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Abstract−The pyrolysis characteristics and kinetics of α-cellulose were investigated using thermogravimetric ana-
lyzer (TGA) and micro tubing reactor, respectively. Most of the α-cellulose decomposed between 250 and 400 oC at
heating rate of 5-20 oC/min. The apparent activation energy was observed in the range of 263.02 kJ mol−1 to 306.21 kJ
mol−1 at the conversion of 10-80%. The kinetic parameters were determined by nonlinear least-squares regression of
the experimental data, assuming first-order kinetics. It was found from the kinetic rate constants that the predominant
reaction pathway was A(α-cellulose) to B(bio-oil) rather than A(α-cellulose) to C(gas; C1-C4) and/or to B(bio-oil) to
C(gas; C1-C4) at temperatures of 340-360 oC.
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INTRODUCTION

Biomass has been recognized as a potential renewable energy
source to replace fast depleting fossil fuels [1-3]. Pyrolysis is con-
sidered as one of the most promising thermochemical conversion
techniques for biomass conversion. However, pyrolysis is a very
complex process with a series of reactions which can be influ-
enced by many factors [3-5]. Moreover, the pyrolysis bio-oil is essen-
tial to be upgraded to improve its quality for use directly as fuel,
due to its high oxygen, acidity and low heating value [6]. Therefore,
a thermogravimetric analysis (TGA) of the kinetics of pyrolysis of
biomass is needed in order to understand the pyrolysis character-
istics of biomass.

As lignocellulosic biomass is made up of 20-40% of hemicellu-
lose, 40-60% of cellulose, and 10-25% of lignin, its pyrolysis can be
considered as the superposition of the three main components [5,
7,8]. It is essentially important to study the pyrolysis characteris-
tics of the main component of lignocellulosic biomass for a better
understanding of biomass thermochemical conversion [9].

Cellulose is the main constituent of biomass as well as the most
abundant biopolymer on Earth [10] with approximately 1.5×1012

tons of cellulose produced annually [11]. As cellulose is the pri-
mary component in lignocellulosic biomass, a thorough knowledge
of the pyrolysis characteristics of cellulose is required for the proper
design and operation of the pyrolysis conversion systems.

Kim et al.’s [12] research works in understanding cellulose struc-
ture and applications have been well reviewed. Catalytic conver-
sion of cellulose has been researched to get value-added chemicals
such as 5-hydroxymethylfurfural [13]. Thermogravimetric analysis
(TGA) has been widely used to investigate the conditions of pyrol-
ysis as well as development of kinetic models for cellulose pyroly-
sis. In general, pyrolysis models can be divided into two categories
[14]. The first is a global decomposition mechanism where a single
first order irreversible reaction is used to describe the experimen-
tally observed weight loss rate [15-17]. A parallel reaction scheme
based on the Broidio-Shafizadeh model has been widely accepted
[18]. According to this mechanism, cellulose is first depolymerized
to ‘active cellulose’, which has a degree of polymerization of around
200-250 monomer units. This initial reaction is then followed by
decomposition into ‘char’ and ‘volatile’ products by several competi-
tive reactions. Alternatively, a second semi-global multi-step type
mechanism has been presented by several researchers, which exclu-
sively considers primary and secondary reactions occurring during
pyrolysis [18,19]. This second type of model appears to give a rea-
sonable description of experimental results and has been used to
predict the product yields of bio-oil, char and gas fractions result-
ing from primary as well as secondary reactions [20].

Most of the kinetic models introduced above classified the pyrol-
ysis products into bio-oil, char and gas, based on mass loss mea-
surements in TGA experiments or TGA coupled with GC/MS. Kin-
etic models by thermogravimetric analysis use weight loss of sam-
ples by increasing temperature [21]; thus this method does not use
the fractionated components of product.

