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Abstract

The thermal decomposition kinetics of cashew gum, an exudate polysaccharide from A. occidentale L., has been inves-
tigated by thermogravimetric analysis in nitrogen and air atmospheres and non-isothermal conditions. The heating rates
were of 5, 10, and 20 K min~! and gas flow of 20 mL min~!. The NETZSCH Thermokinetics 3 software estimated the
activation energy and pre-exponential factor with Friedman and Ozawa-Flynn—Wall methods. Multivariate nonlinear
regression analysis was applied to estimate a probable mechanism and lifetime prediction and to describe the thermal
decomposition. The results obtained showed that the energy activation is dependent on the conversion degree for both
atmospheres. For nitrogen, the most appropriate kinetic model was estimated with two consecutive stage reactions (FnF1
model). For air, the best model was estimated with six stages consecutive and completive reactions (FnFnFnFnFnFn

model).
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Introduction

Cashew gum is a bark exudate from Anacardium occi-
dentale L., a tree that can grow up to 10 meters. It is
widely grown in many tropical and subtropical countries;
the cashew tree is native to northeastern Brazil. However,
it can also be found in India, Mozambique, Tanzania, and
among other countries. The tree is well known for its nuts
that are used as a food ingredient [1]. Exudate gums are
among the oldest natural gums, and they were already
being used as thickening and stabilizing agents about
5000 years ago [2]. They are generally produced by
wounding the tree during pruning or as a direct result of
attack by insects or microorganisms [3]. Some of these
exudate gums have been used in international trade, such
as gum arabic, gum ghatti gum tragacanth, and gum
karaya [2].
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Cashew gum is a complex polysaccharide that after
hydrolysis results in higher galactose content and other
constituents such as arabinose, glucose, rhammose, man-
nose and glucuronic acid [4, 5]. The structural analysis of
cashew gum from India revealed a branched polysaccha-
ride consisting of chains of B-(1 — 3)-linked D-galactose
residues interspersed with B-(1 — 6) linkages. Arabinose
is present as end groups or in short (1 — 2)-linked chains
up to five units long. Glucose, rhamnose, mannose, xylose,
and uronic acid are all present as end groups [6]. Thermal
and rheological characteristics of cashew gum showed
similarity to gum arabic [7, 8]. Cashew gum showed health
benefits such as antitumor [1] and antihypertensive [9]
actives.

Thermal analysis has been widely used for the charac-
terization of polysaccharides such as the determination of
glass transition temperature [10], thermal stability [11-13],
and kinetic studies [14—17]. Kinetic data are extremely
important for performance and for understanding the
mechanism of a material, through mathematical models
and numerical predictions, especially due to the combina-
tion of factors such as heat transfer, mass transfer phe-
nomena, chemical reactions, and thermal stability. Notions
of kinetic parameters such as pre-exponential factor and
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Fig. 1 TG/DTG curves for cashew gum under nitrogen at three heating rates
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Fig. 2 TG/DTG curves for cashew gum under air at three heating rates

activation energy can help elucidate the mechanism of
solid-state reactions, which could be useful to estimate the
lifetime of a given material [18]. According to [19], the
lifetime of a material is the time after which the material
loses its properties to such extent that it cannot fulfill
efficiently the function for which it was created. In the
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literature, there are several studies focused on the lifetime
prediction of different materials [20-25].

In the previous paper, we studied the thermal behavior
of cashew gum by simultaneous TG/DTG/DSC-FTIR
analysis under nitrogen and air atmospheres [26]. In this
present investigation, we have studied the kinetic
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ods to propose a probable mechanism and lifetime pre-
diction to explain the thermal decomposition process under
nitrogen and air atmospheres.

Kinetic study of thermal degradation

Kinetic analysis of solid state is generally based on the
kinetic Eq. (1):

do

—=k(T 1
= k(T (2) (M
where ¢ is the time, « is the conversion degree, T is the
temperature, and f(a) is reaction model. The dependence
of the process rate on temperature, k(7), is introduced by

replacing the Arrhenius equation:

Table 1 Kinetic parameters of non-isothermal degradation for
cashew gum according to Friedman and Ozawa—Flyn—Wall (OFW)
analysis under nitrogen

Friedman OFW

E,/kJ mol™! log A/s™! E,/kJ mol™! log A/s™!
0.1 205.5 17.0 211.6 17.8
0.2 199.7 15.9 209.5 173
0.3 189.7 14.8 199.9 16.1
0.4 193.4 15.2 198.4 15.8
0.5 191.6 15.0 197.8 15.7
0.6 193.2 15.2 197.5 15.7
0.7 194.3 15.3 197.2 15.6
0.8 213.2 17.0 199.7 15.8
0.9 353.1 289 234.8 18.9

where A is pre-exponential factor, E is the activation
energy, and R is the gas constant. Under non-isothermal
conditions in which a sample is heated at constant heating
rate f5, rearranging Eq. (2) leads to Eq. (3):

gla) = :J%:%T{ exp(}—f)dT

where f =dT/dt and g(o) is the integral form of the
reaction model [19, 27]. Some approximations were pro-
posed using different kinetic models to determine the
kinetic parameters on Eq. (3). Using Thermokinetics soft-
ware through model-free analysis, a kinetic study could be
achieved based on the Ozawa-Flynn—Wall and Friedman
approximation models [18].

