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The  formation  and  evolution  of chemical  structure  of  char  during  cellulose  (ash-free)  pyrolysis
were  investigated  using  two-dimensional  infrared  correlation  spectroscopy  combined  with  Raman
spectroscopy.  The  initial  temperature  at which  water  evolved  chemically  from  cellulose  pyrolysis
is  around  200 ◦C. The  cleavage  of intra-  and  inter-molecular  hydrogen  bonds  (H-bonds)  and  the
subsequent  dehydration  were  the  primary  reactions  as temperature  below  300 ◦C,  among  which  intra-
molecular  dehydration  was the  predominated  reaction.  However,  dehydration  occurred  principally
inter-molecularly  along  with  decarbonylation,  ring-opening  and  aromatization  at  temperature  over
300 ◦C. The  concentration  of carbonyl,  conjugated  olefin,  ether  and  aromatic  structure  increased  sig-
nificantly  at the  expense  of  glycosidic  bond,  pyran  ring  and  hydroxyl  groups  diminishing  in  the  residual
char.  The  oligosaccharides,  aliphatic  hydrocarbons  and  aromatics  were  bonded  through  the  ether  link-
age  to form  a disordered  three-dimensional  network.  Dehydration  was  almost  accomplished  at  430 ◦C

and smallest  aromatic  clusters  grafted  with  oxygenated  groups  underwent  significant  deoxygenation
and  condensation  at 430–650 ◦C.  The  predominant  reaction  shifted  from  deoxygenation  toward  dehy-
drogenation  as  the  temperature  exceeded  650 ◦C and  the  char  was  highly  aromatic  with  large  aromatic
systems  composed  of over  six fused  ring  structures.  The  study  provides  insightful  details  into  the  initial
stage  of  cellulose  degradation.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Biomass is the only carbon-containing renewable source that
an be used for producing a variety of gas, liquid and solid fuels
r chemicals via pyrolysis [1]. Cellulose is the most abundant nat-
ral polymer on earth and the largest fractions in lignocellulosic
iomass (approximately 50% by weight) [2]. Cellulose is a linear
omopolymer of �-1,4-1inked D-glucopyranose units and the cel-

ulose microfibrils constitute the skeleton of cell walls which is
mbedded in a matrix composed of hemicellulose, lignin, and other
arbohydrate polymers [3]. The abundant hydroxyl groups in cel-
ulose macromolecular give rise to networks of strong hydrogen
onding. In general, each glucose unit contains the same hydrogen
onding network with two intra-molecular bonds and one inter-

olecular bond [4,5].
A number of studies have been carried out to investigate the

hermal degradation of cellulose [6–13]. It was  found that the

∗ Corresponding author. Fax: +86 27 87545526.
E-mail address: yhping2002@163.com (H. Yang).

ttp://dx.doi.org/10.1016/j.jaap.2015.09.002
165-2370/© 2015 Elsevier B.V. All rights reserved.
pyrolysis of cellulose was characterized by a high yield of liquid
and low yield of char [6]. Therefore, the properties of released
products, such as gases and liquids, had aroused widespread atten-
tions [11–13]. Nevertheless, the formation and evolution of char
structure are critical to describe the pyrolysis chemistry and total
product distribution [14–17]. For example, additional heating can
lead to the release of volatiles from the char. Meanwhile, the sur-
face and structure properties of char can affect the reactivity of char
and its combustion behaviors [14,15]. Therefore, the elucidation of
the char formation of cellulose, especially the initial stage of pyrol-
ysis and the aromatic structure evolution at high temperature is
particularly beneficial for achieving a better understanding of the
pyrolytic behavior of biomass.

One of the earliest proposed mechanism of cellulose degra-
dation is the “Broido-Shafizadeh model” [18]. In this model, the
initiation process is the conversion of cellulose to “active cellu-
lose” intermediate and the followed by two competing pathways
to produce char and volatile species. However, although the con-

cept of “active cellulose” was  proposed for many years, no detailed
description of the nature of active cellulose has been developed
[19]. Therefore, some studies assume that no such intermediate

dx.doi.org/10.1016/j.jaap.2015.09.002
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaap.2015.09.002&domain=pdf
mailto:yhping2002@163.com
dx.doi.org/10.1016/j.jaap.2015.09.002
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xists during cellulose pyrolysis, probably because the difficulties
n the identification of intermediate products.

