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a  b  s  t  r  a  c  t

Detailed  kinetic  analysis  of  Cassava  starch  thermo-oxidative  degradation  was  performed,  using  thermo-
gravimetric  analysis  (TGA)  and  derivative  thermogravimetry  (DTG)  at four  different  heating  rates.  It was
found that  degradation  process  is  very  complex,  as identified  through  continuous  change  of  apparent
activation  energy  with  degree  of  degradation.  It was  established  that  process  proceeds  through  three
main  degradation  stages  with  one  additional  sub-stage  attached  to the  second  degradation  stage,  which
eywords:
assava starch
hermo-oxidative degradation
omplex system
inetic parameters
Lumped” model
echanistic scheme

was  detected  by appearance  of  “shoulder”  on DTG  curves.  It was  found  that  most  important  degradation
stage  can  be described  by “lumped”  model,  which  implies  that free  radicals  simultaneously  attack  both
linear and branched  molecular  forms  of the  starch.  This  is  characterized  by  an  unusually  high  value  of
obtained  reaction  order  (n = 3.49).  Application  of  nonlinear  least  squares  method  was  confirmed  the  reli-
ability  of  evaluated  kinetic  parameters  and  function  of  reaction  mechanism,  which  were  derived  on  the
basis  of  other  kinetic  methods.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Starch is the form of carbohydrate reserve in nearly all green
lants and it is the major carbohydrate component in food (Van
en, 1981). On the industrial scale, starch is isolated from seeds
f cereal grains (corn, wheat, rice), tubers (potato), roots (tapioca,
weet potato) and the pith of the tapioca palm (Swinkels, 1985).

Starch granules consist of two structurally and functionally
ery different polymers: amylose and amylopectin. Starch func-
ionality depends on the average molar mass of amylose and
mylopectin as well as on their molecular structure and organi-
ation within the granule. The amylose contents of most starches,
uch as barley, wheat, oat, maize and potato starch, are all in
he range of 20–30% (Morrison & Laignelet, 1983; Morrison, Law,

 Snape, 1993). In amylomaize starch, the amylose content is
igher (about 50–80%) and in the waxy starches very low (<1%)
Morrison & Laignelet, 1983). Amylose is an essentially linear
olymer composed of �-d-glycopyranose units linked through �-
1 → 4) linkages. Amylopectin is a highly branched polymer; 5% of
ts structure is �-(1 → 6) branch links (Ball, 1996).
Cassava (Manihot esculenta, Crantz) is one of the most impor-
ant starchy tubers in tropical zones, with 167 million tones of
resh tuber and roots produced annually all over the world (FAO,

∗ Tel.: +381 11 2187 133; fax: +381 11 2187 133.
E-mail address: bojanjan@ffh.bg.ac.rs

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.03.038
1994). Being very rich in starch (90% of the dry matter), Cassava is
mainly used in traditional human foods after more or less elaborate
processing, e.g. chickwangue, gari, farinha de mandioca, but is also
used industrially for the production of starch and starch derivatives,
e.g. dextrins and glucose (Greenwood & Milne, 1968). As traditional
and industrial Cassava uses often implies a thermal processing step,
knowledge of the starch granule modifications occurring during
cooking is essential to improve the sensory and nutritional proper-
ties of subsequent starch-based foods. Among the starchy staples,
Cassava gives a carbohydrate production which is about 40% higher
than rice and 25% superior to corn, with the result that Cassava
is the cheapest source of calories for both human nutrition and
animal feeding. Typical composition of Cassava root is moisture
(70%), starch (24%), fiber (2%), protein (1%) and the other substances
including minerals (3%) (Tonukari, 2004).

There have been several reports of the studies of the degradation
features of the starch from different sources analyzed by thermal
analysis techniques (Ji et al., 2003; Morita, 1956, 1957; Tian, Xu,
Xie, Zhao, & Jin, 2011). However, in the literature there are very few
papers related to the detailed degradation kinetics of various types
of starch (as A-, B-, and C-type starches (Bogracheva, Wang, Wang,
& Hedley, 2002)) (Guinesi et al., 2006; Pielichowski, Tomasik, &
Sikora, 1998; Pineda-Gómez, Coral, Ramos-Rivera, Rosales-Rivera,

& Rodríguez-García, 2011). It should be noted that the published
results are mainly based on the phenomenological (empirical)
kinetic equations (Guinesi et al., 2006). In the scientific litera-
ture there are no published results based on a comprehensive

dx.doi.org/10.1016/j.carbpol.2013.03.038
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.03.038&domain=pdf
mailto:bojanjan@ffh.bg.ac.rs
dx.doi.org/10.1016/j.carbpol.2013.03.038
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etailed kinetic analysis of Cassava starch degradation under the
on-isothermal conditions, with the provided detailed mechanistic
cheme of the whole process.

In order to understand more precisely the overall degradation
echanism of Cassava starch granules during thermal exposure

t the elevated temperatures under controlled linear heating, the
ombined “stationary point” and “model-free” kinetic approaches
Adna –dević, Janković, Kolar-Anić, & Minić, 2007; Burnham & Dinh,
007; Vyazovkin & Wight, 1999) were used in this study. For the

nvestigated degradation process, the applied kinetic pathways are
arefully compared, by introducing the specific statistical tests. Sta-
istical tests were introduced in order to determine the reliable
inetic mechanism. In addition, the objective of this paper is also to
ive a detailed presentation of the methodology used and to provide
ome important kinetic clues for the thermo-oxidative degradation
f Cassava starch, as very significant source of carbohydrates.

