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Abstract

The purpose of this study was to determine the expression of a kinetic model and the determination of kinetic parameters
for cork. Thermal analysis kinetics of cork and impurities (sclereids and lenticels) were studied by thermogravimetric (TG)
curves. The Malek method was used to obtain kinetic parameters in this experiment. Reconstruction models of y(ot) and z(or)
were compared with standard curves to determine appropriate kinetic models. The results showed that the RO(r) model was
suitable to describe the dynamic process of cork, sclereids, and lenticels. The expressions of kinetic models were flo) = (1 —
o)+ for cork, fla) = (1 — a)>*% for sclereids, and flor) = (1 — a)>%° for lenticels. The natural log values In 4 were 19.56,
28.90, and 28.88 In s for cork, sclereids, and lenticels, respectively. Fitting errors of parameters for cork, sclereids, and
lenticels were less than 5 percent. The fitted conversion rate and curves of mass fraction were in good agreement with
experimental data. Obtaining the kinetic model and parameters provides a basis for prediction of thermal properties of cork.

Cork is a natural material obtained from the phellem
layer of cork oak. There are mainly two categories of cork
oak. Quercus suber is located in the Mediterranean region,
and Quercus variabilis is in China. The bark of cork oak can
be stripped every 15 to 20 years without affecting tree health
(Luo et al. 2009). Cork production in Europe accounts for
80 percent of world production, especially for Portugal
(Silva et al. 2005). Over the last 1,000 years, cork has had
the reputation of having a low density, high elasticity, good
thermal insulation, good acoustic insulation, flame retard-
ancy, and abrasion resistance. Cork can be used as an
insulating layer and heat shield in and during cold storage as
advanced building components (Luo et al. 2009), and space
in vehicles (Pereira 2007) because of its high heat insulation
performance.

Cork that is first produced from the first periderm is called
virgin cork. Sclereids and lenticels occur more frequently in
virgin cork than in second cork (Zhao 2012), which is from
the newly produced phellem layer. Sclereids are lignified
sclerenchyma cells, also known as a stone cell. Intercellular
open spaces exist in lenticels that exchange gas with air
(Pereira 2007). Sclereids and lenticels have great impact on
processing and utilization of cork. Sclereids accelerate tool
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wear owing to hard material texture and high density.
Lenticels make the sliced cork tear considerably, causing
significant surface scratches (Zhao et al. 2013). At present,
there have been many studies on cork; however, reports on
the effect of sclereids and lenticels on cork quality are rare.

With the development of science and technology,
especially the rise of space technology, effective methods
for evaluating the thermal stability and service life for
polymer materials are needed. Thermal analysis was first
used to study reaction kinetics in the 1920s and was
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developed in the 1950s (Vyazovkin and Wight 1998, Hu et
al. 2008). This method is used to study the reaction kinetics
of solid matter under linear heating conditions. With a
single thermal analysis curve, it is difficult to determine the
reaction mechanism. The activation energy and order of
reaction are calculated from a single experimental curve
using the Freeman and Carroll (1958) method. However, the
linear relationship between E and In 4 (E is activation
energy and A4 is preexponential factor) makes them covary.
Therefore, all kinetic parameters obtained from a single
experimental curve are somewhat problematic (Sestak and
Malek 1993). The Malek method solves the above problem
by obtaining these parameters separately. It calculates the
activation energy by an iso-conversional method and then
reconstructs the kinetic curve. The kinetic model can be
determined from these reconstruction curves, and a
preexponential factor related to the selected models can be
obtained (Malek 1989, 1992, 1993; Malek and Smrcka
1991; Malek et al. 2001). The Malek method has been
applied in glassy germanium disulfide (Malek 1989),
chalcogenide glasses (Malek 1989), zirconium dioxide
(Malek et al. 2001), and natural fibers (Yao et al. 2009).
Activation energy and preexponential factors have been
obtained from one single thermal analysis curve for cork
(Wei and Xiang 2010). However, kinetic parameters of
cork, sclereids, and lenticels using Malek’s method have not
been reported.

The thermodynamic analyses of cork, sclereids, and
lenticels at different heating rates were studied to obtain the
basic information that may differ from wood. The Malek
method was used in this experiment to develop reconstruc-
tion models of y(a) and z(o), which were further used to
determine kinetic models of f{o) for cork and impurities.
The objective of this study was to determine the kinetic
model of f{a) and kinetic parameters of 4 and »n. This work
can help understand pyrolysis characteristics of cork,
sclereids, and lenticels, providing the theoretical foundation
for processing and utilization of cork.