To date, most of the studies focused on the char formation
t temperatures which cellulose underwent apparent depolymer-
zation. Tang and Bacon [20] pyrolyzed cellulose up to 500 ◦C
nd the carbonization process was classified into four successive
tages: desorption of adsorbed water, splitting off the structure
ater, chain scissions and aromatization. Shafizadeh and Sekiguchi

21] observed a rapid weight loss and development of aromatic
tructures between 350 and 400 ◦C. As temperature increased fur-
her, the amount of aromatic carbon remained constant. However,
ekiguchi et al. [22] suggested that the aromaticity of the char was
urther increased at 400–500 ◦C. The pyrolysis of cellulose was con-
ucted by Boon et al. [23] and Pastorova et al. [24] using combined
pproaches, such as PY-MS, PY-GC/MS, FTIR, NMR  and wet  chemi-
al techniques. They found that, at 250 ◦C, cellulose lost linearity
o form a three-dimensional network polymer, which is rich in
arboxyl and carbonyl groups and had the furanoid and hydrox-
aromatic skeletons. Wooten et al. [14] identified a carbohydrate
ntermediate “final carbohydrate” from cellulose pyrolysis and the
ntermediates were preferentially converted to aromatics rather
han aliphatic groups.

Fourier transform infrared spectroscopy (FTIR) technology was
requently used to study the surface chemistry of chars [25,26].
owever, remarkable peak overlaps of the conventional infrared

pectra make it difficult to describe the changes in specific bonds.
he two-dimensional (2D) infrared correlation spectroscopy devel-
ped by Noda is a powerful tool that can be used to evaluate
he differences of spectra observed during an external pertur-
ation [27,28]. This method enhances the resolution of spectra
btained by traditional ways and provides important information
bout the surface functionality of solid residual which cannot be
evealed through conventional infrared and its derivative spec-
ra [26]. Although this method was applied in studying polymeric

aterials widely, few studies have been done on the biochar for-
ation process. Harvey et al. investigated the biochar formation

rocess of different biomass samples under oxygen limited condi-
ions [29]. However, the structural evolution of cellulose is different
rom that of lignocelluloses biomasses.

Watanabe et al. [30] investigated the structural changes in
ydrogen bonds in cellulose by infrared (IR) and near-infrared (NIR)
ased moving-window 2D correlation spectra. It was found that
he strong H-bonds in cellulose occurred structural changes in the
ange of 25–130 ◦C and resulted in the formation of very weak
-bonds in 40–90 ◦C. The scission of H-bonds in I� phase occurs
ainly at 40–100 ◦C and it is completed below 180 ◦C. Regard-

ng I� phase in cellulose, the band intensities of O3 H3· · ·O5 and
2 H2·  · ·O6 intrachain H-bonds showed a remarkable decrease
t 220 ◦C, whereas that of interchain H-bonds are not observed
dequately[31]. Agarwal et al. modeled the structural transforma-
ion of cellulose I� to a high temperature (550 K) and found that

� phase is dominated by intrachain H-bonds at 300–400 K and
eaker interchain H-bonds at 450–550 K [32]. Therefore, it can

e seen that the change of H-bonds certainly exists in the initial
tage of cellulose pyrolysis and shows a strong correlation with the
tructural change. Nevertheless, to the best of our knowledge, the
yrolysis chemistry of such a process was rarely discussed in the

iterature. However, the identification of inter- and intra-molecular
-bond in cellulose and the change of the H-bond during the initial

tage of pyrolysis is important for the understanding of the whole
yrolytic behavior for cellulose [33].