. Materials and methods

.1. Extraction of Cassava starch

An original commercial packaging of fresh Cassava roots (1 set
ith 500 g of Cassava roots) was supplied by Nanning China Tropical
gricultural Machinery Company, Ltd. (Nanning, Guangxi, China).
assava roots were washed, peeled, milled, sieved and the mash
as washed. The solid residue was retained in the sieve (250 mesh)

nd the suspension kept within 2 h decanting. Then, the starch was
ltered, washed and dried in an oven at 40 ◦C. The obtained Cassava
tarch was maintained in a desiccator over the anhydrous calcium
hloride, until the constant mass. The moisture content of starch is
ithin 20% of moisture level recommended for extraction of starch

rom commercial sources (Soni, Sharma, Dun, & Gharia, 1993).

.2. Thermo-analytical measurements

Thermogravimetic (TG) and derivative thermogravimetric
DTG) curves were recorded using a simultaneous TGA-DTA SDT
960 device (TA Instruments) (TA Instruments, 159 Lukens Drive,
ew Castle, DE 19720), under an air flow at 100 mL  min−1 and
t a heating rates of  ̌ = 10, 20, 30 and 40 ◦C min−1. Thermo-
nalytical experiments were carried out in the temperature range
f T = 20–600 ◦C. Heating the sample in the specified temperature
ange was carried out with the aim of concentrating on the study of
hemical structure changes of starch, during thermal degradation
n oxidative atmosphere. Sample portions with approximately of

 ≈ 10 mg  were used for thermogravimetric measurements. Alu-
ina crucibles were used for all thermo-analytical experiments.
ass calibrations were realized according the manufacturer speci-

cations and an empty alumina crucible was used as reference. TG
easurements on each of the given heating rate was repeated twice

ue to the stability and reproducibility of the obtained thermo-
nalytical data.

. Theoretical background

In general, a typical kinetic equation for the investigated process
an be expressed as (Chiangga, Suwannasopon, & Trivijitkasem,
012):

d˛

dt
= A × exp

(
− Ea

RT

)
f (˛) (1)

here d˛/dt is degradation rate [min−1], A is the pre-exponential

frequency) factor [min−1], Ea is the apparent activation energy
J mol−1], R is the gas constant [8.314 J K−1 mol−1], T is the abso-
ute temperature [K], and f(˛) is the function of  ̨ (  ̨ is the degree of
egradation:  ̨ = (mo − mT)/(mo − mf), where mo, mT and mf are the
mers 95 (2013) 621– 629

initial, actual and final mass of the sample, respectively) depends
on the particular degradation mechanism.

If the temperature of a sample is changed by a constant value of ˇ
(linear heating rate) (  ̌ = dT/dt), the variation of the degree of degra-
dation can be analyzed as a function of temperature. Therefore, the
reaction rate gives:

d˛

dt
≡  ̌ × d˛

dT
= A × exp

(
− Ea

RT

)
f (˛) (2)

Separating the variable and rearranging and integrating Eq. (2),
it can be obtained:

g(˛) =
∫ ˛

0

d˛

f (˛)
= A

ˇ

∫ T

T0

exp
(

− Ea

RT

)
dT (3)

where g(˛) is integral form of reaction mechanism function, and
T0 is starting temperature of the non-isothermal experiment. Eq.
(3) cannot be expressed by a simple analytical form since its right-
hand side corresponds to a series of infinite gamma functions. In
mathematical practice, Eq. (3) can be expressed in the following
form (Vyazovkin & Wight, 1998):

g(˛) = A

ˇ

∫ T

0

exp
(

− Ea

RT

)
dT = A × exp (−x) ×

[
T

ˇ
�(x)

]
, (4)

which was introduced an approximation for the lower limit of the
integral on the right-hand side of Eq. (5) as T0 → 0, bearing in mind
that value of temperature T0 in practical cases is very low. Variable
x = Ea/RT is reduced apparent activation energy, while �(x) repre-
sents an approximation of the temperature integral, which cannot
be exactly calculated (Gyulai & Greenhow, 1973). However, the
rational expression for �(x) performed by Senum and Yang (Senum
& Yang, 1977) gives sufficiently accurate approximation.

3.1. Isoconversional (“model-free”) methods

By using the Coats–Redfern approximation for temperature
integral (Coats & Redfern, 1964) to solve Eq. (3) and considering that
2RT/Ea is much lower than unity, the Kissinger–Akahira–Sunose
(KAS) (Kissinger, 1957; Akahira & Sunose, 1971) equation can be
written in the form:

ln

(
ˇ

T2

)
= ln

[
AR

g(˛)Ea

]
− Ea

RT
(5)

For each degree of degradation, the linear plot of ln (ˇ/T2) versus
1/T  enables Ea and ln [AR/g(˛)Ea] to be determined from the slope
and the intercept, respectively.

The isoconversional method suggested by Friedman (FR)
(Friedman, 1964) is based on Eq. (2), in logarithmic form:

ln
[

ˇ
(

d˛

dT

)]
= ln [Af (˛)] − Ea

RT
(6)

For a constant ˛, the plot of ln [ˇ(d˛/dT)] versus. 1/T  obtained
from curves recorded at several heating rates, should be a straight
line whose slope gives us the value of Ea. From the intercept of a
given straight line (ln [Af(˛)]), it is possible to determine the pre-
exponential factor for each conversion value, only if the differential
form of reaction model f(˛), is known.

3.2. Stationary point (SP) kinetic approach

Stationary point (SP) method (Adna –dević et al., 2007) is based on
logarithmic form of Eq. (2), in relation to the fixed or specific points

at the corresponding conversion rate curves, so it can be expressed
as:

ln
(

d˛

dt

)
p

= ln
[
A × f (˛)p

]
− Ea

RTp
(7)
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here (d˛/dt)p ≡  ̌ (d˛/dT)p is the value of the maximum degrada-
ion rate at the peak temperature (Tp), ln [Af(˛)p] is a “solid” constant
t  ̌ = const. It is possible to calculate the value of Ea, from the slope
f linear dependence ln (d˛/dt)p versus 1/Tp.