The Friedman and Ozawa-Flynn—Wall methods are
isoconversional methods used to estimate values of acti-
vation energy, which is a function of the conversion
degree. The main advantage related to isoconversional
methods is that the activation energy is calculated without
any prior knowledge of the analytical form of the conver-
sion function flo) [28, 29].

The Ozawa-Flynn—Wall method is based on the fol-
lowing Eq. (4):

Inf =1In <%) —Ing(a) —5.3305 + 1.052 <%) 4)

(3)

The Friedman method is based on the following Eq. (5)
[18]:

do

1n<—) =1In f(x) +1nA _E

dT RT )
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Fig. 4 a Friedman analysis and b Ozawa—Flynn—Wall analysis for cashew gum under air

Table 2 Kinetic parameters of non-isothermal degradation for
cashew gum according to Friedman and Ozawa—-Flyn—-Wall (OFW)
analysis under air

Friedman OFW

E,/kJ mol™! log A/s™! E,/kJ mol™! log A/s™!
0.1 178.7 142 190.6 155
0.2 166.4 12.7 173.8 13.6
0.3 176.9 13.7 172.0 133
0.4 180.0 13.9 174.7 135
0.5 199.7 15.7 177.7 13.8
0.6 293.9 23.7 200.2 15.8
0.7 375.7 29.1 369.9 29.9
0.8 173.0 10.5 211.9 145
0.9 251.9 159 231.7 15.0
Experimental

Cashew gum: origin and purification

Crude cashew tree exudates were collected from A. occi-
dentale trees in the CNPAT—EMBRAPA, Ceara, Brazil.
Cashew gum was purified by alcoholic precipitation as
described in the previous work [1].

Methods

The thermal degradation of cashew gum was performed on
TG/DSC-FTIR NETZSCH thermal analyzer, model STA
409 PG Luxx under nitrogen and air atmospheres. The
experiments were carried out with heating rates of 5, 10
and 20 K min~' and flow of 20 mL min~'. Themogravi-
metric (TG) curves were used to investigate the kinetic of
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thermal degradation in non-isothermal conditions. The
determination of kinetic parameters was performed by the
NETZSCH Thermokinetics 3 software, using the “model-
free” analysis, which uses the Friedman and Ozawa—
Flynn—Wall methods. The software also allowed the real-
ization of “model fitting”, where the multivariate nonlinear
regression was applied to determine the most suitable re-
action model for the decomposition process of cashew
gum.

Results and discussion

Figure 1 shows the TG/DTG curves for cashew gum
obtained at three heating rates under nitrogen atmosphere.
The first mass loss is attributed to moisture evaporation and
the main decomposition stage started at around 240 °C,
which is related to the decomposition of polysaccharides
and there is also a major mass loss. Figure 2 shows the TG/
DTG curves for the cashew gum obtained at three heating
rates under air. As observed in our previous work [26], the
TG/DTG curves under oxidative atmosphere are similar to
the curves under nitrogen until the temperature is around
340 °C; however, it is possible to see two peaks in DTG
curve under nitrogen and four peaks in DTG curve under
air. The peaks observed between 400 and 500 °C in air are
related to the oxidation of the carbonaceous material.

In order to better understand the thermal degradation of
cashew gum, the kinetic analysis was performed using the
temperature between 180 and 360 °C for nitrogen and
between 180 and 500 °C for air, which were related to the
major degradation of cashew gum.

Figure 3 shows the Friedman and Ozawa-Flynn—Wall
analysis for the cashew gum under nitrogen atmosphere. In
Fig. 3a, which shows the Friedman analysis, there are two
peaks. The first peak started at around 247 °C, and the
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second peak occurred at around 264 °C and 322 °C. The
presence of two peaks indicates that the decomposition
happens in at least two stages. In Fig. 3b, which shows the
Ozawa-Flynn—Wall analysis, it can observed that the
straight lines referring to isoconversions showed higher
parallelism in the range of 282 and 308 °C, which corre-
spond to maximum decomposition of cashew gum.