Furthermore, the structure evolution of biochar at higher tem-

eratures, such as the changes in degree of graphitization and size
f aromatic clusters, is also important for understanding the over-
ll degradation mechanism of cellulose. Therefore, in this study,
he char formation during the low temperature pyrolysis of cel-
Fig. 1. Temperature-time profile of cellulose sample at 300 ◦C, 500 ◦C and 800 ◦C.

lulose was  investigated by two-dimensional infrared correlation
spectroscopy. Furthermore, we combined this method with the
Raman and other approaches to investigate the structure evolu-
tion of char at a higher temperature. The objective was  to provide
a detailed description of the char structure evolution and cellulose
degradation of cellulose at a wider temperature range (200–950 ◦C).

2. Material and methods

2.1. Cellulose sample

The cellulose sample was  provided by Sigma–Aldrich Co., Ltd. It
was in the form of white and microcrystalline powders of 20 �m
particle size. The cellulose contained 42.7 wt.% of C, 6.2 wt.% of H,
51 wt.% of O and trace amount of N and S on a dry ash free basis.
No ash has been detected according to ASTM method (D1102-84).
Proximate analysis was performed on dry basis and the result indi-
cated that the volatile matter of cellulose was as high as 95.5 wt.%
and the amount of remaining fixed carbon was only 4.5 wt.%.
The low heat value of cellulose (contained 5% of moisture) was
15.47 MJ/kg.

2.2. Preparation of cellulose chars

The pyrolysis char was obtained in a bench-scale fixed bed
reactor at temperatures ranging from 200 to 950 ◦C under nitro-
gen (99.999%, 200 mL/min) for 30 min, following the procedures
described in our previous study [6]. Prior to each trial, the reac-
tor was  heated up to the designated temperature with nitrogen as
carrier gas and kept constant for 10 min  in order to exchange the
air in the quartz tube. After that, a porcelain crucible loaded with
a thin layer of cellulose was  quickly pushed into the center of the
reactor. Cellulose sample occurred pyrolysis when the porcelain
crucible reached the center of heating furnace. Then, the crucible
was moved to the sweep gas inlet when the pyrolysis was  finished
and cooled down with nitrogen (1 L/min) to ambient temperature
instantly. The amount of char fractions was  determined based on
the weight differences of the porcelain crucible. The experimental
error in the yield measurements was  less than ±1.0%.

During the pyrolysis experiment, the temperature-time profile
of cellulose sample was  measured by inserting a thermocouple
in the sample bed. Fig. 1 shows the temperature measured as a
function of time for final pyrolysis temperature of 300 ◦C, 500 ◦C

and 800 ◦C. It can be seen that, in the initial stage of pyrolysis,
the heating rate of cellulose sample was in the range of about
30–300 ◦C/min.
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.3. Characterization of char

The elemental composition of the resulting char was  determined
sing a CHNS/O elementary analyzer (Vario Micro cube, Germany).
he contents of carbon, hydrogen, nitrogen were determined
irectly, while the oxygen content was calculated by difference.
he element composition of char is presented in the form of Van
revelan diagram, which plotted H/C atomic ratio against the O/C

o characterize the degree of aromaticity and maturity.
Surface functionality of char was analyzed quantitatively with

TIR spectroscopy (VERTEX 70 Bruker, Germany). The spectra were
ecorded in the range of 400–4000 cm−1 and each spectrum was the
esult of 120 accumulated scans with 4 cm−1 resolution. The testing
rocedure was described elsewhere in detail [16]. Each spectrum
as subjected to smoothing (Savitizy–Golay method) and baseline

orrection in the analysis windows. After that, the spectrum was
ransformed into Kubelka–Munk unit. All the data treatment pro-
edures were performed using the Omnic software (Version 8.0,
hermo-Fisher Scientific) introduced by Harvey et al. [29].

