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Cellulose  degradation  under  inert (He)  and  oxidative  atmospheres  (7%  O2, 20%  O2 and  60%  O2) was
investigated  through  thermogravimetric  (TG)  equipped  with  mass  spectroscopy  (MS)  system.  Two  mass
loss  stages  were  observed  for  cellulose  degraded  under  oxidative  atmosphere,  where  the  first  mass  loss
stage is  close  to  that under  inert  atmosphere,  and  the  second  one  designated  to  char  oxidation  was
enhanced  by  the  increased  oxygen  concentration.  The  evolution  of prominent  volatiles  including  furfural,
eywords:
ellulose
G-MS
yrolysis
xidation
inetic model

acetone,  2/5-hydromethyl  furfural,  formaldehyde,  CO  and CO2 was  examined  considering  the  influence
of oxygen  concentration.  The  plateau  for mass  loss  and  evolution  of  some  volatiles  leads  to  the  difficulty
to determine  the division-point  for the  two  stages.  However,  the fitting  parameter  (Dev%)  around  5%
confirms  the  applicability  of the  proposed  two-stage  kinetic  model  accounting  for  partial  pressure  of
oxygen.

Crown Copyright ©  2013 Published by Elsevier Ltd. All rights reserved.
. Introduction

Sustainable development of human society is highly demand-
ng the exploitation of clean and renewable energy sources, due to
he huge need of fossil fuels and the higher sensibility toward envi-
onment protection from conventional energetic system. Biomass,

 term for all organic materials from plants, is being situated at the
enter of scientific and industrial interest with regard to its charac-
eristics as renewable, widely distributed, indigenous, CO2-neutral
nd so on (Blasi, 2008; McKendry, 2002a,b). In addition, it is the only
enewable source for liquid fuels and chemicals (Mettler, Vlachos,

 Dauenhauer, 2012; Sanderson, 2006). Pyrolysis is established as a
romising method for converting biomass to liquid fuel and chem-

cal feedstock, which is also involved in other thermo-chemical
echnologies (e.g., gasification, combustion, and carbonization) as
he initial step. More and more global attentions were attracted on
he fundamentals of pyrolysis chemistry of biomass and its appli-
ation (McKendry, 2002a,b; Mettler et al., 2012).

The chemistry of individual components (e.g., cellulose, hemi-
ellulose and lignin) has been generally focused for over the past

ve decades for better understanding of biomass pyrolysis (Mettler
t al., 2012). Cellulose, uniformly consisting of glucopyranose lin-
arly polymerized through Beta-1, 4-glycosidic bond with the

∗ Corresponding author. Tel.: +86 25 83795726; fax: +86 25 83792828.
E-mail addresses: ruixiao@seu.edu.cn, 101011398@seu.edu.cn (R. Xiao).

144-8617/$ – see front matter. Crown Copyright ©  2013 Published by Elsevier Ltd. All ri
ttp://dx.doi.org/10.1016/j.carbpol.2013.06.031
specific polymerization degree varied with origins, is the most
abundant constituent (over 50 wt%) in biomass over the other com-
ponents (Dumitriu, 2005; McKendry, 2002a,b). A large number of
research works on pyrolysis of cellulose were reported in the liter-
ature and extensively overviewed by several researchers (Antal &
Varhegyi, 1995; Blasi, 2008; Lin, Cho, Tompsett, Westmoreland, &
Huber, 2009; Mettler et al., 2012), regarding the kinetic chemistry,
transport mechanism, product distribution influenced by reactors,
experimental conditions and catalytic effects. Most of the reported
studies were concentrated on the pyrolytic behavior of cellulose
under inert atmosphere, but rarely under other atmospheres (e.g.,
oxygen, CO2 and H2O).

