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Abstract

A kinetic study based on pinewood (Pinus montezumae) was carried out at heating
rates of 5, 10, 15, and 20 °C min~!. The Flynn—Wall-Ozawa (FWO), Kissinger—Aka-
hira—Sunose (KAS), and Friedman methods were used to analyze the thermal behav-
ior of samples. Thermogravimetry (TG) and derivative thermogravimetry (DTG)
curves were obtained at non-isothermal conditions. Ultimate and proximate analyzes
from pinewood were obtained and the greater decomposition was in the range of
250 to 380 °C. Mean values of activation energy (E,) and frequency factor (A) by
FWO method were 192.4 kJ mol™! and 2.73 x 10 min~!, respectively, whereas the
aforementioned values by KAS method were 181.8 kJ mol™! and 3.32x 10" min~"'.
Lower value of mean activation energy (174.1 kJ mol™') was obtained with Fried-
man method.
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Abbreviations

A[s™'ormin~']  Frequency factor

B [°C min™!] Heating rate

E, [kJ mol™'] Activation energy
HHV [MJ kg!]  Higher heating value
K [s~'ormin~!] Kinetic constant

m; [mg] Final mass

m; [mg] Initial mass

m, [mg] Mass at any time

n[-] Reaction order

R [kJ mol™' K~!] Gas constant

T [K] Absolute temperature
t[s] Time

T, K] Absolute temperature at which top conversion is achieved
X [-] Conversion

Z[s7'] Average frequency factor
Introduction

Pyrolysis of biomass occurs at different heating rates by which it is classified
as slow, fast, flash, and reactive pyrolysis [1-3]. Inert atmosphere is required to
accomplish the pyrolysis reaction and gas, liquid or solid products are obtained
depending on the heating rates at which reaction takes place. In addition, tem-
perature, pressure, reaction time, moisture, composition, and particle size must
be also considered [4]. Thermogravimetric analysis (TG) is commonly used to
study the devolatilization kinetics and it has been found that wood decomposi-
tion mainly ranged from 250 to 350 °C in which hemicellulose is converted while
cellulose is almost fully transformed through breakage of glycosidic bonds [5].
Devolatilization of poplar wood ranged from 177 to 467 °C as reported elsewhere
[4]. For wood soot, values were reported to be 200-500 °C [6] while devolatili-
zation of Acacia mangium ranged from 250 to 380 °C [7]. For pine sawdust, the
range was 200-400 °C [8] and 210-390 °C for Pynion pine [9]. Studies on non-
edible seeds of Mahua, Karanja, Niger, and Linseed showed wider intervals of
devolatilization from 200 to 500 °C [10]. In all reports, it has been considered
that thermal decomposition of biomass considers three stages: (1) dehydration,
where water and volatiles are lost at temperature lower than 200 °C, (2) hemicel-
lulose and cellulose decomposition, and (3) lignin decomposition that include a
wide range of temperature.

Thermochemical conversion requires knowing properties and kinetics of bio-
mass where heating rate, feed, and atmosphere are needed to calculate the activa-
tion energy and frequency factor [11, 12]. Commonly, thermal decomposition of
biomass is expressed as follows [13, 14]:

Biomass — Char + (Volatiles + Gases). (1)
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The kinetic expression that describes this process is written as follows:

da
— =k(T)f(a). 2
I (D)f () 2
Here ¢ is time, k(T) is the kinetic constant as function of temperature, f{a) is a
function depending on the reaction mechanism, a is the normalized conversion,
which in turn is defined as follows [9, 12, 15, 16]:
m; —nm
@=—"-.
— ®
Here m; is the initial mass (in mg), m,is the final mass (in mg) at the maximum
temperature, m, is the mass (in mg) at any time. The kinetic constant is given by
the Arrhenius equation as:

K(T) = Ae(5). @)

A is the frequency factor given (imin~!), E, is the activation energy (kJ mol™!),
R is the gas constant to be 8.314 J mol~! K~! and T is absolute temperature (in
K). By substituting Eq. 4 into Eqgs. 2, 5 is obtained to describe the dependence of
the kinetic constant on temperature [4, 10, 17, 18]:

da

— e (®)
i Ae f(a). ®))