The two-dimensional (2D) correlation spectroscopy was calcu-
ated using the generalized 2D correlation method developed by
oda and Ozaki [27]. The intensity of 2D correlation spectrum X(�1,
2) represents the quantitative similarity or dissimilarity between
hanges in the intensity of two different spectral variables (�1 and
2) along the external variable t during a fixed interval (Tmin to
max). The 2D correlation spectrum can be expressed as:

(v1, v2) = 〈ỹ(v1, t) × ỹ(v2, t)〉 (1)

he symbol 〈〉 denotes a cross-correlation function designed to
ompare the dependence patterns of two chosen quantities on t.
n order to simplify the mathematical manipulation, X(�1, �2) is
reated as a complex number function:

(v1, v2) = � (v1, v2) + i� (v1, v2) (2)

The intensity of a synchronous 2D correlation spectrum
(�1,�2) represents the simultaneous or coincidental changes of

wo separate spectral variations measured at �1 and �2. Corre-
ation peaks appear at both diagonal and off-diagonal positions.
he auto peaks located at the diagonal position (v1 = v2) exclusively
ppear in the synchronous 2D spectra and represent vibrations that
re most susceptible to changes in the external perturbant. Any
egion of a spectrum which changes intensity to a great extent will
how strong autopeaks. On the other hand, cross peaks �(�1,�2) at
he off-diagonal positions can be found in both synchronous and
synchronous spectra and can be either positive or negative. Com-
ination of synchronous and asynchronous spectra provides the
eneral direction and the sequence of change in different groups.
he detailed information regarding the fundamental concept and
heir interpretation can be found elsewhere [27,28]. The Noda’s
ules for interpreting the cross peaks were summarized by Harvey
t al. as shown in Table S1 [29]. This method was  adopted by Chen
t al. in our group to study the evolution of functional groups during
otton and corn stalks torrefaction [34].

The Fourier transform-Raman (FT-Raman) spectra of resultant
har were recorded using Bruker’s VERTEX-70 Series spectrome-
er following the procedures described by Li et al. [35]. The light
ource for Raman spectroscopy was a Nd: YAG laser at 1064 nm,
nd the spectra were collected using an InGaAs detector at room
emperature. Laser power was 250 mW,  and every spectrum repre-
ented the average of 80 scans. The Raman spectra in the range of

800–800 cm−1 were curve-fitted by the OPUS software (version
.0) with 10 Gaussian bands, following the recommendation of Li
t al. [35]. The assignment of these 10 bands is briefly summarized
n Table S2 (Supplementary materials).
Atomic O/C rati o

Fig. 2. The Van Krevelan diagram of cellulose char from different temperatures.

The change of crystal structure in cellulose char during pyroly-
sis was explored with the X-ray diffraction (PANalytical, X’Pert PRO,
Netherlands). The maximum power, tube voltage and electric cur-
rent of the X-ray emitter are 3 KW,  60 KV and 60 mA,  respectively.
The scanning angle (2�) ranges from 10◦ to 90◦.

3. Results and discussion

3.1. Chemical composition of cellulose char

The char yield was  75.2% when the temperature was below
300 ◦C, suggesting that cellulose had been partially pyrolyzed. As
the temperature increased, the yield of char decreased remarkably
to 18.4% at 430 ◦C. However, the yield decreased by 14.4% only as
the temperature increased from 430 to 950 ◦C. The result suggested
that the depolymerization of cellulose mainly occurred at temper-
ature lower than 430 ◦C, which was  consistent with our previous
result that the pyrolysis of cellulose mainly occurred at 315–400 ◦C
[36].

The char was the carbon-rich solid product from pyrolysis,
varying from unchanged or barely pyrolyzed cellulose at low tem-
perature to the highly carbonized material at high temperature.
Temperature exerts a strong influence on the yield and the chemi-
cal composition of the chars (Table S3). An increase of temperature
led to a continuous decrease in the yield of char, as a result of either
the primary or secondary decomposition of char residue. The car-
bon content in residual char increased with temperature, whereas
that of hydrogen and oxygen decreased gradually.

The Van Krevelan diagram of cellulose char at different tem-
peratures is shown in Fig. 2. It can be seen that the atomic ratios of
H/C and O/C decreased gradually when the temperature was below
300 ◦C, which indicated that dehydration was the predominated
reaction. However, a sharp decrease in the H/C value was observed
from 1.48 at 300 ◦C to 0.78 at 330 ◦C, demonstrating that significant
decomposition of cellulose occurred. Meanwhile, the H/C value of
0.78 suggested that a non-condensed aromatic structure or aro-
matic nucleus with aliphatic side chain was formed in the residual
char [37]. Moreover, it showed that dehydration combined with
decarbonylation, ring-opening and aromatization seemed to occur
when the temperature was  above 330 ◦C.

