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Piroliz gibi termokimyasal doniisim yontemlerinin kinetiginin modellenmesi biyorafineriler i¢in en zorlu
konulardan biridir. Temelde biyokiitle pirolizinin, selilloz ile birlikte lignin ve hemiseliilloz piroliz
ozelliklerinden etkilendigi bilinmektedir. Bu nedenle, bu ¢alismada seliilozun piroliz kinetigi ve termodinamigi
incelenmistir. Pirolize ait kinetik parametreler master egriler ve Friedman ydnteminin birlestirilmesi ile
hesaplanmistir. Selillozun aktif pirolizinin 263 ile 455 °C arasinda gerceklestigi saptanmistir. Uygulanan
Friedman yontemi deneysel veriler ile ¢cok iyi uyum sagladigi, termokimyasal doniisiim isleminin aktivasyon
enerjilerinin 150.8 ile 190.2 kJ/mol arasinda degistigi ve pirolizin ortalama aktivasyon enerjisinin 164.3 kJ/mol
oldugu bulunmustur. Kat1 hal bozunma siireglerinde kullanilan kinetik yontemlerin karsilastirilmasi ile seliiloz
piroliz mekanizmasinin diisiik doniisiimlerde (0<0<0.5) diflizyon kontrollii bir bozunma islemi (D3) ile siirdiigii
ve daha yiiksek dontisiimlerde ise tepkime derecesine bagl oldugu saptanmustir.
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Application of master-plots kinetic method
to non-isothermal cellulose pyrolysis and
thermodynamic analysis of the pyrolysis process

ABSTRACT

Kinetic modeling of thermochemical conversion methods such as pyrolysis is one of the most challenging issues
for bio-refineries. It is known that cellulose together with hemicellulose and lignin pyrolysis mainly affect the
characteristics of biomass pyrolysis. Therefore, cellulose pyrolysis kinetics and thermodynamics were
investigated in this study. Kinetic parameters of the pyrolysis process were calculated by a combined method of
master-plots and Friedman method. Active pyrolysis of cellulose is found to occur between 263 and 455 °C.
Applied Friedman method was perfectly fitted with the experimental data and activation energy of the
thermochemical conversion process was found between 150.8 and 190.2 kJ/mol while the mean activation
energy of pyrolysis was 164.3 kJ/mol. The comparison of kinetic models used of solid-state thermal
decomposition processes indicated that the cellulose pyrolysis mechanism is a diffusion-controlled (Ds)
degradation process at lower conversions (0<a<0.5) and the process can be explained by reaction-based
mechanisms at higher conversion degrees.

Keywords- Cellulose, pyrolysis, kinetic, master-plot, thermodynamics
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I. INTRODUCTION

Renewable biomass sources have become a major source of energy and chemicals for mankind for a
long time. By the help of the thermochemical processes, value-added products may be obtained from unlimited
biomass sources which may substitute fossil resources. Biomass offers several advantages since it has lower cost
and high conversion efficiency, it contributes to the recovery of degraded land and increase biodiversity. Besides
biomass derived fuels do not contribute to the accumulation of carbon dioxide in the atmosphere [1].

Pyrolysis as an effective thermochemical conversion process transforms biomass species into products
which are in gaseous, liquid and solid state. The liquid product of the biomass pyrolysis (bio-oil) may be
processed to produce alternative liquid fuels and numerous fine chemicals [2-5]. The gaseous product of the
process can be used as fuel for industrial combustion purposes and used as a source of heat for the pyrolysis
process itself [1, 6]. On the other hand, the solid product, bio-char, can play an significant role in water
remediation, soil amendment, and energy storage systems. The mentioned applications are highly related to its
polyaromatic structure, intrinsic surface functional groups including heteroatoms and textural characteristics [7,
8].