Recently, the degradation of biomass and cellulose under
oxygen-containing molecules attracted the growing attention of
global researchers, in order to gain better understanding of the
fundamentals of CO2, oxidative and steam gasification, combustion
and oxy/fuel combustion and help optimize operating conditions
for the process. Information of mass loss of biomass under oxidative
atmospheres was intensively discussed, together with the erec-
tion of apparent kinetic models for simulating the process (Amutio,
Lopez, Aguado, Artetxe, Bilbao, & Olazar, 2012a; Branca & Blasi,
2004; Shen, Gu, Luo, Bridgwater, & Fang, 2009). The heat and mass
transport phenomena and surface chemi-sorption were ignored for

the first mass loss stage (pyrolysis process) during oxidative pyrol-
ysis of biomass, while those for second stage (char oxidation) were
estimated and well-incorporated into the intrinsic kinetic models
(Gómez-Barea, Ollero, & Arjona, 2005; Li & Brown, 2001; Ollero,

ghts reserved.
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errera, Arjona, & Alcantarilla, 2002). It needs to be noted that the
hemical information concerning the volatile evolution during the
hole process was insufficiently investigated, which might help

mprove the existed kinetic models. Moreover, the study on cel-
ulose oxidative degradation is scarcely reported in comparison to
hat of biomass (Tihay, Boulnois, & Gillard, 2011).

A set of experiments on cellulose degradation under inert
nd oxidative atmospheres were carried out in order to fill the
nowledge gap. Mass loss information together with the evolu-
ion of prominent volatiles was examined through TG-MS system
Thermogravimetric Analyzer-Mass Spectroscopy). A kinetic model
onsidering the partial pressure of oxygen was proposed to simu-
ate the process.

. Materials and methods

.1. Materials

Cellulose powder was bought from Sigma Aldrich. The content
f C, H and O (dry basis) was 41.20%, 6.54% and 52.26%, while prox-
mate analysis showed the content of volatile, fixed carbon and ash
dry basis) as 90.9%, 2.48% and 0.18%. The sample was  milled and
ieved to obtain particles less than 50 �m in diameter, in order
o prevent the temperature gradient in sample bed during pyroly-
is. The sample was dried in an oven at 105 ◦C for 5 h prior to the
xperimental runs.

.2. Experimental setup

.2.1. Equipment
The experimental system, consisting of Thermogravimetric Ana-

yzer (Netzsch STA 409) coupled with Mass Spectroscopy (PFEIFFER
ACUUM QMS422). Adjustment of the heating rate of TGA is up

o 50 K/min, while the temperature limit was about 1500 ◦C. The
tmosphere in the TG furnace could be changed according to the
equirement. The electron ionization voltage for MS  could be oper-
ted from 0 to 220 eV and the identified ions (m/z) were in the range
f 0–500 a.m.u. The TG analyzer was connected to a mass spectrom-
ter (MS) through a tube, and all interfaces were wrapped with
eating wire to prevent condensation of the evolved volatiles.

.2.2. Procedure

About 10 mg  of sample was loaded into an aluminum crucible

nd placed on the sample holder in the TG furnace. The sealed
urnace was evacuated three times in order to remove all air. In
rder to identify prominent ions with m/z  in the range of 0–200, a
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Fig. 1. TG and DTG curves of cellulose degra
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preliminary broad scan was  performed for the sample in TGA at a
heating rate of 20 K/min, while the electron ionization voltage of
the MS  was  set at 70 eV and temperature of the heating wire was
maintained at 200 ◦C. It was  estimated that the lower heating rate
could facilitate the evolution of low-molecular-weight compounds
and ions identified in the preliminary scan helped to obtain bet-
ter resolution for MS  scanning during the pyrolysis experiments
(Widyawati, Church, Florin, & Harris, 2011). The signals from the
mass spectra of 18, 28, 30, 44, 60, 74, 96 and 126 (m/z) were iden-
tified as the major contributors from the specific evolved gases
and volatiles (H2O, CO, CH2O, CO2, acetic acid/hydroxyl acetalde-
hyde, pyruvicaldehyde, furfural, and 2/5-hydroxymethyl furfural),
according to the database of National Institute of Standards and
Technology (Sanchez-Silva, Lopez-Gonzalez, Villasenor, Sanchez, &
Valverde, 2012) and relevant previous study (Lv & Wu,  2012).