In this work, however, liquid product and gas product were frac-
tionated by weighing after specific pyrolysis temperature and time
in a micro tubing reactor. The kinetic reaction constants were eval-
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uated by applying a lumped model based on actual mass loss of α-
cellulose, gas product, and liquid product, respectively, after pyro-
lyzing α-cellulose in a micro-tubing reactor. The kinetic parame-
ters from a lumped kinetic model were also calculated. A kinetic
analysis was performed for better understanding the characteris-
tics and the reaction mechanisms of the α-cellulose pyrolysis.

EXPERIMENTAL SECTION

The cellulose used in this study was α-cellulose (C8002), pur-
chased from Sigma-Aldrich Co. It was fibrous form with a density
of 0.60 g/cm3.

Thermogravimetric analysis of the α-cellulose sample involved
using a TGA (TA Instrument, Q50). A sample mass of 20.0±1.0 mg
was used for the thermogravimetric analysis in each experiment.
Nitrogen was used as a carrier gas, at a flow rate of 25 mL/min. The
heating rates were controlled at 5, 10, 15 and 20 oC/min from
20 oC to 800 oC.

The pyrolysis of α-cellulose samples was carried out in a tubing
reactor (φ22 mm×110 mm). The system consisted of a salt bath, a
temperature controller, a mechanical stirrer and a reactor made of
tubing with an inner volume of 39 ml. A sample mass of 3 g was
used in each experimental run. The molten salt bath, which has
excellent heat transfer properties, was composed of a eutectic salt
of KNO3 (59 wt%) and Ca(NO3)2 (41 wt%) [22-25]. Based on data
from the differential thermogravimetric (DTG) curves, the pyroly-
sis temperatures of 340 oC, 350 oC, and 360 oC at molten salt bath
were selected along with heating rates of 5, 10, 15 and 20 oC/min.
First, the tubing reactor, which contained 3 g of the α-cellulose sam-
ples, was placed into the molten salt bath. The reaction time of the
sample was varied from 1 min to 4 min at each pyrolysis tempera-
ture (340 oC, 350 oC, and 360 oC). After reaction, the reactor was
taken out from the bath and cooled to room temperature. The reac-
tion products were analyzed by weighing gas, oil, and solid prod-
ucts. After cooling, the tubing reactor was opened to allow gas to
be gently released. The yield of gas, defined as (gas weight)×100/
(feed weight), was obtained by weighing the tubing reactor before
and after the gas release. The other pyrolyzed products were sepa-
rated into bio-oil (acetone soluble) and solid (acetone insoluble)
using a solvent extraction technique. The solid yield is defined as
(weight of acetone insoluble)×100/(weight of feed), while the bio-
oil is defined as (100-gas yield-solid yield). The solid was sepa-
rated using 0.45μm micro filter paper.

The pyrolysis bio-oil was analyzed by using GC-MS (Agilent
7890A) with a capillary column of HP-5MS (30 m×0.25 mm×0.25
μm). High purity helium was used as a carrier gas with gas flow
rate of 1.0 ml/min. The temperature of GC injector was kept at of
280 oC, with injection volume of 1μL. The GC oven was pro-
grammed from initial temperature of 40 oC to 200 oC with heat-
ing rate 5 oC/min, held for 5 min, then to 300 oC at heating rate
10 oC/min, held for 5 min.

RESULTS AND DISCUSSION

1. Thermogravimetric Analysis
The results of thermogravimetric experiments for the α-cellu-

lose are expressed as a function of the conversion X, which is de-
fined as

(1)

where W0 is the initial mass of the sample, W is the mass of the
pyrolyzed α-cellulose sample, and W