Based on reaction kinetics, f{a) is written as follows:
fla)=(1-a)". (6)

Here (1—-a) is the remaining solid fraction, which is still able to be converted,
and n is the reaction order.
By substitution of Eq. 6 into Eq. 5, the following reaction rate is obtained:

da _ 4 (%) 1 — oy
i Ae ( )(1 a)". @)
Several non-isothermal methods based on thermogravimetry have been reported
in literature, [4, 8, 19, 20] which can be divided into two types: (1) model-based
kinetics, and (2) model-free kinetics or isoconversional methods. Model-based
kinetics use models to fit data and one of them is chosen when the best statistical
behavior is achieved. Isoconversional or model-free methods do not require a mathe-
matical model. Instead, several curves at different heating rates are used to calculate
kinetic parameters at the same conversion value and obtaining its activation energy
value. Activation energies at different conversion values give a profile as function of
conversion. Different approaches based on isoconversional models are used such as
the Friedman, Flynn—Wall-Ozawa, and Kissinger—Akahira—Sunose methods.

@ Springer



1060 Reaction Kinetics, Mechanisms and Catalysis (2021) 132:1057-1074

Friedman method

Particularly, the Friedman method is the most common one among them where
changes in conversion as function of temperature is obtained. This model does not
require to know the reaction model and it is represented as follows once natural log-
arithm is applied:

dX E,
I (-):1 A+nln(l = X) — =%
n 7 n nIn( ) RT )
Using this equation, the activation energy is determined by plotting In(dX/dr)
against 1/T to obtain a group of parallel lines having —E /R as slope [20, 21]. The
interception term defined as In[rnA(/—-X)] is calculated from the parallel lines for
each conversion value at each heating rate.

Flynn-Wall-Ozawa (FWO) method

The Flynn—Wall-Ozawa method is widely accepted as well as the Friedman method
to calculate kinetic parameters when thermal studies are carried out. The model is
represented as follows [22, 23]:

_“da _AaT Eo< dT _AchcxP
gla) = é% = E{exp<_RTo<i> i = AR (). )

In this method, it is considered that A, «, and E are independent of temperature.
By taking logarithms the equation is transformed into:

AaEa
In [g(@)] =1n <T> —1In g; + In [P(w)]. (10)

Using the Doyle’s approach, the following term is attained:

In[P(u)] ~ —5.331 — 1.052 ——.
n [P(u)] RT, (11)
Finally, the model based on FWO method is:
In(p) =1 Ao 5.331 - 1.052 Eu
n(f) =1n Re(a) . . RTm-' (12)

Here g(a) is constant at a given conversion value. Subscripts i and «a correspond to
the heating rate and conversion, respectively [4, 11, 16, 20, 24, 25].

If the heating rate (f,) is fixed, then the activation energy is obtained from the slope
of the last equation when plotting In(f;) against 1/7; at different conversion values.
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Kissinger-Akahira-Sunose (KAS) method
In the KAS method, assumptions are similar to FWO method. The difference among
them is the P(u) approach. In this case, it is equated to [13, 22]:

In [Pa)] ~

= (13)

ifu=—

(14)

ai

Then Eq. 10 takes the following form:

ﬁi AaR sz
In = =1In Eg - R (15)

ai

In this method, the knowledge of the thermal decomposition mechanism is not
required. Apparent activation energy is obtained through plotting In(f,)/ Tlfl. versus
1000/T ;. For a given conversion value (o), the slope is—E_/R in the range from O to 1.

Calculation of the frequency factor

Most of studies based on thermal analysis have been carried out at constant heating rate
[11, 22, 24]. In addition, Lyon [26] reported a useful solution for the constant heating
rate Arrhenius integral by which isoconversional equation is obtained to calculate the
activation energy and frequency factor without knowing the form of the rate law as
follows:

B(E, + 2RT)eE/RT,
Z= (E, ) . (16)
RT?

Here B is the heating rate in °C min~!, T, is the absolute temperature at which
the top conversion is achieved. Using Eq. 9 is an alternative way to calculate the
frequency factor.

