structures as reported in the literature
Azuma & Sakamoto, 2003; Chatterjee & Mukherjee, 1958). Both of
hese polymers are mainly composed of hexoses. On the other hand,
he arabinoxylan from PO is mainly composed of pentoses (Saghir
t al., 2008), therefore, its degradation mechanism was  found to
e quite different. However, the average E values at stage III for
O polymer and at stage II for SA and OB polymers are not sig-
ificantly different (Table 2). Therefore, it may  be concluded that
he energy requirements for major degradation of the hexose- and
entose-based polymers under study are almost similar but they
ollow different decomposition mechanisms.

. Conclusions

The kinetics and mechanism of thermal decomposition of car-
ohydrate polymers isolated from SA, OB and PO were studied
y isoconversional method. The thermal decomposition behavior
f SA and OB polymers, being hexose-based, was  quite similar
aving comparable E and A values. Both of them followed D4 mech-
nism for the single major degradation stage. The PO, being a
entose-based polymer, showed a distinct behavior by exhibiting

 two-stage decomposition following the P3/2 and A4 mechanisms.
he E values at different stages were considerably constant at dif-
erent degrees of conversion suggesting single step degradation
inetics for the polymers. The polymers appear to be highly stable
ith longer lifetime as compared with some of the commercially

mportant carbohydrate polymers such as Methocel® K15M. This
tudy clearly shows that the hexose- and pentose-based polymers
ollow different decomposition mechanisms.
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