∞
 is the final residual mass

after thermogravimetric analysis.
The degrees of conversion for the α-cellulose and DTG curves

are shown as a function of temperature in Fig. 1 at various heat-
ing rates of 5, 10, 15, and 20 oC/min. At temperatures lower than
150 oC, the small change in conversion of the samples is attributed
to vaporization of the moisture attached to the surfaces of the sam-
ples. As shown in the Fig. 1, the α-cellulose samples started to de-
compose at 250 oC. The TGA graphs at the different heating rates
of 5, 10, 15, and 20 oC/min showed similar results, shifting slightly
toward the right with increasing heating rate. The TGA curves of
the α-cellulose samples showed one weight loss step, with major
decomposition occurring between 247 oC and 382 oC depending
on heating rates. It is in good agreement with the literature data
[22,26,27]. Yang et al. [9] reported that cellulose pyrolysis mainly
occurred between 315 oC and 400 oC at the heating rate of 10 oC/
min in nitrogen atmosphere, which is consistent with our result.
Ouajai and Shanks studied thermal degradation of hemp cellulose
by TG and DTG analysis after chemical treatment [27]. They re-
ported that hemp cellulose decomposed at about 390-400 oC at the
heating rate of 20 oC in nitrogen atmosphere. In contrast, hemicel-
lulose and lignin of hemp were mainly decomposed at ca. 220 oC
and 315-400 oC, respectively, at various heating rates of 5-20 oC/min
[26].

The differential rate of conversion, dX/dt, was obtained from
differential thermogravimetric analysis (DTG) at various heating
rates of 5, 10, 15, and 20 oC/min (Fig. 1). The DTG curve at each
heating rate has two extensive peaks, occurring between 20 oC and
400 oC. The first small peaks occurring lower than 150 oC are cor-
responding to vaporization of the moisture on the surface of sam-
ple, and the second large peaks between 247 oC and 382 oC are at-
tributed to decomposition of the α-cellulose. The maximum rate

X = 
W0  − W

W0  − W
∞

---------------------

Fig. 1. TG and DTG curves illustrating the effect of the pyrolysis
rate of α-cellulose at different heating rates of 5, 10, 15, and
20 oC/min.
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of dX/dt in the DTG curves (Tmax) increased with increasing heat-
ing rate. As shown in Fig. 1, the maximum rate of decomposition
tends to increase at higher heating rates because there is more ther-
mal energy to facilitate better heat transfer between the surround-
ings and the insides of the samples [28]. The maximum point rates
of decomposition in the DTG curves occurred at 334, 341, 347,
and 352 oC, respectively, at heating rates of 5, 10, 15, and 20 oC/
min. The results are in good agreement with the findings of Yang
et al. [9]. They reported that the temperature of maximum weight
loss rate for cellulose was 355 oC at the heating rate of 10 oC/min.
2. Kinetic Parameters of the Pyrolysis of α-Cellulose

The TGA graph was analyzed to determine the kinetic parame-
ters of α-cellulose pyrolysis, including the activation energy and the
Arrhenius frequency. The differential method was used to deter-
mine the pyrolysis kinetic parameters from the thermogravimet-
ric data as below [22,29-31]:

(2)

where E is the activation energy, A is the pre-exponential factor,
and n is the reaction order.

The activation energy, E, based on Eq. (2), can be determined
from plot of ln(dX/dt) vs. 1/T. Fig. 2 shows the plots of ln(dX/dt)
vs. 1/T at various conversions ranging from 10% to 80%, resulting
in a family of parallel straight lines with a slope of −E/R. When the
conversion of the α-cellulose was 20%, for example, the correspond-
ing temperatures were 305.9 oC, 309.8 oC, 313.0 oC, and 317.3 oC
for heating rates of 5, 10, 15, and 20 oC/min, respectively. At these

dX
dt
-------⎝ ⎠
⎛ ⎞  = AXn( ) − 

E
R
---

1
T
---lnln

Fig. 2. Application of Eq. (2) with heating rates of 5, 10, 15, and
20 oC/min where the conversion values ranged from 10-80%.