Considering these approaches, the aim of this study is to calculate the kinetic
parameters using the FWO, KAS, and Friedman methods on Pinus montezumae
sawdust. A comparison of activation energies among the three methods was carried
out.

Materials and methods
Characterization of samples

Chips around 1 mm of pine wood (Pinus montezumae) from the Mexican State of
Michoacan were used. Previously, the wood was dried at 110 °C during 12 h up to
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constant mass. Characterization of the feed was carried out following the ASTM and
TAPPI standards. Lignin was determined according to ASTM D1106-96 standard
[27]. Cellulose was quantified by TAPPI T 203 cm-99 method [28]. Holocellulose
was determined by ASTM D1104-56 method [29]. Proximate analysis to determine
moisture content, ash, and volatile matter were quantified by ASTM D4442-16 [30],
ASTM D1102-84 [31] and ASTM D3175-18 [32] standards, respectively, whereas
ultimate analysis was carried out by weighing 2 mg in a Perkin Elmer elemental
analyzer model 2400 to determinate C, H, O, and N. Elemental analysis was done by
triplicate and the average values is reported.

Kinetics and thermogravimetric analysis

Non-isothermal thermogravimetric analysis was carried out in a TA Instruments
thermobalance model Q5000 to measure the variations in mass as function of time.
Kinetic study was carried out under nitrogen atmosphere at 50 cm® min~!. Sample
was heated up to 800 °C at different heating rates, i.e., 5, 10, 15, and 20 °C min !
to register variations in mass and temperature as function of time [33-37] while the
reaction order was assumed to be n=1. Other authors have demonstrated that linear
regression of Arrhenius equation is better represented when reaction order is n=1
during biomass pyrolysis [38, 39]. Model-free methods such as Flynn—Ozawa—Wall
(FWO) and Kissinger—Akahira—Sunose (KAS) were used as well as the Friedman
method. Seven conversion values (a) from 20 to 80% were used.

Results and discussion
Characterization of samples

Table 1 shows the proximate and ultimate analyzes as well as composition of pine
wood. Lignin and fixed carbon average contents are 29.23 wt% and 6.26 wt%,
respectively. Holocellulose is obtained as the summation of hemicellulose and cel-
lulose contents as reported elsewhere and, in this case, it accounts to be 70.77 wt%.
Moghadam [40] reported contents of lignin and fixed carbon of 59.3 and 48.5 wt%,
respectively, for palm kernel shell while similarities in composition can be found
in other reports using pine sawdust, hazelnut husk and Acacia mangium wood [7,
25]. Proximate analysis shows the high content of volatile matter that consist of
light hydrocarbons and tars. Oxygen content is also high as demonstrated by ulti-
mate analysis, which indicates the presence of polysaccharides such as cellulose and
hemicellulose [41].

Thermogravimetric analysis

Devolatilization of lignocellulosic materials involves decomposition of cellulose,
hemicellulose, and lignin. According to Fig. 1, the highest degradation occurred
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Fig. 1 TG profiles for Pinus montezumae wood at 5, 10, 15, and 20 °C min~! under nitrogen atmosphere
at 50 cm® min~!. Temperature ranged from ambient to 800 °C

Table 1 Characterization of Pinus montezumae wood

Property Proximate analysis, wt%
Moisture 6.80+0.27
Ash 0.40+0.02
Volatile matter 86.54 +2.60
Fixed carbon 6.26+0.25

Ultimate analysis, wt%

C 49.40+0.97
H 591+0.12
N 0.15+0.01
(0] 44.54+0.89
Composition, wt%
Hemicellulose 16.30+0.32
Cellulose 54.47+1.08
Lignin 29.23+0.58