.3. Estimation of the kinetic parameters by the nonlinear least
quares method

In order to obtain the accurate values of the kinetic param-
ters, the nonlinear least squares estimation (NLE) method, was
pplied for degradation process of analyzed Cassava starch samples.
or a given set of parameters, the basic kinetic law equation may
e numerically integrated to give the corresponding ˛–T curve, in
erms of ˛m,calc. Then, the sum of squares of residuals (SSR) between
he experimental (˛m,exp) and corresponding calculated (˛m,calc)
onversion values, as defined by Eq. (8), is computed. The goal of
he NLE method is to find the parameter values for which the SSR
as a minimum value. In this case, method presented by Marquardt
as used. The actual calculation was performed using optimization

unction of MATLAB® program (MathWorks Inc., 2012), based on
q. (8):

SR =
∑

m
(˛m,calc − ˛m,exp)2 (8)

Subscript m in Eq. (8) represents the number of points used in
he numerical calculations.

In this problem, fundamental equations containing unknown
arameters are given by a nonlinear differential equation. The pro-
ram provides a numerical solution of the differential equations
nd NLE. In practical optimization calculations, it is important to
ssign appropriate starting values to the unknown parameters. If
he starting parameter values are set inappropriately, the itera-
ion will not necessarily converge at optimal parameter values.
ere, the suitable starting parameter values estimated through the

tationary point method that uses the Arrhenius-like plot were
mplemented. The fit between observed and calculated values at the
btained parameters is given in percentage of the highest observed

 value, ˛max
exp :

t [%] =
√

SSR/N

˛max
exp

× 100% (9)

here N is the total number of data in conversion curve. Method
ctually tests the error between observed (experimental) and cal-
ulated values. Therefore, the output fit [%] is also referred as
deviation (%)” (Varhegyi, Antal, Szekely, & Szabo, 1989).

.4. Determination of the reaction mechanism

The combination’s of Eqs. (2) and (4) leads to one of two new
unctions, z(˛), in the non-isothermal conditions:

(˛) =
(

d˛

dt

)
×

[
T

ˇ
�(x)

]
= f (˛)g(˛). (10)

Recently, it was found that the term [T/ˇ· · ·�(x)] in Eq. (10) is
roportional to T2 (Málek, 1992). Therefore, a simplified expression
or z(˛) function is approximated as:

(˛) ≈
(

d˛

dt

)
× T2 (11)

One can easily transform experimental data to the z(˛) function
y using Eq. (11) and then normalize z(˛) within the (0,1) interval.

nother new function, y(˛), can be defined as (Málek, 1992):

(˛) =
(

d˛

dt

)
× exp (x) = A × f (˛) (12)
Fig. 1. The TG–DTG curves of the non-isothermal thermo-oxidative degradation
process of Cassava starch samples, recorded on the heating rate of 30 ◦C min−1.

The y(˛) function is also usually normalized within (0,1) interval.
Two important parameters ˛m and ˛∞

P , at which the functions y(˛)
and z(˛) have a maximum, respectively, are normally calculated by
mathematical software. Then, function f(˛) is determined through
the schematic kinetic diagram introduced by Málek (Málek, 1992;
Málek, Mitsuhashi, & Criado, 2001).

4. Results and discussion

4.1. Thermal stability

TGA has proved to be a suitable method to investigate the
thermal stability of different organic compounds especially for car-
bohydrate polymers (Rahman, Sin, Rahmat, & Samad, 2010). The
knowledge of degradation and the mode of decomposition under
the influence of heat are highly recommended in the processing
optimization. The study of the kinetics of the different decompo-
sition processes may  help in the identification of the degradation
mechanisms.

The thermogravimetric (TG) and the corresponding derivative
(DTG) curves for the degradation process of Cassava starches at
30 ◦C min−1 are shown in Fig. 1.

TG and DTG curves show three main zones (designated by Zone
I, II and III (Fig. 1)) in degradation process of Cassava starches. As it
is clear from Fig. 1, the sample revealed the conspicuous difference
in degradation behavior during Zone II of the DTG  curve. Marked
zones indicate three steps in mass loss. First mass loss was between
25 and 112 ◦C (2.97%; Zone I), which is attributed to dehydration
that occurs in a single step. After dehydration, the investigated sam-
ple is stable up to 248 ◦C and above this temperature we  can see
that thermal degradation occurs in probably two overlapping steps
(Fig. 1; Zones II (32.00%) and III (10.03%)) between 248 and 585 ◦C.
It should be noted that in second zone, which belongs to the main
degradation stage (the principal decomposition process of Cassava
starch) we can see a sharp and well-defined peak (Peak 1 (main)
on DTG curve; Fig. 1). However, with increasing of temperature,
this peak shows asymmetric “deformation to the right”, with the
appearance of “shoulder”. This phenomenon was detected at all
considered heating rates. This effect indicates that the main degra-
dation stage itself is quite complex, and it probably contains one
sub-stage which is precisely defined by the appearance of “shoul-
der”. Just beyond Zone II, Zone III below, which is characterized by

the much broader (“diffusion”) peak (with a less intensity) (Peak
2), at the higher temperatures (Fig. 1). In the case of anhydrous
sample, the complex second degradation stage (Zone II) probably
involves one reaction step and one prolonged reaction sub-step
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Table 1
The values of characteristic temperatures (Tp1, Tpsh and Tp2) observed for the first and second peaks (numbered 1 and 2) as well as for “shoulders” on the corresponding DTG
curves,  in the case of thermo-oxidative degradation of Cassava starch samples; the values of degradation rates ((d˛/dt)p1, (d˛/dt)psh and (d˛/dt)p2) and the residual mass loss
(�m)  are also given.