Prior to experimental runs, mass spectroscopy was firstly set
to monitor the variation of signals of the selected prominent ions
(m/z) from the preliminary scan. Once the reaction atmosphere in
TG furnace was  sustained, the sample started to be heated from
room temperature to the target temperature at a fixed heating rate.
The mass spectra intensities were normalized by the initial sample
mass and the baseline was also subtracted from the measurements
for each experiment. TG data could be correlated with the mass
spectra considering the 1-min lag due to the migration of evolved
gases from the TG to the MS.  Experimental conditions are set as:
oxygen concentration: 0%, 7%, 20% and 60%, temperature: from 20
to 800 ◦C, heating rate: 20 K/min and total flow rate of reaction
gas: 100 ml/min regardless of oxygen concentration. Three times
for each experiment were carried out.

3. Results and discussion

3.1. TG and DTG analysis

The mass loss history of cellulose at heating rate of 20 K/min
under different atmospheres was tracked as shown in Fig. 1(a).
Only one sharp mass loss stage between 280 ◦C and 380 ◦C (over
90% mass loss of original material in Table 1) was found for cel-
lulose degraded under inter atmosphere (He). Under oxidative
atmosphere, another mass loss stage located in the high tempera-
ture region (from 440 ◦C to 580 ◦C) could be observed, which was
enhanced by the oxygen concentration (Fig. 1(b)). The two mass loss

stages for the degradation of biomass and its constituents under
oxidative atmosphere is commonly designated to pyrolysis process
of original materials in low temperature region and oxidation of
char formed by primary pyrolysis reaction(s) (Amutio et al., 2012a;

300 40 0 50 0 60 0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

440 480 520 560
0.00

0.04

0.08

0.12

Temperature  (
o
C)

 He

 O
2
 7%

 O
2
 20%

 O
2
 60%

(b) D TG 

dation under different atmospheres.



516 D. Shen et al. / Carbohydrate Polymers 98 (2013) 514– 521

Table 1
Characteristics of mass loss process of lignin decomposed at different atmospheres.

Atmosphere T0 (◦C) T1 (◦C) dX/dt1 (%/◦C) X1 (%) Tb (◦C) dX/dtb (%/◦C) Xb (%) T2 (◦C) dX/dt2 (%/◦C) X2 (%) Tf (◦C) Xf (%)

0% O2 (He) 262 350 2.37 45.62 – – – – – – 469 7.78
7%  O2 269 348 2.73 39.18 443 0.0199 8.31 537 0.055 5.21 611 1.84
20%  O2 271 345 2.98 40.70 419 0.0271 9.37 520 0.079 4.64 592 1.42
60%  O2 267 342 2.89 39.15 389 0.0514 14.1 509 0.134 4.99 567 1.38

0, the point of the commencement of lignin degradation after the drying stage when dX/dt > 0.01%/◦C.
1,  the point at the first peak of mass loss rate.
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, the bottom of mass loss rate between the two peaks.
, the point at the second peak of mass loss rate.
, the point of the completion of lignin degradation when dX/dt < 0.01%/◦C.

ilbao, Mastral, Aldea, & Ceamanos, 1997; Branca & Blasi, 2004; Liu,
002; Shen et al., 2009; Vaı̌rhegyi, Sebestyeı̌n, Czegeı̌ny, Lezsovits,

 Könczöl, 2012).
Intensity of the first mass loss peak is notably strengthened with

he presence of oxygen (2.37%/◦C in Table 1), while the value is
lightly affected by the oxygen content (around 2.8%/◦C for differ-
nt oxygen concentrations). The temperature corresponding to the
rst mass loss peak (peak temperature) is not varied regardless
f surrounding atmosphere. The second mass loss stage assigned
o char oxidation is significantly enhanced with the oxygen con-
entration (Fig. 1(b)), since the peak value of mass loss rate was
ncreased and the peak temperature shifted to low temperatures
Table 1).