At 430 ◦C, the dehydration was  almost accomplished and appar-
ently the chemical reactions during pyrolysis changed. As can be
seen, the decrease of O/C was more significant than that of H/C

◦
in the range of 430–650 C, suggesting that deoxygenation such
as decarbonylation and decarboxylation is predominant over this
temperature range. With the further increase in temperature, the
value of O/C decreased slightly whereas that of H/C decreased
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tally with O(2)H·  · ·O(6) H-bonds. Since the hydroxyl groups at C6
Fig. 3. Typical X-ray diffractograms of cellulose chars.

emarkably from 0.42 at 650 ◦C to 0.23 at 950 ◦C. It indicated that
he predominated reaction had shifted from deoxygenation toward
ehydrogenation, such as demethylation, demethylenation. Fur-
hermore, the atomic ratios of H/C at 950 ◦C showed that the char
as highly aromatic probably due to the condensation of small

romatic ring that formed at lower temperature [37].

.2. Crystal structure property of cellulose char

Among the biomass constituents, only cellulose is crystalline
ue to its abundant hydroxyl groups involved in a number of intra-
nd inter-molecular H-bonds. The X-ray diffractgrams of cellulose
har are shown in Fig. 3. The raw cellulose sample displayed typ-
cal crystal structure with diffraction peaks for the plane (0 0 2) at
� = 21.2◦, (101) at 2� = 14.4◦ and (101̄) at 2� = 15.9◦ [10,38]. The
iffraction peaks between 14◦ and 16◦ merged, while the diffraction
eak (0 4 0) was very weak.

As the pyrolysis temperature increased up to 300 ◦C, it was
lear that the residual char was still in the form of crystalline.
owever, the strong crystalline scatter peaks progressively lost

ntensity and became broader, indicating a gradual decrease in cel-
ulose crystallinity. Generally, the broadening of band may  be due
o the decrease in cellulose crystallite thickness, increase in packing
efects, or compositional inhomogeneity, etc. [39]. The broadening
f band suggested the underlying cleavage of the H-bonds or the
cission of glycosidic bonds and pyran ring during the initial pyrol-
sis stage. Accordingly, it enabled the subsequent aromatization in
he residual char at higher temperature. When the temperature was
bove 300 ◦C, the crystalline peaks diminished and became invisi-
le at around 400 ◦C. It suggested that crystal structure of cellulose
as lost gradually with the increase of temperature and resulted

n the formation of a highly disordered structure in char.
Notably, two broad peaks appeared at 2� values of around 22.7◦

nd 39.8◦ for the char obtained above 550 ◦C. These peaks derived
rom the diffraction scatter of graphene sheets and planes, sug-
esting the formation of graphite structure; however, it is obvious
hat the stacking of graphene sheets is substantially disordered.

ith temperature increasing further, the narrowing of these peaks

ndicated a progressive stacking of graphene sheets and the lat-
ral growth of graphene planes, which resulted in the formation of
rystallites [40].
lied Pyrolysis 116 (2015) 263–271

3.3. Surface functionality transformation of cellulose char at low
temperature

The IR spectrum is complex and has been generally sepa-
rated into two regions: the OH and CH vibrations in the
range of 3800–2700 cm−1 and the “fingerprint” region located at
1800–800 cm−1. Band assignments of a typical IR spectrum of cel-
lulose are summarized in Table 1. It is noted that the OH stretching
models comprise different hydrogen bonding forms in the range of
3800–3000 cm−1.

Fig. S1 shows the infrared spectrum of raw cellulose and the
resultant chars (Supplementary material). It was evident that cel-
lulose char still remained a crystal form at temperature lower
than 330 ◦C, which is consistent with the X-ray diffraction anal-
ysis results. However, the absorbance intensity of the bands in
900–1500 cm−1 region corresponding to glycosidic bond and glu-
cose unit decreased gradually as the temperature increased. The
intensities of these bands as well as the hydroxyl group all
decreased at 330 ◦C, indicating the drastic decomposition of cel-
lulose. Meanwhile, the intensity of the bands in 1500–1800 cm−1

region increased remarkably. With the further increase of temper-
ature, the intensities of glycosidic bond, glucose unit and hydroxyl
groups decreased continuously and almost vanished when the tem-
perature exceed 500 ◦C. It means that the residual char was  free of
organic functional groups at this temperature range.