Table 1. Calculated kinetic parameters for the pyrolysis of α-cellulose
Conversion (%)

10 20 30 40 50 60 70 80
Ea (kJ/mol) 263.02 310.97 296.88 292.0 282.21 278.96 273.64 306.21

n
0th 1.16×1021 8.67×1024 2.29×1023 4.75×1022 4.04×1021 1.28×1021 2.55×1020 5.21×1022

1st 1.15×1022 4.34×1025 7.61×1023 1.19×1023 8.05×1021 2.13×1021 3.65×1020 6.49×1022

2nd 1.15×1023 2.53×1024 2.53×1024 2.98×1023 1.61×1022 3.55×1021 5.23×1020 8.09×1022

temperatures, the values of ln(dX/dt) were −7.24, −6.68, −6.25,
and −6.01 for heating rates of 5, 10, 15, and 20 oC/min, respec-
tively. From the slope of ln(dX/dt) vs. 1/T for the 20% conversion,
the activation energy was calculated to be 310.97 kJ/mol. The inter-
cept, ln(A·Xn), can be obtained from Fig. 2 at each conversion.
When the apparent order of reaction (n) is assumed to be 0, 1 or
2, the pre-exponential factor (A) can be obtained from Eq. (3).

ln(A·Xn)=lnA+nln(X) (3)

The moisture on the surfaces of the α-cellulose was vaporized
at a temperature lower than 150 oC, as shown in Fig. 1. Thus, the
activation energy at the 5-10% conversion level was not the pyrol-
ysis of α-cellulose but the vaporization of moisture. The carbohy-
drate was mainly decomposed at the temperature lower than 350 oC;
after that, the further devolatilization reaction of charcoal of the α-
cellulose proceeded. The activation energy for the pyrolysis of α-
cellulose ranged from 263.02 to 306.21 kJ/mol, at the conversion of
10-80%. Vamvuka et al. reported that the activation energy for cel-
lulose was in the range of 145-285 kJ/mol [32]. Wang et al. used
the distributed activation energy model to study the pyrolysis kinet-
ics, and calculated the activation energy values of cellulose in the
range from 142.6 to 167.7 kJ/mol [33].

In our previous works, we investigated thermogravimetric char-
acteristics of pine trees and oak trees, which are representative woody
biomass of conifer and broad-leaved tree, respectively [22,24]. The
activation energies of pine and oak trees were in the range of
229.98-246.43 kJ/mol and 238.28-384.34 kJ/mol, respectively, at the
conversion of 10-80%. Considering that cellulose is the major com-
ponent of these trees, the activation energies of α-cellulose in the
range of 263.02 to 306.21 kJ/mol are reasonable.

Table 1 shows the apparent activation energies and pre-expo-
nential factors calculated using Eq. (2) and Eq. (3) based on Fig. 2,
assuming a zeroth, first or second order reaction. The pre-expo-
nential factors were between 1020 and 1024 s−1, when the conversion
was between 10% and 80%.
3. Bio-oil Composition

The bio-oil obtained from α-cellulose pyrolysis at 360 oC for 4
min was analyzed with GC-MS (Agilent 7890A), and the data are
presented in Table 2. Two major constituents of the bio-oil are 2-
furancarboxaldehyde (46.3%) and 5-methyl-2-furancarboxaldehyde
(15.4%).

Park et al. studied fast pyrolysis of Oriental white oak in a fluid-
ized bed, and then analyzed bio-oil [34]. Biomass such as Oriental
white oak mainly consists of cellulose, hemicelluloses and lignin.
Three main components are produced, such as bio-oil, biochar and
non-condensable gases, from the fast pyrolysis of lignocellulosic bio-
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mass. Bio-oil contains a great deal of oxygenated compounds; thus
hydrodeoxygenation of those of compounds has been researched
to upgrade its quality [35,36]. Biochars derived from biomass can
be used for heavy metal removal [37]. The major compounds in
the bio-oil from the fast pyrolysis of Oriental white oak were phe-
nolic compounds, including cresols, guaiacols, eugenols, ayringols
and their derivatives, as well as ketones and aldehydes. Ross et al.
reported that lignin pyrolysis was known to produce mainly phe-
nolic compounds [38].