A remarkable plateau between the two mass loss stages
approximately from 380 ◦C to 440 ◦C) could be found (Fig. 1(a)),
hich is attributed to the co-existence of pyrolysis and char oxi-
ation (Liu, 2002). The bottom of DTG curves located in the mass

oss plateau under oxidative atmosphere could apparently imply
he transition point of pyrolysis-dominant process to char oxida-
ion dominant one. The first mass loss stage (pyrolysis process) is
ound to be shortened with the increased oxygen concentration
269–443 ◦C for 7% O2, 271–419 ◦C for 20% O2 and 267–389 ◦C for
0% O2 in Table 1). It needs to be noted that the solid residue cor-
esponding to the bottom of DTG curve was increased with the

xygen concentration (Table 1). One of the possible explanations
s that the presence of oxygen promotes the condensation reac-
ion during the pyrolysis process (the first mass loss stage). As a
esult, more char residue was produced for mass loss contribution

able 2
haracteristics for the evolution of prominent volatiles and light gases from cellulose deg

Atmosphere H2O CO CO2

He Main evolution range (◦C) 270–493 260–460 266–473
T1 (◦C) 342 350 351 

Int.1 (×1012 a.u./mg) 567 76 94.2 

7%  O2 Main evolution range (◦C) 265–470 280–626 263–624
T1 (◦C) 335 334 335 

Int.1 (×1012 a.u./mg) 916 188 1980 

T2 (◦C) – 544 542 

Int.2 (×1012 a.u./mg) – 70.3 81.4 

20%  O2 Main evolution range (◦C) 252–488 270–612 264–608
T1 (◦C) 326 324 326 

Int.1 (×1012 a.u./mg) 2010 432 4539 

T2 (◦C) – 530 528 

Int.2 (×1012 a.u./mg) – 117 204 

60%  O2 Main evolution range (◦C) 259–498 267–579 255–576
T1 (◦C) 322 321 322 

Int.1 (×1012 a.u./mg) 1920 383 3550 

T2 (◦C) – 515 511 

Int.2 (×1012 a.u./mg) – 126 382 

, evolution range is the temperature interval between when evolution intensity is firstly
nt.  is the abbreviation of intensity.
, the point at the first peak of gas evolution.
,  the point at the second peak of gas evolution.
,  the intensity of the spectra is no more than 1 × 10−13 during the scanning period.
of the second stage. Another explanation is that char oxidation (the
second mass loss stage) was significantly enhanced by oxygen con-
centration, leading to the dominance of char oxidation in the mass
loss plateau shifting to lower temperatures. The mass loss plateau
of cellulose degradation under oxidative atmosphere would attract
more and more attentions due to the ambiguity of co-existence of
the chemical reactions.

3.2. Evolution of prominent volatiles and light gases

The evolved volatile passed through mass spectroscopy (MS)
might be broken into a few of fragments, leading to the difficulty
for designating the ion to specific compound. The library attached
to the MS  system favors the identification of compound from the
ion(s), which is widely employed in previous studies (Huang, Kuan,
Chieuh, & Lo, 2011; Lv & Wu,  2012; Sanchez-Silva et al., 2012; Shen
et al., 2012; Widyawati et al., 2011). The intensity of selected ions
(18, 28, 30, 44, 60, 74, 96 and 126 m/z), designated to water, CO,
formaldehyde, CO2, acetic acid/hydroxyl acetaldehyde, 1-hydroxy-
2-propanone, furfural and 2/5-hydromethyl-furfural, was  tracked
by MS  for cellulose degradation under both inert and oxidative
atmospheres.

3.2.1. Prominent volatiles

The evolution of volatiles corresponding to the ions of 60, 74, 96

and 126 m/z was shown in Fig. 2, while some characteristic points
were summarized in Table 2. The ion of 60 m/z might be originated
from both acetic acid and hydroxyl acetaldehyde (Lv & Wu,  2012;

radation under inert and oxidative atmospheres identified by MS  analysis.