During the biomass pyrolysis process, the main structures of the lignocellulosic matrix (as cellulose,
hemicellulose, and lignin) are thermally cracked to smaller molecules under an inert atmosphere. Undoubtedly
knowledge about biochemical composition of biomass as well as possible chemical conversions to tailor this
composition has drawn particular interest in order to utilize bio-oil via pyrolysis process as a sustainable
feedstock for the production of synthetic fuels and fine chemicals [9]. In order to achieve process design and
optimization of the next generation feasible pyrolysis technologies detailed modeling studies are necessary [10].
By having a better understanding of the biomass pyrolysis led to a more accurate techno-economic assessment of
potential biomass conversion processes [11]. At this point, understanding and predicting pyrolytic behavior of
cellulose is of great importance for bio-refineries because typical dry biomass fuels consist of about 50%
cellulose by weight [12] although variations in the biochemical composition of biomass depend on the type and
part of the plant. Moreover, heterogeneous pyrolysis reactions along with heat and mass transfer occur during
thermal degradation in the condensed phase [13].

To study the kinetics and to explicate thermal stabilities of materials thermogravimetric analysis (TGA)
has been accepted to be an effective and reliable tool [14]. By the help of sensitive measurement of weight loss
during both isothermal and non-isothermal modes, the kinetics of the thermally stimulated decomposition
processes may be determined. In this study, a study on the kinetic analysis of cellulose pyrolysis based on non-
isothermal thermogravimetry was performed and the empirical kinetic parameters together with the prevailing
kinetic model were determined via master-plots.

II. MATERIALS AND METHODS
A. Characterization of cellulose sample

Microcrystalline cellulose was obtained from Sigma Aldrich (CAS Number: 9004-34-6) and used in the
experiments without any treatment. It is known that cellulose is a linear polysaccharide which typically includes
d—glucose monomers [15]. Long-chain of glucose units of cellulose is known to be linked by B-(1-4) glycosidic
bonding an all biomass types. But, end groups of the cellulose chain, degree of polymerization, and crystallinity
depends on the structure of the biomass species [16]. The degree of polymerization of cellulose is highly
depended on its source and cellulose is composed of crystalline and amorphous regions based on the degree of
organization of its structure [17,18]. Prior to the thermogravimetric analysis experiments, elemental analysis
together with SEM analysis was performed and the FT-IR spectrum was obtained to gain information about the
chemical and the physical structure of the cellulose sample which is used in thermogravimetric analysis.
Elemental analysis was carried out by LECO-CHN elemental analyzer, FT-IR spectrum was gained via Perkin
Elmer Spectrum 100 spectrometer and SEM analysis was performed using Zeiss Supra VP40 microscope. The
FT-IR spectra together with the building unit of cellulose is presented in Figure 1. The absorption band between
3500 and 3100 cm™ in the spectrum is assigned to hydroxyl groups stretching. Bands at between 2840 and 3030
cm! assigned to stretching vibrations of C-H group in glucose unit. The relatively small peak around 1150 cm™!
is attributed to the C-O antisymmetric bridge stretching. Moreover, the HCH and OCH in-plane bending
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vibrations approximately at 1430 cm™ and the vibration near 1060 cm™ is assigned to -C-O- group of secondary
alcohols and ethers of cellulose backbone were observed in the FT-IR spectra of cellulose [19-21]. Figure 2
shows SEM micrographs of cellulose under various magnifications. The surface of the cellulose was
heterogeneous and fragmented. Also, some undulating surfaces appeared in secondary electron images of the
cellulose sample. According to the elemental analysis results, cellulose had carbon and hydrogen contents of
42.38 and 6.06 wt%, respectively. Oxygen content was found from the difference as 51.56 wt. % considering
that nitrogen was below 0.1 wt. %. By the help of elemental analysis H/C and O/C ratio of cellulose was
calculated as 1.7 and 0.91, respectively which are used for characterization of solid fuels.
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Figure 1. FT-IR spectrum of cellulose

Figure 2. SEM micrographs of cellulose at different magnifications (500, 1000 and 2000x)
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B. Thermogravimetric analysis experiments

TGA of cellulose was carried out using a Seteram Labsys-Evo thermogravimetric analyzer. Non-
isothermal experiments were performed at heating rates of 5, 10, 20 and 40 °C/min to scan the samples in the
temperature range of 25 °C to 1000 °C. To mitigate the difference of heat and mass transfer, loaded sample
amount to an alumina crucible was kept low (as 10 mg approximately). The gas flow rate for all experiments was
maintained at 20 ml/min and the mass vs time and temperature data were recorded by the help of the software of
the TGA apparatus. TGA data was corrected using a preliminary blank experiment and three replications were
carried out in order to maintain reproducibility.