between 250 and 350 °C. Three stages are observed, i.e., the first one comprises
from 90 to 250 °C in which water and volatiles on material surface are lost; the
second stage starts at 250 °C with decomposition of biomass and releasing CO,
CO, and volatile compounds as by-products due to degradation of hemicellulose,
cellulose, and lignin that conform the pine wood. From 380 °C, biomass is mostly
decomposed to yield fixed carbon residue. Lignin is an amorphous polymer whose
degradation is carried out in wide range even at higher temperature than 400 °C by
which steadily mass loss is observed over this value. This is likely due to deposition
of carbon formed from hemicellulose and cellulose [9, 42]. At higher temperature,
the mass loss of this residue is observed since secondary reactions involving polym-
erization and condensation [12, 43, 44].
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Fig. 2 shows the peaks at which the highest thermal degradation was carried out.
Displacement to the right is observed due to heat transfer limitations. At lower heat-
ing rate, the energy given to the sample is higher and more time is necessary to
reach the equilibrium between the gas carrier and the furnace. At the same time and
temperature, but at higher heating rate, the reaction time is shorter, and tempera-
ture needed for sample decomposition is also higher as reported elsewhere on nut-
shells, poplar wood and Pynion pine [4, 9, 45]. Separation of peaks of hemicellulose
and cellulose are not clearly because of partial overlapping of both processes dur-
ing thermal degradation. For this reason, a shoulder is observed in all peaks around
300-340 °C. The peak located at lower temperatures is attributed to hemicellulose
while the highest one corresponds to cellulose. Lignin is decomposed in a wider
interval of temperatures [9, 12, 13, 21, 46-48].

It is to be considered that Pinus montezumae sawdust utilized in this study has a
lower moisture content (average value of 6.80 wt%) by which this biomass could be
potentially used as feedstock in thermochemical conversion processes such as gasi-
fication. In addition, the high volatile matter content implies high reactivity by gas
releasing during pyrolysis reaction by which gas—gas reaction rates are improved
[49]. The higher heating value of the biomass may be calculated as follows [50]:

HHV =0.3491 X C + 1.1783 x H + 0.1005 X S — 0.1034 X O — 0.0151 X N

17)
—0.0211 X Ash content.

Here C, H, S, O, and N are the ultimate analysis values, and ash content is
obtained from proximate analysis as shown in Table 1. In this case, sulfur was not
detected, and its content is neglected. According to Eq. 17, the HHV of Pinus mon-
tezumae is 19.59 MJ kg~!, which can be considered as suitable to produce renewable
fuels through thermal conversion processes.

1.2
n = 5°C/min
O 1.0
e 1 ¥  eeeeee 10°C/min
X
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§ 0.6 = = 20°C/min
2
g 0.4
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Fig.2 DTG profiles for Pinus montezumae wood at 5, 10, 15, and 20 °C min~' under nitrogen atmos-
phere at 50 cm® min~!. Temperature ranged from ambient to 800° C
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Kinetic analysis

When using thermogravimetric methods for studying pyrolysis kinetics of different
raw sources including biomass like forest residues, a variation of activation energy
as function of conversion is attained, which means that pyrolysis of pine saw-
dust proceeds through multiple-stage kinetics where several thermal reactions are
affected by changes in heating rate. Particularly, the so-called model-free methods
consider that the reaction extent is constant by which the reaction rate depends on
temperature. In addition, if activation energy is the main variable, the knowledge of
reaction mechanism is not required [22]. However, during conversion of pine saw-
dust the E, values change as reaction progresses. Differences in activation energy is
due to variations in composition and amount of hemicellulose, cellulose, and lignin.
Transformations of these constituents follow different reaction mechanisms and dif-
ferent values of activation energy as conversion proceed.

To determine the kinetic parameters, plots of In(f) versus 1000/7 in K~!' and
In(B/T* ;) versus 1000/T,,; in K~! for the FWO and KAS methods, respectively, were
depicted as shown in Fig. 3a and b. Fractional conversion was studied from 0.2 to

30 ° 0 0X=0.2
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27 X ° AX=0.5
©X=0.6
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© A (o]
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Fig. 3 Kinetic calculations for a FWO and b KAS methods based on variable heating rates, i.e., 5, 10,
15, and 20 °C min~' under nitrogen atmosphere at 50 cm® min~'. Fractional conversion plotted was in
the range from 0.2 to 0.7
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Table2 Activation energy calculated from TG by FWO and KAS methods at different conversion values

X FWO method KAS method
Ea, kJ mol™! Equation R? Ea, kI mol~! Equation R?