FA GAA PA FF 5-HFM

 269–497 272–496 272–492 268–495 261–481
340 348 349 340 346
47.1 3.21 0.95 25.7 1.23

 261–473 269–472 – 262–477 –
330 338 – 330 –
29.7 0.79 – 12.7 –
– – – – –
– – – – –

 261–477 271–469 – 263–467 –
320 327 – 324 –
55.7 1.04 – 15.6 –
– – – – –
– – – – –

 264–472 265–452 – 261–462 –
319 325 – 322 –
67.7 0.94 – 18.0 –
– – – – –
– – – – –

 larger than 1% of the peak value and finally smaller than 1% of the peak value.
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Fig. 2. Evolution of prominent volatiles from 

hen & Gu, 2009). Hydroxyl acetaldehyde (HAA) is considered to
e the remarkable product from cellulose pyrolysis. Therefore, the
ontribution of HAA is dominant over that acetic acid under inert
tmosphere (Fig. 2(a)). Under oxidative atmosphere, only one peak
as observed in the low temperature stage, intensity of which was

ignificantly decreased compared to that under inert atmosphere
ue to the oxidation of HAA in gas phase. However, the peak inten-

ity was firstly increased with the oxygen concentration and then
ecreased (0.79 × 10−12 a.u./mg for 7% O2, 1.04 × 10−12 a.u./mg for
0% O2 and 0.94 × 10−12 a.u./mg for 60% O2), since the oxygen pro-
oted the formation of acetic acid from original material, which
se degradation under different atmospheres.

might be further oxidized to be CO or CO2 with more addition of
oxygen.

The evolution of furfural assigned to the ion 96 m/z under dif-
ferent atmospheres was similar to that of ion 60 m/z, where only
one peak was observed in the low temperatures stage (Fig. 2(c)).
Also, the presence of oxygen prohibited the evolution of furfural
with regard to the remarkable decline of peak intensity from

25.7 × 10−12 a.u./mg for He (0% O2) to 12.7 × 10−12 a.u./mg for
7% O2 (Table 2). However, a slight increase of peak intensity of
furfural evolution could be found with the increased oxygen con-
centration. Two possible phenomena might be involved: (1) the
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Fig. 3. Evolution of light gases from cellu

et evolution rate of furfural determined by (oxidative) pyroly-
is of original materials and oxidation of furfural was  increased
ith oxygen concentration; (2) furfural produced by oxidation of

/5-hydroxymethyl-furfural (2/5-HMF) was enhanced by oxygen
oncentration. The latter explanation could be confirmed by evo-
ution history of 2/5-HMF assigned to ion of 126 m/z (Fig. 2(d)). No
otable evolution peak of 2/5-HMF could be observed under oxida-
ive atmospheres, which might be consumed by oxidation reaction
o produce furfural and light gases. Similarly, the ion of 74 m/z
esignated to 1-hydroxy-2-propanone was mostly oxidized as no
ignificant signal was detected by MS  under oxidative atmosphere
Fig. 2(b)).

It needs to be noted that the temperature at evolution peak of
he four ions was in accordance with that on DTG curves under
ifferent atmospheres (Table 1 and Table 2), and none of them
as detected in high temperature stage (char oxidation stage). The
eak intensity of ion 96 m/z  (furfural) in low temperature stage is
uch stronger than that of the other three ions (60, 74 and 126
/z) under the same condition. In addition, the recorded evolu-

ion curve for furfural under oxidative atmosphere is remarkable
ver that of the other three ions, implying its outstanding ability of
nti-oxidation.

Evolution of water assigned to ion of 18 m/z was  shown in
ig. 2(e), where only one evolution stage was observed in low
emperature stage under different atmospheres. The temperature
t water evolution peak around 340 ◦C was close to that of DTG
urves (350 ◦C), while a gap of about 100 ◦C between the tem-
erature at water evolution peak and DTG curve was observed

n the experiments of cellulose pyrolysis by Lin et al. (2009). The
eak intensity was remarkably enhanced by the addition of oxygen
567 × 10−12 a.u./mg for He (0% O2), 916 × 10−12 a.u./mg for 7% O2,
010 × 10−12 a.u./mg for 20% O2 and 1920 × 10−12 a.u./mg for 60%
2 in Table 2), due to the oxidation of volatiles in gas phase. The