 ̌ (◦C min−1) Peak 1 (main) “Shoulder” (sh) Peak 2 �m (%)

Tp1 (◦C) (d˛/dt)p1 (min−1) Tpsh (◦C) (d˛/dt)psh (min−1) Tp2 (◦C) (d˛/dt)p2 (min−1)

10 329.04 0.22636 342.63 0.17781 481.82 0.02075 42.95
20  331.57 0.48655 345.26 0.28094 489.70 0.03712 43.75
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significantly with ˛, so that in this region, Ea can be taken as a con-
stant value (<Ea>KAS = 838.4 kJ mol−1 and <Ea>FR = 850.9 kJ mol−1).
In this region, the progressive carbonization process takes place
in the absence of the variation in the apparent activation energy
30  333.55 1.28081 347.24 

40  335.52 1.66017 349.22 

ithout oxidative process, and also one reaction step with oxida-
ive process. The last degradation stage (Zone III, with the mass
oss of 10.03%) can be attributed to the oxidation of the organic

atter (Gudmundssonand & Eliasson, 2006; Krochta, Hudson, &
illin, 1987). Table 1 lists the values of characteristic (peak) tem-
eratures (Tp1, Tpsh and Tp2), degradation rates ((d˛/dt)p1, (d˛/dt)psh
nd (d˛/dt)p2) and the residual mass loss (�m)  for first and second
eaks (“1” and “2”) as well as for “shoulders” on DTG curves.

From Table 1 we can see that all characteristic temperatures,
egradation rates and also residual mass loss values show the
ependence on the heating rate (ˇ). The corresponding temper-
tures and degradation rates belonging to observed reaction zones
how an increase, with increasing of heating rate. This behavior
s characteristic for the thermally stimulated processes in the solid
tate. It can also be seen that degradation rates at all of the observed
eating rates for Peak 1 (belongs to Zone II (Fig. 1)) are signifi-
antly higher in comparison to degradation rates which belong to
shoulder” and Peak 2 (Table 1). From these results, we can con-
lude that in reaction Zone II, where non-oxidative process exists
within which most likely occurs carbonization that results in the
elease of gases (such as CO, CO2 and probably compounds as
H4 and C2H4) and char products) (Collinson & Thielemans, 2010;
iedorowicz, Tomasik, & Lii, 2001; Soldi, 2005), the degradation rate
s much higher than the rate of degradation in Zone III (Peak 2 in
able 1), which probably belongs to oxidation of the organic mat-
er (maybe includes the oxidation of decomposed Cassava starch)
Tharanathan, 2005). The author believes that depending on the
eating rate, the observed reaction stages (Zones II and III in Fig. 1)
an be conjugated, and could cause the unification of reaction
echanisms multiple.

.2. Isoconversional analysis

The obtained data were applied to isoconversional methods
n order to determine the dependence of the apparent activation
nergy values on the degree of degradation (Ea = Ea(˛)). The con-
ersion range between 0.05 and 0.95 was investigated. Fig. 2 shows
a = Ea(˛) dependence for the non-isothermal degradation of Cas-
ava starch samples, calculated by the KAS and FR methods.

Results of KAS and FR analysis show that Ea value changes
uring the process (Fig. 2). It can be seen from Fig. 2 that both
AS and FR methods give similar values of Ea, and the same

rend of Ea changes with increasing of ˛. At the very low val-
es of  ̨ (in the range 0.05 ≤  ̨ ≤ 0.10 and for the temperature
p to 90 ◦C), we can observe the appearance of a low value of
a (1.5–19.0 kJ mol−1, taking into account both isoconversional
ethods). This conversion region corresponds to the free water
olecules, which are present in starch granules. The apparent

ctivation energy rapidly increases from 112.6 kJ mol−1 up to
26.5 kJ mol−1 (considering the values of Ea, calculated by KAS

ethod), in conversion range 0.15 ≤  ̨ ≤ 0.25 (250 ◦C ≤ T ≤ 325 ◦C).

he increasing behavior of Ea values with an increasing degree
f degradation indicates a complex reaction mechanism, which
ncludes a system of parallel and independent reactions. Already,
0.43365 494.95 0.06819 45.00
0.58479 497.58 0.09312 46.55

in this conversion range, we  can expect the start of starch degra-
dation, i.e. degradation of amylose and amylopectin structures
(characteristic average bond energies (D) in starch polymers are
as follows: D(C H) = 414.0 kJ mol−1, D(CH H) = 452.0 kJ mol−1,
D(H H) = 435.0 kJ mol−1, D(C C) = 347.0 kJ mol−1, D(C O) =
360.0 kJ mol−1, D(O O) = 146 kJ mol−1 (Mukherji, Singh, & Kapoor,
2010)). Since the starch is a morphologically complex polymer,
consisting of loose amorphous regions that are interspersed with
highly regular crystalline regions, resulting from the formation of
hydrogen bonds between the starch molecules (Smith, Zeeman, &
Smith, 2005; Waigh et al., 1997), we can also expect that in the
above-mentioned conversion range coming up the ruptures of
hydrogen bonds and damage of starch crystalline structure, which
leads to an increase in the value of Ea. This “action” breaks atomic
and hydrogen bonds in the granules, which can reduce the size of
crystalline region and creates the defects in crystalline structure,
which can further accelerated the reactions that take place within
considered conversion range (Table 1, column 3). It can be pointed
out, that the double helices in the crystalline lamellae of amy-
lopectin (formed by longer chains) require a much higher values
of temperature (above 300 ◦C (Fig. 1)) to dissociate completely
(Yamin, Lee, Pollak, & White, 1999). In addition, in considered