Kinetic Methods

The dynamic equation for a solid state reaction has been
described by Malek (1992) and Hu et al. (2008)

do.
<~ dexp(—x)f (%) (1)
t
where o is conversion rate, ¢ is time (s), 4 is preexponential
factor (s'), x is reduced activation energy, and fo) is
kinetic model.
The conversion rate of o is calculated as

Wy — Wy

= 2
P 2)
where w, is sample weight at initial time, w, is weight at
time ¢, and wyis final weight.

E
- G)

where E is activation energy (kJ/mol), R is universal gas
constant (8.314 X 107 kJ/mol), and T is absolute
temperature (K).

Under nonisothermal conditions, the temperature rises at
a constant heating rate f (°C/min). Integrating Equation 1,
we obtain

X
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where m(x) is an approximation of the temperature integral.
According to previous studies, the rational expression of
Senum-Yang is appropriate as follows (Senum and Yang
1977, Malek 1992):

x> + 18x% + 88x + 96
nx) = 5= 3 (5)
x* 4+ 20x° + 120x% + 240x + 120
Kinetic models of flo)) and g(o) can be determined by
defined functions of y(a) and z(a) using the Malek method.

The functions of y(a) and z(o) are as follows (Yao et al.
2009):

y(a) = e = 47 (a) (©
doaT
2(0) = (0 G s = (g )

Experimental data of thermal analysis were collected and
were substituted into Equations 6 and 7. After normalization
within the interval between 0 and 1, the shapes of y(o) and
z(o) were obtained. The mechanism functions of f{a) and
g(a) were then determined after comparing experimental
curves of y(a) and z(o) with the standard curves (Malek
1992).

Materials and Methods

Bark of Q. variabilis, virgin cork, was collected from
mature trees (50 yr old) and harvested in China. Cork,
sclereids, and lenticels were separated manually from the
bark. Cork, sclereids, and Ienticels were ground and
screened with a 40- to 60-mesh sieve. The moisture content
of cork was 6 percent.

A thermogravimetric analyzer (TA-60WS made by
Shimadzu Company in Japan) was used to analyze the cork
materials. The powder was distributed in the sample pan,
and the initial weight of the cork was 4 mg owing to low
density; sclereids and lenticels were 9 to 10 mg. Measure-
ments of the thermokinetics were in an atmosphere of
nitrogen of 50 mL/min. Thermogravimetry (TG) curves
were obtained in the range of 25°C to 1,000°C at heating
rates of 10°C/min, 20°C/min, and 30°C/min. Data process-
ing and parameter calculation were determined using
MATLAB software.

Results and Discussion

Determination of the f(a) function

Thermal kinetic models of f{a) corresponding to various
mechanisms are summarized in Table 1. The Johnson-Mehl-
Avrami (n) (JMA[n]) model is based on the assumption of
nucleation and growth processes. The simplified geometry
of the diffusion process is expressed by two-dimensional
diffusion (D2), Jander equation (D3), and Ginstling-
Brounshtein (D4) models. Reaction order () (RO[#]) and
Sestak-Berggren (m,n) (SB[m,n]) models are empirical
kinetic models (Malek et al. 2001). It is possible to
determine the appropriate model for the materials because
there is a large difference of parameters among different
kinetic models (Malek and Criado 1994).
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Table 1.—Summary of thermal kinetic models.

Model Symbol flon) g(o)
Johnson-Mehl-Avrami IMA(n) n(l — a)[—In(1 — o)]' =" [—In(1 — o))"
2D-diffusion D2 1/[—In(1 — o)] o+ (1 —o)ln(l — a)
Jander equation D3 32)1 — w1 — (1 — w1 [1 =1 — o) B3P
Ginstling-Brounshtein D4 G2 —a)y " —177! 1— @Ry —(1 —a)??
Reaction order RO(n) 1 - [1—1 ==/ —n)
Sestak-Berggren SB(m,n) o"(1 — a)”

The flo) function can be determined from a nonisother-
mal curve if activation energy is known (Malek 1989). In
order to accurately determine the activation energy, both the
Friedman and Flynn-Wall-Ozawa (FWO) methods were
applied to calculate the activation energy of cork and its
impurities. Activation energy values using the Friedman
method and FWO method were calculated according to Tian
et al. (2016). They were calculated as o values between 0.2
and 0.6 because they were stable in this range according to
our previous study (Shangguan et al. 2018). The average
activation energies of three heating rates using Friedman
and FWO methods are shown in Table 2. The activation
energies of cork and impurities were lower than those of
natural fibers, with an average value of 161.8 kJ/mol (Yao et
al. 2008). It is probably because of suberin in cork and
impurities (Zhao 2012). The activation energies of impuri-
ties were closer to natural fibers, and they are mainly
composed of holocellulose and lignin (Yao et al. 2008, Zhao
2012).