ncrement of oxygen exceeding the concentration of 20% has no sig-
ificant effect on the evolution of water in low temperature stage.
volution of water in high temperature stage under oxidative atmo-
phere was not notably detected, indicating the ignorable amount
f hydrogen in char residue produced from low temperature stage
Amutio, Lopez, Aguado, Bilbao, & Olazar, 2012b). The analog evolu-
ion history of ion 30 m/z designated to formaldehyde was observed
s shown in Fig. 2(f), where no significant evolution in high tem-

erature stage was recorded. The evolution of formaldehyde in low
emperature stage was enhanced by oxygen concentration, possi-
ly due to the promotion of scission of C C bond and oxidation of
ydroxyl groups in original material.
egradation under different atmospheres.

3.2.2. Light gases (CO and CO2)
The ions of 28 and 44 m/z assigned to CO and CO2 were detected

for cellulose degradation under different atmospheres (Fig. 3(a) and
(b)), showing that the evolution stage(s) of both CO and CO2 were
consistent with the stage(s) of DTG curves (Fig. 1(b), Tables 1 and 2).
The first evolution stage for both CO and CO2 was enhanced with the
addition of oxygen, due to the involvement of oxidation of evolved
volatiles in gas phase (Table 2). The intensity of first evolution peak
of CO was strengthened with the increased oxygen concentration
(188 × 10−12 a.u./mg for 7% O2 and 432 × 10−12 a.u./mg for 20% O2),
and the inflexion point of oxygen concentration for the effect might
be located between 20% and 60% due to the decrease of peak inten-
sity under 60% O2 (383 × 10−12 a.u./mg). The similar phenomenon
was also found for the first evolution stage of CO2 (Fig. 3(b) and
Table 2), indicating the complexity of chemical mechanism of the
first stage involving both solid-phase and gas-phase reactions. For
the second evolution stage, the enhancement with the increased
oxygen concentration was  observed for both CO and CO2. This indi-
cates that the char oxidation stage of cellulose degradation under
oxidative atmosphere was accelerated by oxygen concentration
mainly in forms of evolution of CO and CO2 significantly determined
by solid-phase reactions (Li & Brown, 2001; Moulijn & Kapteijn,
1995; Shen et al., 2012). It needs to be noted that the intensity of
first evolution peak of both CO and CO2 is stronger than that of sec-
ond peak (Fig. 3(a) and (b)), because of the small amount of char
residue (less than 10 wt  % of original sample) derived from low tem-
perature stage. The evolution intensity of CO2 is prominent over
that of other detected ions (Table 2), implying the dominance of
CO2 formation in both two stages of cellulose oxidative degrada-
tion. The evolution plateau of both CO and CO2 between the first
and second stage confirms the finding of co-existence of pyrolysis
and char oxidation (Liu, 2002).

3.3. Kinetic description for (oxidative) pyrolysis process

The pyrolysis of biomass and its components under oxidative
atmospheres in thermogravimetric (TG) system was observed to
experience two prominent stages: solid pyrolysis in low tem-
perature and char residue oxidation in high temperature. Some
attempts were reported to successfully simulate the whole process
(including the mass loss plateau) through the coupled consecu-

tive reaction kinetic models (Amutio et al., 2012a; Branca & Blasi,
2004; Vaı̌rhegyi et al., 2012), while the separate-stage kinetic mod-
els were proposed to describe the main mass loss stages during
the process as this work did (Bilbao et al., 1997; Yoon, Pozivil, &
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Fig. 4. Comparison on mass loss history of cellulose between

teinfeld, 2012). The kinetics for the first stage of oxidative degra-
ation of cellulose (pyrolysis process) was commonly expressed
y first-order Arrhenius Law (Amutio et al., 2012a; Liu, 2002; Shen
t al., 2009):

d˛p

dT
= Ap exp

(
− Ep

RT

)
(1 − ˛p) (1)

p = m0 − mp

m0 − mp∞
(2)

here ˛p is the mass loss fraction for the first stage, m0 is the initial
ass of sample, mp∞ is the residue mass after the first stage.
For the second stage of oxidative degradation of cellulose (char