C. Theory of TGA-based kinetics and thermodynamics

The fundamental TGA-based kinetic calculation method is based on the calculation of conversion
degree (a) from the mass loss data as a function of temperature or time. The conversion degree is calculated by:

a= Wy —W, (1)

where; w; is sample mass at time t or temperature T, w, and ws are sample weights at the onset and at offset of
the reaction, respectively. Pyrolysis reactivity index (Rp), which may be beneficial to conclude reactivities of the
system components, can be calculated according to the following formula:

Ry = WL[%J @)

where (dw/dt)max is the maximum pyrolysis rate and w, is the initial weight. A general expression for non-
isothermal kinetic methods with a constant heating rate (B=dT/dt) kinetic of the process is characterized by two
functions, as temperature function (k(T)) and fractional conversion function (f(a)), as given in Eq. 3:

da_pda_ (3)
m _ﬂdT =k(T)f(a)

Since Arrhenius equation explains temperature dependency of rate by expressing rate constant, k, [k=Aexp(-
EJ/RT)] (where E, is the activation energy, A is the pre-exponential factor and R the gas constant), the rate
equation can be modified as given in Eq. 4:

da E, 4)
ﬁﬁ = Aexp(— R ) f(a)

Integration of both sides of Eq. (4) gives:

[feg-so- ool X

f(a) RT

where g(o) is the function of the integrated form of conversion degree. On the other hand, the kinetic model f(a)
is related with a physical decomposition model. The f(a) and g(a) functions which are used in this study with
abbreviations are listed in Table 1. In order to calculate activation energy with respect to conversion degree iso-
conversional methods such as Friedman method [22] may be applied to obtain kinetic parameters for complex
reaction profiles. The linear form of the Friedman is given in Eq. 6.
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In(ﬁj—_?j:lnAJrlnf(a)fRE_;‘_ (6)

However, iso-conversional methods cannot determine the exact kinetic mechanism of individual of the thermal
processes. So, the model-based approaches show powerful cutting-edge mathematical predictions to determine
the best kinetic model of complex reactions [23]. In order to estimate the kinetic mechanism of the pyrolysis
master-plots method which is also known as Criado’s method [24] was implemented together with Friedman
method. By comparing experimental curves with theoretical curves which are characteristic for each reaction
mechanism, models of pyrolysis and co-pyrolysis reactions are estimated in this technique. Eq. 7 shows the
mathematical representation of the master plot method.

2(a) __f(x)g(@) :(TH/TO‘S)M (7)
2(0.5) f(0.5)g(0.5) (da/dt)y,

The [f(a) g(o) / f(0.5) g(0.5)] term of the equation is the reduced theoretical curve which indicates the
characteristic of each reaction mechanism that was shown in Table 1. The right-hand side of the Eq. 7 is the
reduced rate which was calculated according to the experimental data. The point where the conversion degree is
equal to 0.5 is accepted as the reference point and comparing the theoretical master plots with the experimental
plot gives the most appropriate reaction model [25] that will express the kinetics of the pyrolysis process.
Statistical prediction of model fitting was also evaluated with respect to data fitting and estimation capabilities
according to mean absolute deviation (MAD), mean square error (MSE), root mean square error (RMSE) and
mean absolute percentage error (MAPE) calculations.

Thermodynamic parameters such as changes in enthalpy (AH), Gibbs free energy (AG) and entropy
(AS) may be calculated after determination of the activation energy to a certain extent of the conversion degree.
By the help of Egs. 8-10, the thermodynamic parameters may be obtained.