 ̨ region, there is also the removal of bound water molecules
impregnated into lamellar amylopectin structure, together with
simultaneous early carbonization (Liu, Yu, Xie, Li, Chen, & Li, 2010)
starting (Figs. 1 and 2). In a narrow conversion range 0.30 ≤  ̨ ≤ 0.40
(325 ◦C ≤ T ≤ 335 ◦C), we  can see that the value of Ea do not vary
Fig. 2. Isoconversional dependences (Ea = Ea(˛)) for the non-isothermal thermo-
oxidative degradation process of Cassava starch samples, calculated by the KAS
(Kissinger–Akahira–Sunose) and FR (Friedman) methods.
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Fig. 3. The Arrhenius-like plots evaluated by applying the stationary point (SP)

Based on the shape of y(˛) functions (Fig. 4), we  can conclude that
the degradation process can be described by some kinetic models
that belong to the groups of reaction order (RO(n)) or the diffusion
B. Janković / Carbohydrat

alues. However, in investigated conversion range, the gaseous
roducts are formed (such as methane, carbon dioxide and water).
ased on obtained high values of Ea (838.4 kJ mol−1), we can
lso expect that there is a partial bond ruptures in the gaseous
ntities (for example, direct atomization of methane requires
nergy of 1665 kJ mol−1 (416.2 kJ mol−1 per C H bond), while on
he other hand, average bond energy for carbon–oxygen double
ond (C = O) amounts 740 kJ mol−1 (Mukherji et al., 2010). Next
onversion region, which corresponds to 0.45 ≤  ̨ ≤ 0.80 (the
emperature range 337 ◦C ≤ T ≤ 430 ◦C, which includes “shoulder”
n the right side of main peak in DTG curve up to 430 ◦C (Fig. 1))
hows a slight increase of Ea value (from 456.5 kJ mol−1 (  ̨ = 0.45)
p to 486.3 kJ mol−1 (  ̨ = 0.50)), and then shows a decrease of Ea

alue (from 516.4 kJ mol−1 (  ̨ = 0.55) up to 37.5 kJ mol−1 (  ̨ = 0.80)).
he obtained values of Ea, and behavior of the apparent activation
nergy with increasing of ˛, may  indicate on a chain-end scission
f C C bonds (D(C C) = 347 kJ mol−1), generating more volatile
roducts. The chain-end scission takes place at the gas–liquid

nterface in the reaction medium. The chain end degradation
tarts from the end of the chain and successively releases the
onomer units. This type of degradation route is also known as

epolymerization reaction, which involves successive release of
onomer units from the chain ends (Price, Hourston, & Dumont,

000). It can be pointed out, that the observed increase in Ea value,
n narrow  ̨ range (from  ̨ = 0.45 to  ̨ = 0.55; T > 300 ◦C (Fig. 2)), may
e ascribed to thermal condensation between hydroxyl groups of
tarch chains to form ether segments and lose water molecules
nd other small molecular species. Dehydration of neighboring
ydroxyl groups in the glucose ring also occurred resulting in the

ormation of C = C (D(C = C) = 520 kJ mol−1) (Mukherji et al., 2010)
r breakdown of the glucose ring. Aldehyde groups were formed at
he same time possibly as end groups if, and when the glucose ring
as fractured. With increasing of temperature, the aromatic rings

an be generated, such as substituted benzene and furan structures
ith either —CH2— or —CH2—O—CH2— as main linkages between

he aromatic groups. In addition, the carbonization reactions of
nvestigated system at temperatures above 470 ◦C (for  ̨ ≥ 0.85;
ig. 2) probably lead to an increase in yield of aromatic carbon
tructures, and a decrease in yield of aliphatic carbons. Further
ncreases in temperature will likely lead to generation of amor-
hous carbon structures. From observed dependence of Ea on ˛,
he initial thermal reactivity significantly may  depend on changes
n the glucose units of starch and probably amylose content
Liu et al., 2010).

.3. “Stationary point” kinetic analysis

Fig. 3 shows the Arrhenius-like plots evaluated by applying the
tationary point method (Eq. (7)), for the Peak 1 (main), “shoulder
sh)” and Peak 2 of the DTG features, in the case of the non-
sothermal degradation process of Cassava starch samples, in an
ir atmosphere.

From the slope (−Ea/R) of the obtained linear plots (Fig. 3) for all
he observed reaction characteristics of the whole process, values of
he apparent activation energy (Ea) were calculated. The following
alues of Ea were obtained: Ea,1 = 990.5 kJ mol−1 (Peak 1 (main)),
a,sh = 586.6 kJ mol−1 (“Shoulder” (sh)) and Ea,2 = 459.7 kJ mol−1,
espectively. The obtained values of Ea calculated by the station-
ry point method were slightly higher than those calculated by
sing KAS and FR isoconversional methods (Fig. 2). These differ-
nces were expected, because SP method gives only single value of

a for the overall process, where Tp values can be very sensitive to
he changes on the heating rate, and this is especially pronounced
n the case of the complex processes that take place over several
eaction stages.
method, for Peak 1 (main), “shoulder (sh)” and Peak 2 on the corresponding DTG
curves, in the case of the non-isothermal thermo-oxidative degradation process of
Cassava starch samples.

4.4. Determination of the mechanism of the thermo-oxidative
degradation

The Ea value was quite stable in a conversion range of 0.30–0.40
according to two  isoconversional methods. Thus, the apparent acti-
vation energy value obtained by FR method (850.9 kJ mol−1) was
employed to calculate y(˛) and z(˛) functions. The dependence of
y(˛) function on degree of degradation (˛), for the non-isothermal
degradation of Cassava starch samples, at the different heating rates
is shown in Fig. 4.