0.2 1789+3.6  y=-21520x+39.859 0.9427 169.3+3.3 y=-20365x+25.141 0.9365
0.3 1934439 y=-23265x+41.436 0.9830 1834+3.6 y=-22060x+26.634 0.9812
0.4 188.3+3.8 y=-22651x+39.381 09839 178.1+3.5 y=-21425x+24.544 0.9820
0.5 183.2+5.5 y=-22038x+37.598 0.9838 172.9+5.2 y=-20795x+22.733 0.9818
0.6 180.9+54 y=-21754x+36.535 0.9873 170.2+5.1 y=-20467x+21.602 0.9858
0.7 1822473 y=-21920x+36.166 0.9993 171.4+6.8 y=-20615x+21.205 0.9991
0.8 239.9+9.6 y=-28860x+40.585 0.8919 227.5+9.1 y=-27360x+25.345 0.8813
Average 192.4 181.8

0.8 because poor correlation is obtained at values lower than 0.2 and higher than
0.8. Apparent activation energies were obtained from the slope in Fig. 3a and b and
tabulated in Table 2 as well as determination coefficients. In addition, equations
describing the conversion process are also summarized. Frequency factors were cal-
culated according to Eq. 16 and shown in Table 3 at different heating rates. It is
observed that apparent activation energy differs as function of conversion in both
methods. It has been reported that complex mechanisms occur due to decomposi-
tion of lignin, which is a branched and mainly amorphous polymer constituted by
phenylpropane units [4, 51]. Thermal degradation of lignin is carried out in a wider
range of temperatures to form carbohydrate derivatives, syringyl, guaiacyl, and
modified lignin. In addition, carbohydrate derivatives undergo rearrangements while
guaiacyl and syringyl are the mainly prevalent units [52]. On the other hand, hemi-
cellulose and cellulose decompose faster than lignin in the intervals of 200-300 °C
and 300-340 °C, respectively [53].

The increase of activation energy when varying fractional conversion from 0.2
to 0.3 as shown by FWO and KAS methods may be associated to endothermic reac-
tions, such as elimination of moisture and adsorbed gases. Then a decrease of acti-
vation energy from 0.4 to 0.6 is related to exothermic reactions involving lignin
decomposition occurred by scission of aliphatic groups followed by degradation
of aromatic rings. The fast increasing in the activation energy from lower to mid
fractional conversion values (0.1-0.6) was attributed to endothermic reactions [14]
while exothermic reactions were observed from mid to high conversions (0.6-0.8).
When lignocellulosic are pyrolyzed, the cleavage of C-O aromatic bonds in lignin
forms products having a single oxygen atom while methoxy C—O bonds forms com-
pounds with two-oxygen atoms [54]. Further increase from 0.7 to 0.8 also raises
the activation energy very sharp due to mainly lignin fraction is carbonized having
graphite-like structures formed through endothermal processes.

The average activation energies calculated from FWO and KAS methods were
192.4 and 181.8 kJ mol™', respectively, whereas the average frequency factor for
heating rate of 5 °C min~!, is 2.73x 10'* and 3.32x 10" min™! for the FWO and
KAS methods, respectively. As observed from Table 3, frequency factors calculated
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by FWO method are higher compared to those obtained by KAS method. Despite
differences among activation energies, they are not higher than 10% by which both
calculations agree. Other authors have reported similar values of activation energy
using the FWO method to be 140.4 kJ mol™! in sewage sludge, 143.3 kJ mol~! in
animal manure, and 173.9 kJ mol~! in the organic fraction of municipal solid waste
[11]. By using the FWO method applied to pyrolysis of poplar wood, the average

activation energy and frequency factor were 158.6 kJ mol~! and 7.96 x 10'* min~!,

whereas for KAS method, these values were 157.3 kJ mol~! and 1.69x 10'3 min~',
respectively [4]. Values of activation energy and frequency factor obtained by the
FWO method for torrefied stump chips were reported to be 136.7 kJ mol~' and
2.83%10° s7!, respectively [55], which are similar to those reported for hazel-
nut husk using the FWO and KAS method to be 131.1 and 127.8 kJ mol™" [25].
Using the FWO method, other authors [56] reported variations of activation ener-
gies ranging from 143 to 268.7 kJ mol~! and frequency factors between 1x 10'? to
1% 10" min~! while for Acacia mangium wood, values of activation energy and fre-
quency factor were 228.6 kJ mol™! and 5.75x 108 s7! [7].