AH=E_ —RT (8)
AG =E,+RT,In [L”Tm j
hA (9)

 AH —AG

7 (10)

AS

Here, Kg expresses the Boltzmann constant (1.381x10% J/K) and h shows the Plank constant (6.626x107 Js).
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Table 1. Kinetic mechanisms used of solid-state thermal decomposition processes [26]

Mechanisms Symbol f(a) g (o)
Reaction order
First order Ry (1-0) —In(l-«)
Second order Rz (1-a)? [a-a)"-1]
Third order Rs (1-a) [a-a)?-1]
One and half order Ris (1-a)* 2[(1‘“2)'”2'1]
Diffusion
One-dimensional diffusion D, a a?
2
Two-dimentional diffusion (Valansi) D, [—In(l—a)]’l a+[(1—a) In(l—a)]
Three-dimentional diffusion (Jander) Ds %(17 @) [17 a- a)“ﬂ [1—(1—05)”3]2
B > OO (R
Nucleation or Growth
Power Law (n=1/2) P; 20? aV?
Power Law (n=1/3) P, 3% o'
Power Law (n=1/4) Ps 40 ot
Exponential Law P4 Ina a
Sigmoidal Rate
Prout-Tomkins PT: all-a) —-Inl-a)
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I1l. RESULTS AND DISCUSSION

A. Thermogravimetric analysis

The TGA and dTG thermograms obtained from the non-isothermal thermogravimetric experiments are
given in Figure 4. According to the obtained thermograms, pyrolytic decomposition of cellulose initiated at
263 °C and ended at 455 °C depending on the applied heating rate. A single dTG peak at every heating rate
showed that pyrolytic degradation occurred at a single stage. The peak temperatures were between 329.9 and
363.7 °C for the heating rates between 5 and 40 °C/min. The carbonaceous solid char yields were about 21 wt.%
of the initial weight of the sample for the active pyrolysis region. With the increase in temperature after this main
decomposition zone, the mass-loss rate changed slowly and reached an asymptotic value near 15 wt. % of the
initial value. A literature survey on cellulose pyrolysis concluded that the passive pyrolysis region of cellulose
after active pyrolysis zone involves rearrangement in a polycyclic structure and conversion of short substituent
groups of the aromatic rings [27]. When the applied heating rate was changed from 5 to 40 °C/min during non-
isothermal runs, the reactivity values were progressively increased from 1.30 to 7.31 %/min.mg. The effect of
the heating rate found similar to the typical fuel samples that may be used in the pyrolysis process. The profiles
converge at the similar mass value of residual solid at the end of the hating process although the thermograms
altered to higher temperature points with the heating rate. This observation related to the heating rate is attributed
to the increase in the temperatures associated with the maximum devolatilization rate, as the heating rate
increases [28]. It is known that higher residence times permit to existence of thermal gradients which may
penetrate into the inner core of particles in the case of lower heating rates. Conversely, when the applied
residence time was low, it could not allow thermal gradients to distribute evenly into the particle. This
phenomenon resulted in high peak temperatures and intense dTG peaks at higher heating rates [29-31]. The
mass-loss was during the degradation of the cellulose is associated with the formation of smaller volatiles such
as carbon monoxide, carbon dioxide, methane, acetaldehyde, hydroxyacetone, hydroxyacetaldehyde, furfural,
levoglucosan.

100 + Temperature (°C)
80
60
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2
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Figure 3. TG and dTG curves for cellulose pyrolysis at different heating rates
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B. Determination of activation energy via iso-conversional Friedman method

The establishment of the kinetic parameter of cellulose pyrolysis is vital for the implementation of
thermochemical conversion processes like pyrolysis, gasification, and combustion. Therefore, kinetic studies of
pyrolysis receive a great deal of attention in recent years since it is the basis of the thermochemical processes.
Figure 5 depicts activation energy at various conversion degree based on Friedman method. The iso-conversional
approach of the Friedman method does not require previous knowledge of the mechanism to predict the pyrolytic
activation energy. The activation energy is defined as the minimum amount of energy required to initiate a
reaction. Hence, higher activation energy shows lower reactivity and higher stability of the precursor during
pyrolytic degradation. Besides, the numerical value of activation energy indicates the sensitivity of reaction rate
to the possible temperature changes, thus larger rate increases are hypothesized for the reactions with higher
activation energies [32]. The activation energy values predicted by Friedman calculation method were in the
range of 150.79-190.23 kJ/mol with an average value of 164.33. The highest activation energy calculated at the
initiation point of the pyrolysis at a conversion degree value of 0.1, and then gradually decreased up to a
conversion degree of 0.7. This value at a conversion degree of 0.7 indicated that higher reactivity and lower
stability at that point. Further increasing temperature after a conversion degree of 0.7 resulted in a slight increase
till the end of the pyrolysis process. The changes in the value of activation energy with increasing conversion
degree may indicate the occurrence of different decomposition mechanisms or of the dominant mechanism and
reflect the kinetic complexity of cellulose pyrolysis. The pre-exponential factors were calculated and tabulated in
Table 2. According to the results, they were found in the range of 2.89x10°-1.03x10*® s between conversions of
0.1 to 0.9 at different heating rates between 5 and 40 °C/min.