Each individual y(˛) function is concave and has a clear maxi-
mum  ˛m at  ̨ = 0. These forms of y(˛) functions are characteristic for
kinetic models which rate-determining step is related to chemical
reaction (reaction order (Rn) kinetic models), and also for kinetic
models associated with diffusion phenomena (Málek et al., 2001).
Fig. 4. The normalized y(˛) functions for the thermo-oxidative degradation process
of  Cassava starch samples at:  ̌ = 10 ◦C min−1 (—�—), 20 ◦C min−1 (—•—), 30 ◦C min−1

(—�—) and 40 ◦C min−1 (—©—).
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Fig. 5. The normalized z(˛) functions for the thermo-oxidative degradation process
of  Cassava starch samples at:  ̌ = 10 ◦C min−1 (—), 20 ◦C min−1 ( ), 30 ◦C min−1
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Table 3
The values of reaction orders (n) for the observed reaction zones (peak 1 (main),
“shoulder (Sh)” and peak 2), calculated by Eqs. (13) and (14), in the case of thermo-
oxidative degradation of Cassava starch.

 ̌ (◦C min−1) 10 20 30 40

Peak 1 (main)
n (Eq. (13)) 3.51 2.78 3.62 4.07
Average 3.49

“Shoulder (Sh)”
n (Eq. (13)) 0.42 1.41 1.76 2.00
Average 1.40

Peak 2
n (Eq. (13)) 0.06 0.10 0.19 0.24
Average 0.15

Peak 1 (main)
n (Eq. (14)) 3.39 2.70 3.50 3.93
Average 3.38

“Shoulder (Sh)”
n (Eq. (14)) 0.41 1.36 1.68 1.91
Average 1.34

Peak 2

 ) and 40 ◦C min−1 ( ). At the same figure, the characteristic reaction
ones designated by Peak 1 (main), “Sh” (“shoulder”) and Peak 2 were also given.

D) mechanisms. Fig. 5 shows the calculated z(˛) functions at dif-
erent heating rates, for considered degradation process of Cassava
tarch.

The shapes of the z(˛) plots are practically variant with respect
o heating rate. All z(˛) plots clearly show three reaction zones des-
gnated with Peak 1 (main), “shoulder” (as “Sh”) and Peak 2. The
onversions, in which the y(˛) and z(˛) functions exhibit the max-
mum values (˛m and ˛∞

p ) for the different heating rates, are listed
n Table 2.

For all reaction zones marked by the Peak 1 (main), “shoul-
er” and the Peak 2, the data in Table 2 which has been extracted
rom Fig. 5, show that ˛∞

p values depend on the heating rate.
hese variances are corresponded to the variances in the calcu-
ated values of the apparent activation energies. Indeed, it can be
oncluded that kinetic process will not follow a single-step degra-
ation model and the calculated values of Ea are really “apparent”
alues and may  differ from the actual values. Since the obtained
alues of ˛∞

p (Table 2) in all reaction zones are not equal to
.632, 0.704, 0.776 and 0.834 (as the characteristic values for JMA
Johnson–Mehl–Avrami) (Johnson & Mehl, 1939; Avrami, 1939)

odel and D3, D4 and D2 diffusion models, respectively), the inves-
igated degradation process can be described by the reaction order

odel (RO(n /= 1)), with different values of n. The data presented in

able 2 require further discussion. According to parameter ˛∞

p , the
inetic model can be characterized and consequently reaction order

 can be calculated (only if it is assumed that the process is subject

able 2
he conversions, in which y(˛) and z(˛) curves exhibit the maximums (˛m and ˛∞

p )
designated by peak 1 (main), “shoulder” (as “Sh”) and peak 2) for the different
eating rates.

Heating rate (◦C min−1) 10 20 30 40

Peak 1 (main)
˛m 0 0 0 0
˛∞

p 0.394 0.437 0.388 0.367

“Shoulder (Sh)”
˛m 0 0 0 0
˛∞

p 0.777 0.567 0.525 0.500

Peak 2
˛m 0 0 0 0
˛∞

p 0.951 0.926 0.873 0.845
n (Eq. (14)) 0.05 0.10 0.18 0.23
Average 0.14

to RO(n /= 1) model), from the following equation (Montserrat,
Málek, & Colomer, 1998):

˛∞
p = 1 − n1/(1−n) (13)

Using this equation, the reaction order (n) can be calculated by
an iterative calculation procedure. Values of n calculated by Eq. (13)
for observed reaction zones at different ˇ’s are listed in Table 3.

It can be seen from Table 3 that the obtained values of n
deviate from the first order reaction, and these values lie in
the ranges n = 2.78–4.07 (Peak 1), n = 0.42–2.00 (“Shoulder”) and
n = 0.06–0.24 (Peak 2). Except for Peak 1, in two other cases, the
value of n increases, with increasing of heating rate (Eq. (13);
Table 3). The reaction order (n /= 0) for RO(n) kinetic models can
be calculated iteratively using equation in the form (Málek, 1992):

˛p = 1 −
[

1 + (1 − n)
n

xp�(xp)
]1/(n−1)

(14)

Eq. (14) was  derived originally by Gorbachev (Gorbachev, 1983)
for �(xp) = 1/(xp + 2), where xp = Ea/RTp. In order to calculate the
reaction order at all observed heating rates for investigated
reaction zones (Peak 1 (main), “Shoulder” and Peak 2), Ea val-
ues calculated by SP method were used. In order to test the
validity of calculated values of reaction order by Eq. (14) and
confirm the selected n-th order kinetic model (f(˛) = (1 − ˛)n), val-
ues of n estimated by Eq. (14), are also listed in Table 3. From
Table 3 we can see that there is very good agreement between
the values of n, calculated using Eqs. (13) and (14), respec-
tively.