The experimental data of cork and impurities at different
heating rates were substituted into Equations 6 and 7. The
shapes of y(a) and z(o) after normalization were then
determined. According to Equations 6 and 7, the shape of
the function flo) is related to y(o) and z(o). The shapes of
y(o) and z(o) functions are quite different, and they are
sensitive to subtle changes in the kinetic model of f{ar)
(Malek et al. 2001). At the same time, y(o) and z(o)
functions are not affected by the heating rate. Thus it is
reliable to use reconstruction models of y(o) and z(o) to
guide the choice of a suitable kinetic model of f{ar) (Malek
1989).

The functions y(o) and z(o) for cork, sclereids, and
lenticels have similar curves. In Figure 1, y(a) and z(or)
curves of cork at different heating rates overlapped. Figure 1
also shows that y(a) and z(a) functions are independent of
heating rate (Malek and Smrcka 1991). Curves of y(a) were
concave shapes, and the maximum values were at o, = 0.
The function z(o) presented convex curves, and the
maximum values were at o,%, which were shown in Table
3. The parameter a, is the conversion rate at the maximum
of the differential thermal gravity (DTG) peak. A combi-

Table 2—Average activation energies of cork and impurities at
o between 0.2 and 0.6.2

Activation energy (kJ/mol)

Average activation

Friedman method FWO method energy (kJ/mol)
Cork 116.10 (12.40) 97.01 (5.54) 106.55
Sclereids 147.44 (7.05) 138.94 (10.00) 143.19
Lenticels 157.01 (13.89) 131.30 (10.75) 144.15

? Values in parentheses denote standard deviation from three heating rates.
FWO = Flynn-Wall-Ozawa.
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nation of Figure 1 and Table 3 allows for the determination
of the most suitable kinetic model for cork and its
impurities. The thermal kinetic model of f{o) was limited
to D2, D3, D4, RO(n > 1), and IMA(n < 1) models because
oy, = 0 and convex shapes of y(a) (Malek 1992). The o,
values of cork and impurities in Table 3 were less than
0.628. This determined that the RO(n > 1) model was the
most suitable model for thermal degradation kinetics of cork
and impurities (Malek 1992, Hu and Shi 2001). The RO
model is used to describe the process in which the y(ar)
curve decreases with conversion rate (Malek 1989). This is
the same as the natural fibers, which showed RO(n > 1) is
the appropriate model for fibers (Yao et al. 2009).

Determination and evaluation of kinetic
parameters

The activation energy and kinetic parameters of cork
were calculated from one experimental TG curve (Wei and
Xiang 2010). However, the kinetic parameter of the
preexponential factor and activation energy influence each
other from the expression of In 4 = a + bE (a and b are
constants; Sestak and Malek 1993). This problem can be
solved by calculating the activation energy in advance.
Kinetic parameters obtained by the Malek method are based
on selected models and known activation energy (Malek
1989, Malek and Smrcka 1991, Malek et al. 2001).

After obtaining the expression of kinetic models of f{o)) =
(1 —a)" and g(o) =[1 — (1 — &) ™)/(1 — n), an equation of o
during thermogravimetric analysis can be obtained by
combining g(o) and Equation 4:

0.8

0.6

0.4

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1.—Relation curves of y(x)-» and z(x)-o. for cork at
different heating rates. Symbols of O, [0, and A represent
heating rates of 10°C/min, 20°C/min, and 30°C/min for y(x)-o
curves. Symbols of @, B, and A represent heating rates of
10°C/min, 20°C/min, and 30°C/min for z(x)-o. curves.
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Table 3.—Values of ay, op, and op> for cork and impurities.?

Olar olp 0>
Cork 0 0.555 (0.021) 0.573 (0.024)
Sclereids 0 0.610 (0.017) 0.628 (0.009)
Lenticels 0 0.583 (0.038) 0.602 (0.027)

? Values in parentheses denote standard deviation from three heating rates.

1/(1-n)
a(l)=1- l—T%(l—n)Ae" (8)

The parameters 4 and n can be obtained after fitting
experimental data into Equation 8 for the known activation
energies.