Table 1 shows the values obtained for activation energy
(E,) and pre-exponential factor logarithm (log A) in

T T . x T T T

300 350 400 450 500

Temperature/°C

agreement with the conversion degree (o) for Friedman and
Ozawa-Flynn—Wall analysis under nitrogen atmosphere. It
can be seen that both methods showed that the activation
energy is dependent on the conversion degree. The
dependence of the activation energy on the degree of
conversion is an indication of the presence of a multiple-
stage reaction [27].

Figure 4 shows the Friedman and the Ozawa-Flynn—
Wall analysis for cashew gum under air atmosphere. In
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Fig. 8 Lifetime prediction of cashew gum under different temperatures under air

Fig. 4a, four peaks were observed in Friedman analysis.
The first two peaks appeared in the same temperature range
performed in the analysis under nitrogen. The third peak
occurred between 384 and 431 °C, and the fourth peak
occurred between 431 and 462 °C. Once more, these peaks
correspond to TG analysis. In Fig. 4b, which shows the
Ozawa—Flynn—Wall analysis, the straight lines referring to
isoconversions showed higher parallelism between 270 and

@ Springer

308 °C, as observed in TG analysis under nitrogen and
parallelism in the range of 431 and 462 °C.

Table 2 shows the values obtained for activation energy
(E,) and pre-exponential factor logarithm (log A) in
agreement with the conversion degree (o) for Friedman and
Ozawa-Flynn—Wall analysis under air atmosphere. As
observed in nitrogen atmosphere, the E, values founded are
dependent on the conversion degree.
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When evaluating the data obtained by isoconversional
methods, it was possible to propose a probable mechanism
to explain the process of thermal decomposition of cashew
gum. The simulations were performed on Thermokinetics 3
software, and the kinetic models tested were the following:
consecutive, parallel, and competitive stages, with reaction
order (F1, F2, and Fn) and autocatalytic reactions (Cn).
According to the evaluation of the statistical F-test of the
software, the importance of a model is observed when the
experimental values of F are lower than the critic value.

Figure 5 shows the result of simulation for the chosen
kinetic model under nitrogen. The obtained results showed
that the most appropriate model to describe the thermal
decomposition process was of two consecutive stages,
being the first stage of n order (Fn), f() = (1 — )", and
the second stage of first order (F1), f(x) = (1 —a)".

The kinetic parameters found for the first stage were:
E,=1959Kk] mol !, log A=17.1, and reaction
order = 2.7. For the second stage, the values obtained
were: E, = 197.7 k] mol !, log A = 15.7, and reaction
order = 1.0.

Figure 6 shows the result of the simulation for the
chosen kinetic model under air. The results obtained for the
decomposition process were of the consecutive and com-
pletive reactions with six stages, and all reaction of n order
(Fn), f(o) = (1 — o)™

The kinetic parameters found for the first stage were:
E,=178kJ mol_l, log A=151, and reaction
order = 3.7. For the second stage, the values obtained
were: E, = 174.2 kJ mol !, log A = 13.7, and reaction
order = 0.4; for the third stage: E, = 155.9 kJ mol_l, log
A = 8.9, and reaction order = 0.8; for the fourth stage:
E,=81.6Kk] mol ™!, log A= — 59, and reaction
order = 2.4; for the fifth stage: £, = 187.9 kI mol !, log
A = 22.1, and reaction order = 2.7; and for the sixth stage:
E, = 1502 k] mol ™!, log A =107, and reaction
order = 0.4.

Through the selected models, it was possible to predict
the lifetime of cashew gum in the studied conditions.
Figures 7 and 8 show the isotherms predictions in nitrogen
and air atmospheres. It can be seen cashew gum exhibited
very high stability with a lifetime of 20 years, from 40 to
80 °C, with a conversion degree of less than 5% in both
atmospheres.

Conclusions

Thermal decomposition kinetics of cashew gum was
studied in nitrogen and air and in non-isothermal condi-
tions. The kinetic parameters were estimated by Friedman
and Ozawa-Flynn—Wall isoconversions models, and

multivariate nonlinear regression analysis was applied to
estimate a probable mechanism. Two peaks were recog-
nized in Friedman analysis in nitrogen, and four peaks were
recognized in Friedman analysis in air. In both atmo-
spheres, the activation energy values were dependent on
the conversion degree. In nitrogen condition, the kinetic
model was estimated with two consecutive stages (FnF1).
In air condition, the kinetic model was estimated with six
consecutive and competitive stages (FnFnFnFnFnFn
model). Cashew gum showed very high stability with a
lifetime of 20 years, from 40 to 80 °C, in nitrogen and air
atmospheres, as predicted by the model-free analysis.
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