A similar comparison and analysis of results can be done for the Friedman
method as shown in Fig. 4. Kinetic parameters obtained with fraction conversions
from 0.2 to 0.7 are summarized in Table 4 where the average activation energy is
174.2 kJ mol~! and the frequency factor is 1.24 x 10'> min~". In addition, the regres-
sion equation is shown as well as its corresponding determination coefficient. It is
observed that higher value of R? is obtained for conversion values from 0.3 to 0.6.
Conversions below than 0.2 and higher than 0.7 yielded poor linear fitting. Com-
paring the average activation energies obtained with the FWO, KAS, and Friedman
method, discrepancies among these values are not higher than 10%.

Average value of activation energy by the Friedman method obtained in this
study (174.2 kJ mol™") is like those obtained by other authors. For example, yellow
poplar mixed with coking coal the activation energy diminished as biomass contents

-1.0

0X=0.2

©X=0.3

15+

20+

25k

In(dX/dt)

3.0F

35k

4.0 . . .
0.0017 0.00172 0.00174 0.00176 0.00178

T, K-!

Fig.4 Kinetic calculations for differential method based on variable heating rates, i.e., 5, 10, 15, and
20 °C min~! under nitrogen atmosphere at 50 cm® min~!. Fractional conversion plotted was in the range
from 0.2 to 0.6
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increased in mixture and values of E, ranged from 163.7 to 579.4 kJ mol™! as
reported elsewhere [20]. White oak pyrolysis has been studied and activation ener-
gies values were calculated between 160 to 777 kJ mol~! for conversions between 5
and 80% [21]. Lower average activation energy for Pinyon pine was calculated to be
108 kJ mol~! [9]. Differences among activation energy calculated by the three meth-
ods in this study as function of conversion are plotted in Fig. 5. When comparing the
average activation energy with literature reports in which pine or eucalyptus sawdust
were used as feed using the Friedman, FWO, and KAS methods, the values respec-
tively were: 126.6, 123.2, and 112.7 kJ mol~! for Pinus pseudostrobus; 148.1, 151.8,
and 141.3 kJ mol™! for Pinus leiophylla [22]; 143, 136, and 133 kJ mol~! for Euca-
lyptus benthamii; 147.7, 140.5, and 137.5 kJ mol~! for Eucalyptus dunnii; 155.5,
147.9, and 145.2 kJ mol™! for Pinus elliottii [57]. In our study using Pinus monte-
zumae, the average activation values for the aforementioned methods were: 174.2,
192.4, and 181.8 kJ mol~!. These values are higher than those reported in literature
for other kind of pines, which is a consequence of the composition of sawdust and
content of hemicellulose, cellulose, and lignin that influence on the rate of thermal
degradation. Additionally, biomass commonly has low thermal conductivity enhanc-
ing large temperature gradients inside the particle by which reactions are carried out
at different rates. Usually, activation energies ranging from 50 to 200 kJ mol~" are
considered as acceptable values [58].

When assessing the three methods, it may be affirmed that the models used
reveal that pyrolysis of the studied pinewood progresses through complex multi-
ple kinetics. There are common aspects and some differences that allow suggest-
ing these methods are useful for studying the behavior of the biomass during its
pyrolytic decomposition. However, we consider that the FWO and KAS meth-
ods are the ones that provide the best and most complete information about the
pyrolytic decomposition of pinewood due to the similarity of results as shown
in Fig. 5. Because the biomass to be studied can come from older or younger
trees, the FWO method may be considered more useful because it considers the
reaction model, which is related to the different complexity degree of the wood
structure as function of the strength of the polysaccharide-polysaccharide com-
plexes formed through cellulose and hemicellulose constituents, which indeed
is related to cellulose structure and its influence on the polymerization degree

Table 4 Activation energy calculated by differential method at different conversion values