4.5. Calculation of the pre-exponential factor

Knowing the value of the apparent activation energy and kinetic
model, pre-exponential factor (A) can be calculated. Using the con-
dition of maximum of thermo-analytical peak, the pre-exponential
can be calculated by the following equation (Málek, 1992; Málek
et al., 2001):
A = − ˇ · xp

Tp · f ′(˛p)
·  exp (xp) (15)

where f′(˛p) = df(˛p)/d˛p.
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Table  4
The values of f′(˛p) and A, calculated by Eq. (15) for the observed reaction zones (peak 1 (main), “shoulder (Sh)” and peak 2), in the case of thermo-oxidative degradation of
Cassava  starch.

 ̌ (◦C min−1) Peak 1 (main) “Shoulder (Sh)” Peak 2

f′(˛p) A (min−1) f′(˛p) A (min−1) f′(˛p) A (min−1)

10 −1.02085 2.669 × 1086 −0.99295 1.079 × 1050 −0.94942 6.541 × 1031

20 −1.01539 2.326 × 1086 −0.99812 1.308 × 1050 −1.09103 5.233 × 1031

30 −1.01733 1.819 × 1086 −1.00084 1.351 × 1050 −1.02868 5.004 × 1031

40 −1.02267 1.270 × 1086 −0.99528 1.253 × 1050 −0.97734 5.455 × 1031
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Average – 2.021 × 1086

Table 4 shows the values of f′(˛p) and A, calculated by Eq. (15),
or investigated reaction zones (Peak 1 (main), “Shoulder” and Peak
), in the case of thermo-oxidative degradation of Cassava starch
amples.

As can be seen from Table 4, a very high values of pre-
xponential factors (A) were obtained for all reaction zones,
specially in the case of Peak 1. Values of pre-exponential factor
or a solid phase reactions are expected to be in a wide range
six or seven orders of magnitude), even after the effect of sur-
ace area is taken into account. For the first order reactions, A may
ary from 105 to 1017 min−1, while for reactions which occur with

 � 1 (large deviation from the first-order kinetics, as in the case
or reaction under Peak 1 zone) the magnitude of pre-exponential
actor can reach tens of potency in magnitude. High values of A
sually indicate a formation of “loose” complexes in the system
Viswanathan, 2008; Forst, 1966). The formation of these com-
lexes probably occurs in stages ascribed to “Peak 1” and “shoulder”
Table 4). In reaction stage attributed to Peak 2 (Table 4), the for-

ation of such complexes is reduced in intensity, and minimizes at
he end of the whole degradation process. In addition, high values
f pre-exponential factor at the considered heating rates, for reac-
ion zones attached with Peak 1 and “shoulder” (Table 4), indicate a
uite number of degradation sites for investigated sample. It should
e noted that based on results presented in Table 4, the continu-
us change of pre-exponential factor can be expected in air, taking
nto account the competitive oxidative reactions. These reactions
merge due to the possible new routes of oxidation, because new
egradation centers can appear with the competitive reactions.

.6. The interpretation of degradation mechanism

The routes of by which polymers degrade and that result in evo-
ution of volatile products with an accompanying mass change, can
e categorized into four main mechanisms, such as: main-chain
cission, side group scission, elimination and depolymerization.
yclization and cross-linking rarely result in any change of sample
ass unless they occur in conjunction with the first four mecha-

isms, and are not detected by thermogravimetry (Chiu, 1987). For
ain reaction zone, the average values of reaction order (n) cal-

ulated by Eqs. (13) and (14) are 3.49 and 3.38 (Table 3), which
ndicate that in this stage, the degradation process is very com-
lex and the system is more difficult to be degraded, and the more
pparent activation energy is required during this stage of the pro-
ess. This approach implies that cleavage of the first bonds will
ot immediately result in evaporation and, thus, this consideration
ay  indicates an initiation period with a comparatively low conver-

ion rate. In general, following this initiation period, the conversion
ate first increases until it reaches a maximum and then decreases
ue to a decrease of the available number of bonds. Due to the

omplex nature of this degradation stage, its kinetics is not pos-
ible to be described with zero, first or second order kinetics. The
omplex nature of this degradation stage is reflected also through
he fact that it was found, that for reactions with reaction order
1.248 × 1050 – 5.558 × 1031

n > 2.00, the values of the pre-exponential factors obey to Gamma
distribution (Capart, Khezami, & Burnham, 2004). For the reaction
zone described by Peak 1, the mechanism of the process probably
occurs through the series of competitive reactions, which includes
depolymerization (which can be explained by the chain scission
of the glycosidic linkage of polysaccharide), where occur through
free radical mechanism (in this type of degradation, molecular
weight of the biopolymer decreases slowly and large quantity of
the monomer is liberated simultaneously), and subsequent decom-
position of amylopectin and amylase degradation products. High
value of reaction order, for this reaction zone (Table 3) (high orders
in process description when, at least theoretically, the reaction
order should not exceed 2) can be explained with a “lumped” model
(Stolarek & Ledakowicz, 2005), which implies that the free radicals
simultaneously attack both linear and branched molecular forms
of the starch. Oxygen with free radicals R·, may  create an active
form ROO· which can with RH leads to appearance of ROOH + R·,
who still participates in the process cycles. In this zone, like other
polysaccharide, gaseous productions could include CO, CO2, CH4,
H2O, C2H4, and CH2O (Soares, Lima, Oliveira, Pires, & Soldi, 2005).
Probably the presence of CO, CO2 and carbonyl compounds con-
firms that the scission of glycosidic linkages and strong bonds in
backbone of starch taking place (Fig. 2). In next reaction zone (“sub-
stage”) characterized by “shoulder”, with mechanism described
with average values of reaction order as n = 1.40 (=1.34) (Table 3),
starch structure is disintegrated and highly cross-linked system
was probably formed. After that, thermal reactions of investigated
system followed the mechanism of cross-linking and decompo-
sition of the formed levoluglucosan and furfural, where volatile
products are safely released. In latter stage (Peak 2), the process
occur through the mechanism with reaction order smaller than
unity (n = 0.15 (Eq. (13)) and n = 0.14 (Eq. (14)) (Table 3)). Given
that the value of n is very close to zero value, in this case the
value of n can be approximated with zero-order kinetics. A zero-
order reaction proceeds at a rate that is independent of reactant
concentration. Increasing or decreasing the concentration of reac-
tants will not speed up or slow down the reaction, respectively.
This means, that the rate of reaction is equal to rate constant (k)
of that reaction. In considered reaction zone (Peak 2), degradation
proceeds through the carbonization reactions of studied system, at
temperatures above 450 ◦C which probably increases the concen-
tration of aromatic carbon compounds, and where we can expect
here that concentration of aliphatic carbons decreases. Also, at even
higher temperatures, in the range 580–600 ◦C, the probably formed
conjugated aromatic structures in mentioned temperature range
(Zhang, Looney, Solomon, & Whittaker, 1997), can generate the
amorphous carbon structures. This assumption is justified if we
take into account the obtained low value of Ea (almost three times
lower value of Ea, than obtained values for Ea, in previous degra-