In a previous model-based study of Varhegyi et al. it is reported that the cellulose pyrolysis can be
described by a single first-order model with approximate activation energy as 238 kJ/mol at heating rates of 2
°C/min or more [33]. According to the study of Gronli et al. activation energy values were between 234 and 264
kJ/mol at 5 °C/min while they were changed from 211 to 232 at 40 °C/min [34]. When Antal et a. compared
kinetic behaviours of different kinds of cellulose samples during pyrolysis at 1, 10 and 65 °C/min heating rate,
they concluded that strongly depends on the type of cellulose. The activation energy values varied between 174
and 250 kJ/mol depending on the characteristics of the sample and experimental conditions such as heating rate
[35]. When Cornesa et al. applied different solid-state decomposition models to cellulose pyrolysis data which
were calculated at heating rates 5 and 50 °C/min, activation energy changed between 193 and 294 kJ/mol.
Moreover, they implied that cellulose pyrolysis in dynamic conditions can be described with acceptable accuracy
by a first-order kinetic model and the probable deviations from this model may result from the fact that cellulose
does not decompose by a single reaction step [36]. In another study which is carried out by Lin et al., the
pyrolytic conversion of cellulose was fitted to two different first-order reaction models that assume the
temperature difference between the thermocouple and specimen in TGA to be directly proportional to the heating
rate and heat transfer at the sample boundary including the heat flow by endothermic pyrolysis reaction. As a
consequence, they predicted activation energy of cellulose pyrolysis as 198 kJ/mol [37]. Capart et el.
investigated pyrolysis of micro granular cellulose in both a dynamic mode at constant heating rates between 1
and 11 °C/min and an isothermal mode at various temperatures, kept constant between 280 and 320 °C. The
obtained data were found to be fitted with a reaction scheme consisting of two parallel reactions whose
activation energies were in order of 202 and 255 kJ/mol [38]. A recent study of Zhou et al. investigated cellulose
pyrolysis using both a TGA and macro-TGA. A novel peak analysis-least square method was developed to
analyse the experimental data and results showed that activation energy of cellulose pyrolysis was 279 kJ/mol in
TGA while it was 291 kJ/mol in macro-TGA [39]. Based on these previous kinetic studies, it is convenient to say
that activation energy of the process is highly susceptible to the characteristics of the cellulose sample together
with experimental and computational methods that were used.
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Figure 4. Variation of activation energy with conversion degree based on Friedman method

Table 2. Variations in the values of pre-exponential factor (s*) with conversion degree and heating rate

B (°C/min)
@ 5 10 20 40
0.1 9.41x10% 9.07x10% 1.03x10% 9.06x10%
0.2 1.58x10%2 1.58x10%2 1.83x10% 1.67x10%
0.3 2.28x101 2.35x101 2.80x10% 2.65x104
0.4 4.91x10% 5.19x10% 6.32x10%° 6.19x10%°
05 1.82x10% 1.96x10% 2.42x10%° 2.42x10%
0.6 4.07x10° 4.51x10° 5.68x10° 5.84x10°
0.7 2.87x10° 3.19x10° 4.04x10° 4.18x10°
0.8 3.76x10° 4.17x10° 5.26x10° 5.42x10°
0.9 7.34x10° 8.04x10° 1.00x10%° 1.02x10%°