X E, kI mol~! Equation R? Frequency factor, min™!
0.2 159.5+3.2 y=—19181x+30.239 0.9457 1.69x 10 +3.38x 10!
0.3 191.4+3.8 y= —23023x+35.859 0.9853 5.35x 10 +1.07x 10"
0.4 168.5+5.0 y= —20269x +30.502 0.9912 2.94x10"+8.82x 10"
0.5 161.9+4.9 y= —19468x +28.705 0.9913 5.85x 102 +1.76 x 10!
0.6 165.9+6.6 y=—19952x +29.078 0.9958 1.06x 10" +4.24 x 10!
0.7 197.9+7.9 y= —23807x +34.060 0.8525 2.06x 105 +8.24x10"
Average 174.2 1.24% 10"
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Fig.5 Activation energy as function of fractional conversion for different methods: FWO (solid line),
KAS (dashed line), and differential method (dotted line). For FWO and KAS methods, fractional con-
version plotted ranged from 0.2 to 0.8 while for differential method it was varied from 0.2 to 0.7. In all
cases, nitrogen atmosphere at 50 cm® min~! from room temperature to 800 °C were used for kinetic cal-
culations with variations in heating rates (5, 10, 15, and 20 °C min~h)

and crystallinity thereof. Consequently, devolatilization of the cellulosic mate-
rial varies depending on the age of the trees. The highest E_, values obtained by
the FWO method, compared to those obtained by the KAS method as shown in
Table 2, disclose the best information obtained by the first method about the
reaction model mainly in the conversion values corresponding to the range of
greatest degradation of hemicellulose, cellulose, and lignin (between 250 and
350 °C).

Mexico and Cuba also use forest biomass to obtain primary or secondary
energy, depending on the different thermal conversion processes used, such as
complete gasification (for obtaining fuel gas), combustion, and pyrolysis. The
latter one is commonly used to obtain energy from carbon-based sources by
which it is important to know how the activation energy values behave. These
values are closely related to the complexity of chemical reactions and its kinet-
ics due to the composition and structure of the wood constituents as explained.

Conclusions

Kinetics of thermal decomposition of pine wood (Pinus montezumae) was stud-
ied by three methods. Decomposition was clearly observed from 250 to 380 °C
and mean activation energies and frequency factors calculated by FWO method
were 192.4 kJ mol™" and 2.73 x 10" min~!, respectively, while for KAS method,
the aforementioned values were 181.8 kJ mol~! and 3.32x 10'® min~!. On the
other hand, mean activation energy calculated with the Friedman method was
174.2 kJ mol™!. Three regions were observed during thermal decomposition of
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pine sawdust regarding to water evaporation corresponding to 10% of weight loss
followed by major changes due to decomposition of hemicellulose, cellulose, and
partial degradation of lignin in the second stage, which represents almost 60% of
weight loss of the pine sawdust, while the third stage occurred from 380 to 800 °C
that corresponds to 10% of weight loss where lignin continued to be decom-
posed and residue is obtained. Differences in mean activation energies among the
three methods were lower than 10% by which accurately predictions on activa-
tion energy are attained with all methods used. Activation energy computed by
FWO method increased up to a fractional conversion of 0.3 to be 193.4 kJ mol~!
to decrease steadily and finally increased again at fractional conversion higher
than 0.7. Lower values of activation energy are observed for KAS method but
showing similar trend compared to FWO, which indicates that higher reaction
rate is obtained by KAS method. Increase of activation energy up to conversion
of 30% is also observed by using the Friedman method followed by decreasing of
E, values and further increasing at conversions of 60-70%. At conversion values
of 70%, the activation energy was the highest compared to FWO and KAS meth-
ods. Finally, the ratio of volatile mater-to-fixed carbon obtained from proximate
analysis is 13.82, which may be considered as a high value indicating that most of
compounds are converted into gases. The variation of E, values observed between
the three methods provides information about the complexity of the structure of
the polymeric substances present in the studied material. For this reason, the
results obtained are of great importance to determine the production parameters
of energy in the scaling stage in Mexico and Cuba, from biomass coming from
Pinus montezumae.
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