In order to clarify the overlapped information in conventional
infrared spectra, the spectra were analyzed with 2D correlation
spectroscopy method. The synchronous and asynchronous 2D cor-
relation spectrum of cellulose char in the region of 3700–2700 cm−1

was plotted in Fig. 4. There was a strong auto peak at around
3350 cm−1 and a weaker one at 2900 cm−1, which indicate that
the O(3)H·  · ·O(5) intra-molecular H-bonds were the most sensitive
to temperature. This is consistent with the results from Watanabe
who found that the O(3)H3· · ·O(5) intrachain H-bonds in cellu-
lose changed at temperature as low as 25 ◦C and progressively
greater above 130 ◦C [30]. Furthermore, compared to CH of pyran
ring and other hydrogen bonds, the hydrogen bonds changed to
a greater degree in response to the increase of pyrolysis tempera-
ture. A positive cross peak �(3350,2900) located at the off-diagonal
position of synchronous spectrum suggested that O(3)H·  · ·O(5)
intra-molecular hydrogen bond and the CH of pyran ring changed
coincidentally with the increase of pyrolysis temperature. In addi-
tion, the absorption band corresponding to the olefins at 3014 cm−1

formed two negative cross peaks with 3350 cm−1 and 2900 cm−1.
It suggested that the change of olefin was  negatively related to that
of H-bonds and CH.

In the asynchronous 2D correlation spectrum, five bands at
3500 cm−1, 3230 cm−1, 3018 cm−1, 2928 cm−1, and 2877 cm−1

were observed and formed positive cross peaks with 3350 cm−1

and 2900 cm−1 in the asynchronous spectra, such as �(3500,
3350), �(3230, 3350), etc. According to Noda’s rules [27],
the sequences of spectral change can be derived as follows:
(3500,3230,2877) > 3350 > 2928 > 3014. It indicated that the change
of O(3)H·  · ·O(5) intra-molecular H-bond occurred after that of
O(2)H· · ·O(6) intra-molecular, O(6)H·  · ·O(3) inter-molecular H-
bond and glucopyranose ring CH, but occurred predominantly
before that of the methylene and olefin groups. This was  in line with
the fact that the energy of O(2)H.  . .O(6) intra-molecular H-bond is
the weakest among the H-bonds in cellulose structure [25]. Agar-
wal et al. also found that O(2)H.  . .O(6) intrachain H-bonds tend to
be convertedto other interchain hydrogen bonds [32]. Furthermore,
the cleavage of O(6)H·  · ·O(3) H-bond was likely to occur coinciden-
position were more likely to form inter-molecular H-bonds rather
than intra-molecular H-bonds, the cleavage of inter-molecular H-
bonds and dehydration will presumably result in the formation of
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Table  1
The main functional groups of cellulose.

Wavenumber (cm−1) Infrared absorption Functional groups and structures

3500 OH stretching O(2)H· · ·O(6) intramolecular hydrogen bonds
3350  OH stretching O(3)H· · ·O(5) intramolecular hydrogen bonds
3230  OH stretching O(6)H· · ·O(3) intermolecular hydrogen bonds
3018  CH stretching Aromatic structure
2928 CH stretching C6-methylene of glucopyranose ring
2900, 2877 CH stretching CH of glucopyranose ring
1714  C O stretching Saturated ketone carbonyl
1705 C O stretching Non-conjugated carbonyl
1610 C C stretching Olefins conjugated with aromatic ring
1603 C C stretching Olefins Conjugated with double bonds or carbonyl
1585 C C stretching Aromatic structure
1252 C O stretching Cyclic ethers, Aryl alkyl ether
1163  C O stretching Glycosidic bond
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1146 C O stretching 

1113 C O stretching 

1060 C O stretching 

lefins [29]. Generally, the thermally induced cleavage of H-bonds
n cellulose will firstly lead to the formation of free hydroxyl groups.
evertheless, free hydroxyl were not observed in this study, sug-
esting that it underwent subsequent dehydration and resulted in
he formation of water as well as double-bonded olefin in bio-char.