xidation), variation of partial pressure of oxygen was  considered
egarding its apparent influence on effective chemi-sorption of
ctive sites of carbon matrix and therefore apparent chemical reac-
ivity of char bed (Kashiwagi & Nambu, 1992; Li & Brown, 2001;
aı̌rhegyi et al., 2012). The expression for char oxidation rate can
e illustrated as:

d˛c

dT
= Ac exp

(
− Ec

RT

)
(1 − ˛c)nchar (PO2 )noxy (3)

c = mc0 − mc

mc0 − mc∞
(4)

here ˛c is the mass loss fraction for the second stage, mc0 is the

nitial mass of char residue produced from the first stage which is
qual to mp∞, and mc∞ is the residue mass after the second stage.
he reaction order for char (nchar) during oxidation process was
stimated to be around 1 for samples from willow, sewage sludge
(d) U nde r 6 0% O2

rimental data and predictions under different atmospheres.

and wheat straw (Vaı̌rhegyi et al., 2012). It is also stated by Chan-
drasekaran and Hopke that for the decomposition of polymers the
reaction order could be assumed to be first order (Chandrasekaran
& Hopke, 2012). As a result, the reaction order nchar in Eq. (3) was
assumed to be 1. The method to determine the apparent parameters
(A, E and n) for the kinetic model has been introduced in previ-
ous studies through logarithm transformation of the reaction rate
equation and the correlated linear regression of experimental data
(Fang, Shen, Li, Yu, Luo, & Cen, 2006; Liu, 2002; Ollero et al., 2003;
Shen et al., 2012).

The deviation of predictions from the separate-stage reaction
kinetic model is estimated as:

Dev% =

i=N∑
i=1

√
(˛e,i-˛m,i)

2/˛e,i
2

N
× 100% (5)

where ˛e is the experimental mass loss fraction of solid and ˛m is
the predicted value. The comparison between experimental data
and predicted results for the main mass loss stage(s) was shown
in Fig. 4, and the deviation was mostly around 5% for different
atmospheres.

The kinetic parameters for pyrolysis process of cellulose were
comprehensively summarized by Lin et al. (Lin et al., 2009), where
activation energy for the reaction was scattered in a large range
(from 48 kJ/mol to 282 kJ/mol) due to the variation of sample ori-

gins, operating conditions or mathematical methods. The activation
energy for pyrolysis of cellulose in this work was  207.8 kJ/mol,
being close to those in previous works (Antal & Varhegyi, 1995;
Lin et al., 2009; Tihay et al., 2011). It is worthy noting that the
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Table 3
Parameters of the first-order separate-stage reaction kinetics for lignin gasification under different atmospheres.

Atmosphere Temperature range (◦C) Mass loss range (%) E (kJ/mol) A (s−1) nO2 R2

First mass loss stage (pyrolysis process)
0% O2 (He) 270–420 98.87–8.86 207.8 2.99 × 1015 – 0.973
7%  O2 270–400 99.10–9.53 216.9 2.97 × 1016 – 0.9751
20%  O2 270–395 99.07–10.21 223.7 1.41 × 1017 – 0.9596
60%  O2 270–390 98.62–14.09 228.1 4.70 × 1017 – 0.9606

Second mass loss stage (char oxidation)
5

a
a
s
7
a
c
i
2
s
s
c

n
t
a
2
e
g
m
2
C
t
s
p
&
o
H
T
1
V
(
s
h
O
n
w
r
n
c
o
i
c

i
t
2
d
t
1
c
o
D
c

7% O2 400–610 9.53–2.04 

20%  O2 395–590 10.21–1.43
60%  O2 390–565 14.09–1.39 

ctivation energy for pyrolysis process of cellulose under oxidative
tmosphere was close to the value under inert atmosphere, and
lightly increased with the oxygen concentration (216.9 kJ/mol for
% O2 and 228.1 kJ/mol for 60% O2) (Table 3). A reverse trend of
ctivation energy for pyrolysis process of cellulose against oxygen
oncentration was reported by Tihay et al. (2011), but the variation
s not remarkable (200.5 kJ/mol for 5.25% O2 and 181.1 kJ/mol for
1% O2). It could be concluded that the presence of oxygen plays no
ignificant role in pyrolysis process of cellulose in low temperature
tage, although the stage was shortened with the increased oxygen
oncentration.