Average 1.26x10%2 1.22x10%2 1.39x10% 1.23x10%

C. Determination of kinetic model

As explained in Section Il. (C), the reaction model of pyrolytic decomposition reactions could be
obtained using the master-plots method. This method provides a mathematical approach to determine the most
probable pyrolysis mechanism during the cellulose pyrolysis. By the help of comparing theoretical and
experimental master plots f(a) and g(a) functions of the thermal degradation of the process can be estimated.
Figure 6 shows the dependence of experimental master plots on the heating rate. When the applied heating rate
was changed from 5 to 40 °C/min gradually, the trend remained the same with increasing conversion degree.
Although the shape of the experimental curves for all of the applied heating rates were similar, slight changes
was observed due to the heat and mass transfer. It has been also reported that z(a) is practically independent of
the heating rate [40]. Therefore, master plots were evaluated for the determination of the kinetic mechanism over
normalized conversion values for a heating rate of 10 °C/min. The statistical parameters such as MAD, MSE,
RMSE and MAPE were displayed in Table 3 in order to compare theoretical and experimental results during the
active pyrolysis stage. These parameters express the forecasting errors on actual experimental observations
quantitatively. Analysing Table 3, it was possible to verify that the cellulose pyrolysis cannot be satisfactorily
described by a single type of mechanism over the whole conversion degree range between 0.1 and 0.9.
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Figure 5. Experimental master plots at different heating rates for cellulose pyrolysis
Table 3. Statistical evaluation of the kinetic models for the cellulose pyrolysis (0=0.1-0.9)

Mechanism MAD MSE RMSE MAPE (%)
Ry 0.090 0.030 0.174 39.89
R 0.246 0.081 0.285 44.60
Rs 0.200 0.050 0.223 40.69
Ris 0.094 0.015 0.124 31.86
D, 1.422 5.213 2.283 481.83
D, 0.240 0.187 0.433 89.87
Ds 0.137 0.069 0.263 55.77
D, 0.39%4 0.461 0.679 142.92
Py 0.717 1.046 1.023 212.32
P, 0.355 0.387 0.622 130.56
Ps 0.355 0.387 0.622 130.56
P4 0.257 0.087 0.296 57.69
PT, 0.356 0.217 0.465 105.90

When the algebraic expressions of degradation mechanism as order-based reaction mechanisms,
nucleation, and growth-based mechanisms and diffusion phenomena for the thermal decomposition process were
evaluated, the theoretical and experimental master plots are obtained as shown in Figure 7. The theoretical curve
which converges to experimental curve was specified as the dominant mechanism. The plots indicated that the
pyrolysis process of cellulose cannot be fully described by a single reaction model throughout the whole active
pyrolysis zone as it is concluded according to the previous statistical evaluation. The main mechanism changed
as the conversion increased. It is observed from master plots that overlapping of best fitting of experimental data
was achieved by D3 type mechanism at lower conversions (0<a<0.5). The experimental curve presented a change
of shape when the conversion degree was 0.5. It is convenient to say that diffusion takes an important role in the
pyrolytic decomposition of cellulose at the initial stages.

Diffusion based models assume that the reaction rate is higher than reaction front propagation
throughout the pyrolysis medium. Accordingly, the pyrolytic degradation reaction occurs at the boundary of the
two phases like solid and gas. Therefore, the gas must diffuse into the solid to a reaction to progress.
Theoretically, the pyrolysis begins in the outer layer of the precursor, and proceeds into the solid, by formation a
layer of products. As the conversion increases by increasing the pyrolysis temperature, the thickness of the
product layer around the sample. The formed product layer around the sample can obstruct the heat by adding
additional diffusion resistance. Thus, diffusion becomes the rate-determining step, especially at lower conversion
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degrees or the degradation process [41,42]. Table 4 shows the percent error between the theoretical D3 curve and
the experimental curve depending on the applied heating rate between conversion values of 0 and 0.5. When the
decomposition was proceeding further the mechanism shifted to R; type of decomposition until a conversion
degree of 0.7. On conversion degree of 0.8, the mechanism followed the Ris type of reaction mechanism.
During the latest stage of thermal decomposition at conversion degrees between 0.8 and 0.9, the mechanism
cannot be adequately predicted. To put it other words, the experimental results at a conversion degree of 0.9
cannot provide a suitable indication of the mechanism but it converges to the R type of mechanism. All in all,
no precise solid-state decomposition model could express an exact description of the experimental master curves
for the whole process including conversion degrees between 0.1 and 0.9 satisfactorily. According to the above
discussed, the thermal decomposition of the cellulose can be described by complex pyrolysis reactions which
include conversion of radicals to condensable and non-condensable volatiles together with char and can be
related with the multiple phenomena occurring simultaneously.