The relative intensities of different absorption peaks at
700–2700 cm−1 for char resulted from cellulose pyrolysis are
hown in Fig. 5. As can be seen from Fig. 5(a), the decrease in the
ntensity of OH vibration demonstrated that dehydration could
ccur at temperature as low as 200 ◦C. Although most of the previ-
us works regarded that no chemical elimination of water occurred
rom crystal cellulose before 220 ◦C [41], the result in this study
ndicated that the chemical evolution of water could take place even
t 200 ◦C. Pastorova et al. [42] pyrolyzed cellulose at 190 ◦C and
20 ◦C for 2.5 h under nitrogen and observed 8% and 10% weight

oss of cellulose, respectively. However, the weight loss is about
% in the present study, probably due to the shorter heating dura-
ion of solid. This suggested that the heating durations might be an
nfluential factor for low temperature pyrolysis. With the increase
f residence time, the evolved water might in turn serve as cata-
yst to accelerate the depolymerization and dehydration [41]. The

bove results suggested that 200 ◦C was likely to be the initial tem-
erature at which water can be evolved from cellulose chemically.
urthermore, the intensity of intra-molecular H-bonds was lower
han that of inter-molecular H-bonds as temperature lower than
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300 ◦C. This is in agreement with the results from previous study
that O(3)H3· · ·O(5) and O(2)H2· · ·O(6) intrachain H-bonds mainly
occurred in 30–200 ◦C [31].

The intra- and inter-molecular H-bonds and pyran ring CH
showed a remarkable decrease in relative intensity as the pyrolysis
temperature increased up to 300 ◦C. Furthermore, the intensity of
intra-molecular H-bonds was  apparently lower than that of inter-
molecular H-bonds, probably because hydroxyl groups at C2 and
C3 position were more active than that at C6 position [8]. The cel-
lulose pyrolysis led to a weight loss of about 25% at 300 ◦C, and XRD
results suggested that the residual char was  still crystalline. It sug-
gested that dehydration was the predominated reactions during
the initial stage of pyrolysis and mostly among the intra-molecular
H-bonds. Moreover, dehydration in this stage probably resulted in
the decrease in the crystallinity of char (Fig. 3).

When the temperature was above 300 ◦C, the intensities of
inter-molecular H-bonds as well as methylene groups decreased
significantly, suggesting the disassociation of cellulose chain
among the microfibers. As a result, the crystallinity and linearity
of cellulose disappeared. It was likely to configurate a three-
dimensional network polymer at 300 ◦C [24]. Meanwhile, Fig. 5(b)

clearly shows that the intensity of olefins increased remarkably,
indicating that dehydration had been accelerated. The OH and

CH vibrations exhibited a low intensity at about 430 ◦C, indicating
that dehydration was almost accomplished.
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The synchronous and asynchronous 2D correlation spectra in
he “fingerprint” region are presented in Fig. 6. In synchronous
pectrum, five main auto peaks were identified. The auto peaks
bserved in the region of 1800–1600 cm−1 and 1200–1000 cm−1

ormed positive cross peaks with each other, such as �(1705,1603),
(1163,1113), etc, suggesting that carbonyl and conjugated olefin

hanged coincidentally with the pyrolysis temperature. Similar
rends were also observed in glycosidic bond, glucose pyran ring
nd the hydroxyl group during pyrolysis. Meanwhile, positive cross
eaks at �(1705,1252) and �(1603,1252) demonstrated that the
hange of ether groups during pyrolysis was similar with carbonyl
nd conjugated olefin. The negative cross peaks �(1705,1163) and
(1603,1163) indicated that the changing trend of carbonyl and

onjugated olefin groups is opposite to that of glycosidic bond and
lucose pyran ring. Since the latter are the inherent groups of unal-
ered cellulose, it was speculated that carbonyl, olefins and ethers
ere formed at the expense of these characteristic groups.