From Table 4, the expressions of the kinetic models were
Aoy =(1—o)*® for cork, flo) = (1 — o)>*? for sclereids, and
Aoy = (1 — o)> for lenticels. Compared with the thermal
analysis of a single curve, the value of In A4 for cork using
the Malek method was slightly higher than 18.46 s~' for
Yunnan cork and 18.30 s~ for Hubei cork (Wei and Xiang
2010). The natural log values (In 4) of cork and impurities
were generally less than natural fibers, with an average
value of 38.24 s! (Yao et al. 2009). Values of n for cork
and impurities were higher than for natural fibers except rice
straw at 5.81 (Yao et al. 2009). As can be seen from the
above data, a difference in kinetic parameters existed
between cork and lignocellulose materials. This difference
is probably due to differences in chemical composition. The
content of suberin is higher in cork than in sclereids and
lenticels but not in lignocellulose materials (Zhao 2012).
The degree of fit between the experimental and calculated
data was obtained by the least square method (Yao et al.
2009) in Table 4. The error did not exceed 5 percent, which
met the demand of the kinetic exponent (Malek and Criado

1994). Fitted curves of o — ¢ at different heating rates were
obtained after the parameters (Table 4) were substituted into
Equation 8. The experimental data and fitted curves of o for
cork are shown in Figure 2 with good agreement. Good
fitting curves of sclereids and lenticels are not shown here.

Although the fitting errors were controlled within 5

percent, it is still not sufficient to evaluate the kinetic
models by the least square method. This is because different
functions of f{o)) can be fitted using £ and 4 (Vyazovkin
1992, Koga 1994). Another method was used to evaluate
kinetic models and parameters in this situation (Pérez-
Maqueda et al. 2006, Yao et al. 2009). The following
equation can be obtained after transforming Equation 1:

ndoz/dt e k.
l[ﬂoo}‘l A RT ®)

By substituting experimental data (do/df) and the
obtained model of f{o), a single straight line with slope of

Table 4.—Fitting parameters of n and In A for cork and
impurities.®

n In4 (s Fit (%)
Cork 4.89 (0.60) 19.56 (0.02) 4.68 (2.39)
Sclereids 5.82 (0.30) 28.90 (0.14) 2.60 (0.29)
Lenticels 5.00 (0.29) 28.88 (0.13) 2.51 (0.42)

? Values in parentheses denote standard deviation from three heating rates.
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Figure 2—Compatrison of fitted cork curves and experimental
data for o.

(—E,/R) and intercept of (In cA) can be obtained while being
independent of heating rate. In this study, linear relation-
ships between In[(do/df)/f(0)] and 1/T are shown in Figure
3. Straight lines of both cork and impurities overlapped even
at different heating rates. Straight lines can also be obtained
using inappropriate models in parallel at different heating
rates (Pérez-Maqueda et al. 2006). The activation energies
of cork, sclereids, and lenticels can be calculated by the
slopes of the fitted lines. Activation energies calculated from
these slopes were close to those in Table 2. The error of
activation energy between the known value (Table 2) and
calculated value (Fig. 3) was slightly higher for lenticels;
however, the errors of cork and sclereids were around 5
percent.

Predicted curves of mass fraction for
cork and impurities

Predicted curves of mass fraction can be obtained from
the following equation (Yao et al. 2009):

Mass fraction (%) = 100%][1 — o, (T)(1 — residue)| (10)

where a,, is the calculated conversion rate from Equation 8.

Through determination of parameters, the predicted
curves of mass fraction can be obtained after substituting
o,(T) into Equation 10. From Figure 4, the predicted curves
of cork fitted well with experimental data (10°C/min),
proving the validity of the kinetic parameters calculated
with the selected model. The curves of sclereids and
lenticels had good fits with experimental data, which are not
shown. Selection of thermodynamic model and calculation
of model parameters are helpful to the analysis of thermal
properties of cork and impurities.

Conclusions

The Malek method was used to obtain thermal kinetic
models and kinetic parameters. For cork and impurities,
reconstruction curves of y(o) and z(or) showed concave and
convex shapes, respectively. The RO(z > 1) model is an
appropriate model for thermokinetic analysis of cork,
sclereids, and lenticels. Kinetic parameters of n were 4.89,
5.82, and 5.00 for cork, sclereids, and lenticels, respectively.
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Figure 3.—Linear relationship between In[(do./dt)/f(x)] and 1/T:
(a) cork; (b) sclereids; (c) lenticels.

The logarithms of the preexponential factor were 19.56,
28.90, and 28.88 s' for cork, sclereids, and lenticels,
respectively. The error was limited to an acceptable range of
5 percent. The curves of linear relationships between In[(do/
dh/fia)] and 1/T overlapped at different heating rates for

FOREST PRODUCTS JOURNAL VoL. 67, No. 7/8

100

80

60

Mass (%)

40

20

T T T T T T T T T T
0 200 400 600 800 1000

Figure 4.—Predicted curve of mass fraction and experimental
data for cork at a heating rate of 10°C/min.

cork, sclereids, and lenticels. Obtained kinetic models and
parameters can be used to simulate thermal degradation
properties of cork.
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