In this work, 2-furancarboxaldehyde showed the highest selec-
tivity among the produced compounds. Unlike woody biomass,
α-cellulose did not contain as much phenolic compounds because
of the absence of lignin.
4. Pyrolysis Mechanism for α-Cellulose

The effects of the pyrolysis temperature and reaction time for
α-cellulose on the product yield were systematically investigated.
The yields of oil, gas, and solid as a function of the pyrolysis con-
ditions are shown in Table 3. The results clearly show the effects of
the pyrolysis temperature and reaction time on the product yields.
The yields of oil and gas were in the range of 14.23-47.26 wt% and
0.59-16.76 wt%, respectively, at the investigated conditions, while
the yield of solid was higher than 36 wt% under the same experi-
mental conditions. When pine tree was pyrolyzed at similar condi-
tions, the yields of oil, gas and char were in the range of 4.03-25.57
wt%, 4.16-21.71 wt% and 53.45-91.63 wt%, respectively [22]. This
difference is attributed to the compositions of pine tree, consisting
of hemicellulose and lignin as well as cellulose.

To simplify the kinetic model of the experimental data, frac-
tions of gas, oil, and solid were considered, and the kinetic model
of the pyrolysis of α-cellulose was assumed for two groups of series

Table 2. Bio-oil analysis from the pyrolysis of α-cellulose: 360 oC,
4 min

RT (min) Composition Area %
3.199 2-Amino-1-butanol 04.28
3.957 2- Furancarboxaldehyde 46.31
5.791 Ethenyl ester propanoic acid 03.38
5.843 5-Methyl-2- Furancarboxaldehyde 15.42

Table 3. Effects of the pyrolysis conditions on the yields of oil, gas,
and char (wt%) for α-cellulose in the micro-tubing reactor

Reaction time (min)
1 2 3 4

Pyrolysis at 340 oC
Gas (wt%) 00.59 05.67 14.64 15.80
Oil (wt%) 14.23 33.79 39.27 47.26
Solid (wt%) 85.18 60.54 46.09 36.94

Pyrolysis at 350 oC
Gas (wt%) 00.70 06.71 14.00 16.15
Oil (wt%) 16.56 34.29 39.26 46.58
Solid (wt%) 82.74 59.00 46.74 37.27

Pyrolysis at 360 oC
Gas (wt%) 01.80 12.75 15.07 16.76
Oil (wt%) 17.58 43.44 47.63 46.61
Solid (wt%) 80.62 43.81 37.30 36.63

Fig. 5. Effect of reaction time on the product distribution for α-cel-
lulose at 360 oC.

Fig. 4. Effect of reaction time on the product distribution for α-cel-
lulose at 350 oC.

Fig. 3. Effect of reaction time on the product distribution for α-cel-
lulose at 340 oC.
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and parallel reactions. Figs. 3-5 show the yields of oil, gas, and solid
as a function of reaction time at pyrolysis temperatures of 340 oC,
350 oC, and 360 oC, respectively. The initial fraction of α-cellulose
was considered 100 wt%. The fraction of α-cellulose decreased with
increasing reaction time at a fixed pyrolysis temperature, while the
fractions of gas and oil increased with increasing reaction time at
the same pyrolysis temperature. When the reaction time was over
3 min at any pyrolysis temperature, the yields of gas remained
essentially constant.

The pyrolysis mechanisms assumed for the kinetic model devel-
opment in our previous study are shown below [22,24].

(4)

Based on Eq. (4), the kinetic equations for the reaction in terms
of yields for cellulose (CA), bio-oil (CB) and gas (CC) are as follows:

(5)

(6)

(7)

The reaction rate constants of k1, k2, and k3 were obtained by
applying an optimization procedure (Levenberg-Marquardt method)
to the values of each component product at 340 oC, 350 oC and
360 oC. The method of parameter measurement can be mathemat-
ically formulated into the following constrained nonlinear optimiza-
tion program:

(8)

where Ycalculated, i and Yexperimental, i refer to the value calculated by Eqs.
(5)-(7) and the experimental values at a given pyrolysis tempera-
ture and time of reaction, respectively.