The kinetic description for cellulose-derived char oxidation is
ot sufficiently reported in the literature (Tihay et al., 2011), while
he analog studies on biomass-derived char oxidation could be
pproached (Amutio et al., 2012a; Fang et al., 2006; Li & Brown,
001; Liang & Kozinski, 2000; Liu, 2002; Shen et al., 2009; Vaı̌rhegyi
t al., 2012; Yoon et al., 2012). The surface chemi-sorption of oxy-
en on carbon matrix was involved in the char oxidation kinetic
odel, concerning the evolution kinetics of CO and CO2 (Li & Brown,

001). The formation rate of CO2 is more competitive than that of
O through the carbon-oxygen matrix (*C(O2)), giving the activa-
ion energy as 122 ± 12 kJ/mol for the reaction of powder charcoal
ample. Most kinetic models for char oxidation incorporated the
artial pressure of oxygen in reaction rate equation (Eq. (3)) (Liang

 Kozinski, 2000; Tihay et al., 2011; Vaı̌rhegyi et al., 2012), instead
f the involvement of chemi-sorption kinetic process (such as L-

 kinetic model (Gómez-Barea et al., 2005; Ollero et al., 2002)).
he exponential factor for char in Eq. (3) (nchar) was  all around

 for three kinds of biomass-derived char oxidation reported by
aı̌rhegyi et al. (2012), confirming the assumption of this work

nchar = 1). The activation energy for the oxidation of three char
amples was reported from 120 kJ/mol to 169 kJ/mol, which is
igher than those obtained in this work (from 88.7 kJ/mol for 7%
2 to115.1 kJ/mol for 60% O2). The notable difference was on expo-
ential factor for oxygen partial pressure (noxy from 0.5 to 0.73),
hich is much lower than that in this work (noxy = 2.26). Tihay et al.

eported that the nchar of 2.07, activation energy of 173.9 kJ/mol and
oxy of 1.16 was obtained for the best-fit case of cellulose-derived
har oxidation during cellulose wadding process. The differences
n the kinetic parameters for char oxidation among reported stud-
es are mainly attributed to the origins, operating conditions and
alculation methods.

The activation energy for cellulose-derived char oxidation dur-
ng 455–522 ◦C was reported as 133.3 kJ/mol, without considering
he effect of partial pressure of oxygen in kinetic model (Yoon et al.,
012). A number of separate-stage kinetic models for cellulose-
erived char oxidation produced similar activation energies as
hose obtained in this work (Amutio et al., 2012a; Bilbao et al.,
997; Branca & Blasi, 2004). It needs to be clarified that the dis-

rimination of two separate stages for cellulose degradation under
xidative atmosphere was not correlated with the bottom point of
TG curves (Tables 1 and 3). The selection of temperature range
orresponding to the stages for calculation of kinetic parameters
88.7 8.44 × 10 2.26 0.9837
100.1 9.53 × 105 2.26 0.9854
115.1 1.10 × 106 2.26 0.9864

is dependent of the best linearity of the regression. This arbi-
trary discrimination may  lead to the ambiguity of intrinsic reaction
mechanism of the mass loss plateau (between about 380 ◦C and
440 ◦C), and limit the utilization of the separate-stage kinetic model
for the process.

4. Conclusions

The cellulose degradation under inert and oxidative atmo-
spheres was  intensively discussed by means of TG-MS analysis,
concerning the mass loss history and evolution of prominent
volatiles and light gases. One more mass loss stage in high tem-
perature stage was  observed with addition of oxygen due to char
oxidation, while effect of oxygen on low temperature stage was to
promote the gas-phase reactions for production of light gases. The
activation energy for char oxidation was  increased with the oxygen
concentration, while that for cellulose pyrolysis stage was slightly
changed from analysis of the two-stage reaction kinetic model.
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