—m— Cellulose ;

i
z(a)/2(0.5)

01 0,2 03 0,4 0,5 0,6 0,7 0,8 0,9
Conversion degree (a)

Figure 6. Theoretical and experimental master plots for cellulose pyrolysis (=10 °C/min)

Table 4. Percent error between experimental and theoretical (Ds) curves depending on the applied heating rate (¢=0-0.5)

B (°C/min)

a 5 10 20 40
0.1 11.48 10.70 9.41 0.07
0.2 1.41 214 0.85 8.90
0.3 2.83 1.19 0.06 7.88
0.4 2.96 0.82 0.55 4.04
0.5 0.00 0.00 0.00 0.00

Average 3.74 2.97 218 418
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E. Thermodynamics of cellulose pyrolysis

In order to calculate the thermodynamic parameters for pyrolysis processes, active pyrolysis zone was
chosen for analysis at a heating rate of 10 °C/min, because a relatively lower heating rate is known to provide
more accurate results [43]. The results of the thermodynamic parameters were given in Table 5 to determine the
favorability of the process and conclude pyrolytic potential of cellulose with the and status of the products. For
the cellulose pyrolysis processes, the enthalpy changes were positive demonstrating the endothermic nature of
the reaction. This was because enthalpy change during thermal decomposition demonstrates the variance in the
level of energy between the reagents and stimulated intricate substance [44]. The value of mean enthalpy change
through the whole conversion degree for cellulose was 159.25 kJ/mol. On the other hand, the degree of stability
of a system may be estimated by the value of Gibbs free energy change. As the results indicated, the Gibbs free
energy change varied with the conversion degree for both the pyrolysis processes. In the case of lower Gibbs free
energy change, a higher favourability of the reaction is in question. The Gibbs free energy change for the
pyrolysis of cellulose ranged between 169.20 and 191.00 kJ/mol for the corresponding conversion degrees
between 0.1 and 0.9. Entropy change indicates how close the system is to its thermodynamic equilibrium. A
lower entropy change indicates a system that is near to its thermodynamic equilibrium and less reactive.
Otherwise, a larger entropy change shows that the system is not close to its thermodynamic equilibrium and is
more reactive. The minimum negative value of entropy change was —38.32 J/mol at a conversion degree of 0.7.

Table 5. Thermodynamic parameters for cellulose pyrolysis

AH AG AS
¢ (kj/mol) (kj/mol) (j/mol.K)
0.1 185.31 191.00 -9.25
0.2 176.54 186.18 -15.69
0.3 167.04 180.95 -22.63
0.4 159.54 176.82 -28.12
0.5 154.69 174.16 -31.68
0.6 147.39 170.14 -37.03
0.7 145.66 169.20 -38.32
0.8 146.96 169.93 -37.40
0.9 150.13 171.72 -35.14
Average 159.25 176.68 -28.36

IV. CONCLUSIONS

In this study, cellulose pyrolysis was investigated and activation energy values calculated in active
pyrolysis zone have shown different values depending on the conversion degree. The activation energy values
obtained by Friedman iso-conversional method were in the range of 150.79-190.23 kJ/mol with an average value
of 164.33 kj/mol. The master-plots revealed that the controlling mechanism of cellulose pyrolysis mechanism
was diffusion and reaction order-based decomposition process. Also, thermodynamic parameters such as
enthalpy change, Gibbs free energy change, and entropy change were reported at different conversion degrees.
The value of mean enthalpy change through the whole conversion degree for cellulose was 159.25 kJ/mol. On
the other hand, the values of mean Gibbs free energy change and mean entropy change were 176.68 kj/mol and -
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28.36 j/mol.K, respectively. The data of the current study could provide insights into the future pyrolysis
applications of cellulosic materials which have important bioenergy potentials.
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