The reaction rate constants were estimated by applying Eq. (8)
to the results shown in Figs. 3-5. The calculated reaction rate con-
stants for the pyrolysis of α-cellulose are shown in Table 4. The
reaction rate constants of k2, and k3 increased with increasing pyrol-
ysis temperature from 340 oC to 360 oC, whereas k1 decreased. The
reaction rate constant of k2 (α-cellulose→bio-oil) shows the high-
est value compared with k3 (bio-oil→gas) and k1 (α-cellulose→

gas) values at each temperature. The ratio of k2/k3 at the reaction
temperature of 340 oC, 350 oC and 360 oC was 6.38, 2.77 and 1.95,
respectively. Obtained results suggest that the predominant reac-
tion pathway of the pyrolysis of α-cellulose was from A to B rather
than from A to C and/or B to C. This result is similar to the results
obtained from the pyrolysis of woody biomass such as oak trees,
where k2 was higher than k3 [24]. In the case of pine trees, k1 was
higher than k2 and k3 [22]. First-order lumped kinetics provide an
excellent fit for the products obtained from α-cellulose at 340 oC,
350 oC and 360 oC. Thermogravimetric analysis of the α-cellulose
was used to investigate the pyrolysis characteristics and to calcu-
late the global kinetic parameters such as activation energy. The
purpose of performing a kinetic analysis was to better understand
the pyrolysis characteristics of α-cellulose, which is the major com-
ponent of woody biomass. The lumped reaction scheme proposed
can be proved by the pyrolysis mechanism of α-cellulose in Eqs.
(5)-(7). This mechanism is in agreement with experimental results
and accounts for the formation of the final products.

CONCLUSION

The global kinetic parameters for α-cellulose pyrolysis, includ-
ing the apparent activation energies, were determined by the dif-
ferential method. The activation energy of the pyrolysis of the α-
cellulose was between 263.02 kJ/mol and 306.21 kJ/mol at the con-
version range of 10-80%. The composition of bio-oil from the α-
cellulose showed the highest selectivity of 46.3% for 2-furancar-
boxaldehyde when pyrolysis was at 360 oC for 4 min in the micro
tubing reactor. The proposed lumped kinetic model matched well
with the experimental results, and the kinetic rate constants sug-
gest a predominant reaction pathway from α-cellulose to bio-oil
rather than from α-cellulose to gas and/or bio-oil to gas.
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NOMENCLATURE

A : pre-exponential factor [s−1]
E : activation energy [kJ mol−1]
k : pyrolysis rate constant [min−1]
n : reaction order
R : gas constant [8.314 J g·mol−1 K−1]
t : pyrolysis time [min]
T : absolute temperature [K]
W : weight of sample at time t [g]
W0 : initial weight of sample [g]
Wt : final weight of sample [g]
X : conversion of samples
Tmax : maximum rate of dX/dt in the DTG curves
k1, k2, k3 : reaction rate constants [min−1]

CA = CA0
− k1+ k2( )t[ ]exp

CB = CB0
 + k2CA0

− k1+ k2( )t[ ]exp
k3  − k1+ k2( )

-------------------------------------  − 
− k3t( )exp

k3 − k1+ k2( )
----------------------------

⎝ ⎠
⎛ ⎞

CC = CA0
 − CA − CB

minimize S = Ycalculated, i − Yexperimental, i( )2

i=1

N
∑

Table 4. Reaction rate constants (min−1) for the pyrolysis of α-cellu-
lose

Temperature
(oC)

Rate constant (min−1)
k1 k2 k3

340 0.0443 0.1992 0.0312
350 0.0288 0.2184 0.0788
360 0.0037 0.3041 0.1556



Thermogravimetric characteristics of α-cellulose and decomposition kinetics in a micro-tubing reactor 3133

Korean J. Chem. Eng.(Vol. 33, No. 11)

CA, CB, CC : yields of reactant and product [wt%]
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