dation stage (Fig. 2)). This amorphous carbon structures can easily
burns in oxidative (air) atmosphere and thus facilitates the Cassava
starch thermal degradation. This is sustained by lower appar-
ent activation energy, where reactions occur with a zero-order
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Table 5
The kinetic parameters obtained by the nonlinear least squares method, for the thermo-oxidative degradation of Cassava starch.

 ̌ (◦C min−1) 10 20 30 40

Peak 1
n a 3.42 (.10) 2.78 (.08) 3.61 (.04) 3.98 (.12)
Ea (kJ mol−1) a 989.6 (5.3) 986.9 (4.2) 987.1 (2.1) 986.4 (2.8)
A  (min−1) a 1.501 × 1085 4.201 × 1085 6.933 × 1085 5.022 × 1085

fit (%) 7.68 (.07) 3.57 (.05) 4.35 (.11) 3.60 (.09)
“Shoulder (Sh)”
n a 0.56 (.15) 1.42 (.16) 1.65 (.06) 1.98 (.05)
Ea (kJ mol−1) a 582.8 (6.7) 583.6 (8.3) 588.1 (7.8) 589.7 (6.1)
A  (min−1) a 1.102 × 1049 1.861 × 1049 2.152 × 1049 1.050 × 1049

fit (%) 4.67 (.06) 5.01 (.02) 5.31 (.03) 4.82 (.06)

Peak  2
n a 0.09 (.00) 0.12 (.02) 0.20 (.04) 0.27 (.04)
Ea (kJ mol−1) a 461.8 (2.9) 460.3 (3.2) 457.9 (8.6) 462.1 (7.7)
A  (min−1) a 7.681 × 1030 1.227 × 1030 1.390 × 1030 1.525 × 1030

fit (%) 3.11 (.03) 3.69 (.0

a Average values (av) of kinetic parameters (Ea,av , Aav and nav) are presented in Fig. 6.

Fig. 6. The comparison between experimentally obtained non-isothermal ˛–T
curves (lines), and calculated ˛–T curves (symbols) obtained by nonlinear least
squares method, for the thermo-oxidative degradation process of Cassava starch
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models for the pyrolysis of a microgranular cellulose. Thermochimica Acta, 417,
amples. The average values of the kinetic parameters (Ea,av , Aav and nav) are pre-
ented in the same figure.

echanism, so that considered degradation stage is the slowest,
ompared to previous levels of degradation (Table 1). The rate of
his degradation stage can be in the first approximation equals
o the value of (d˛/dt)p2, which are presented in Table 1 (for
ach of observed heating rate), so then we can infer ((d˛/dt)p2) ≡
p2.

Fig. 6 shows the comparison between experimentally obtained
on-isothermal ˛–T curves (lines), and calculated ˛–T curves (sym-
ols) obtained by nonlinear least squares method. The average
alues of kinetic parameters (Ea,av, Aav and nav) are presented in
he same figure.

It can be seen from Fig. 6 that there is a very good agreement
etween experimental and calculated non-isothermal conversion
urves at all considered heating rates (ˇ). The estimated kinetic
arameters (values of kinetic parameters together with corre-
ponding standard deviations, calculated by NLE method are listed
n Table 5; almost negligible standard deviations at each of con-
idered heating rates were obtained; the results indicate invariant
he goodness of fit at different heating rates, and same results
onsequently imply the reliability of evaluated kinetic parame-

ers as well as function f(˛)) are in good agreement with values
f kinetic parameters derived using kinetic methods presented in
his paper.
5) 4.79 (.07) 4.18 (.14)

5. Conclusions

Thermo-oxidative degradation process of Cassava starch sam-
ples was  investigated by thermogravimetric analysis (TGA) and
derivative thermogravimetry (DTG) at the different heating rates
(10, 20, 30 and 40 ◦C min−1). It was  established that degradation
process proceeds through three main degradation stages with one
additional sub-stage attached to the second degradation stage.
First stage includes liberation of water molecules and other small
molecular species. Second stage comprises the series of com-
petitive reactions, which includes depolymerization (which can
be explained by the chain scission of the glycosidic linkage of
polysaccharide), where occur through free radical mechanism, and
subsequent decomposition of amylopectin and amylase degrada-
tion products. It was  explained that mechanism of process in this
stage can be explained by the introduction of “lumped” model.
The last reaction stage includes intensive carbonization reactions
where the amorphous carbon structures were formed. It was found
that identified degradation stages are characterized by specific val-
ues of reaction orders. The nonlinear least squares method was
confirmed the reliability of evaluated kinetic parameters and also
the function of reaction mechanism.
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