In asynchronous 2D correlation spectrum, the absorption peak
as observed at 1610 cm−1 corresponding to the olefin conjugated
ith aromatic ring or double bonds [43,44]. Similar observations
ere also made for the band at 1714 cm−1, which was characteristic

f saturated aliphatic carbonyl [45]. This suggested that the evo-

ution in the structure of substitution groups which were grafted
n the olefin double bonds or carbonyl structures had occurred
uring pyrolysis. The peaks at 1705 cm−1 and 1610 cm−1 formed
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a series of positive cross peaks with 1163 cm−1, 1113 cm−1 and
1060 cm−1. According to Noda rules, carbonyl and conjugated olefin
predominantly occurred before that of glycosidic bond and glucose
pyran ring. Therefore, it can be concluded that the cleavage of intra-
molecular dehydration among hydroxyls at C2 and C3 position will
lead to the formation of carbonyl and double-bonded structure
in char. In addition, the conjugated olefins were probably in the
form of cycloolefins or conjugated with aromatics. Tang and Bacon
[20] believed that the carbonyl and double-bonds formed in char
essentially resulted from intra-molecular dehydration rather than
inter-molecular dehydration. The band at 1163 cm−1, 1113 cm−1,
and 1060 cm−1 formed three positive cross peaks with the band
at 1252 cm−1, suggesting that glycosidic bond and glucose pyran
ring occurred predominantly before that of ethers. Moreover, these
ethers are mainly composed of cyclic and aromatic ether. The pres-
ence of aliphatic ether at 1146 cm−1 formed a positive cross peak
with the pyran ring at 1113 cm−1, suggesting that the opening of
pyran ring occurred before that of aliphatic ether.

The relative intensity of different absorption peaks between
1800 cm−1 and 900 cm−1 was  shown in Fig. 7. It was  clear that
the intensity of carbonyl and conjugated olefin was very low when
the temperature was  below 300 ◦C whereas the intensity of ethers

was much higher. The result was  likely due to the decomposition
of amorphous portion within microcrystalline cellulose [7,46]. The
dehydration among hydroxyls on pyran ring or degraded glucan
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hains may  result in the formation of cyclic ethers. Moreover, the
oss of amorphous cellulose and degradation was mainly responsi-
le for the decrease in the intensities of glycosidic bond and pyran
ing as shown in Fig. 7(b).

As the temperature exceeded 300 ◦C, the intensity of glycosidic
ond and pyran ring decreased remarkably. On the contrary, the

ntensities of carbonyl, conjugated olefin, ether and aromatic struc-
ure showed a sharp increase and reached the maximum at 360 ◦C.
he cleavage of glycosidic bond and the breakdown of pyran ring
esulted in the formation of aliphatic hydrocarbons which were
ich in double bonds, carbonyl and paraffinic branches. As a result,
bundant anhydro-saccharides and low oxygenates were identified
n liquid bio-oil in our previous study [6]. In addition, the arom-
tization of aliphatic hydrocarbons can also occur at 300–360 ◦C,
hich is consistent with previous results in this study (Fig. 2). With

he increase in the concentration of aromatics in char, the solid
har appeared to generate alkyl-aryl structures or aromatic ethers
uring pyrolysis. Sekiguchi et al. [22] found that the majority of aro-
atics in the cellulose char obtained at 300–400 ◦C was  in the form

f phenol and the aromatics were linked with aliphatic hydrocar-
ons through the C O bonds. Therefore, it can be concluded that the
ligosaccharides, aliphatic hydrocarbons and aromatics formed a
isordered three-dimensional bonding network. Agarwal et al. also

ound such a three-dimensional network during cellulose pyroly-
is. However, the author regarded that the network was formed
ue to the formation of new interchain hydrogen bonds [32]. The
hanges in the intensity of glycosidic bond and pyran ring seemed
to provide further evidence to support the above conclusions. It
can be observed from Fig. 7(b)that the decrease in the intensity
of glycosidic bond was  slower than that of pyran ring. However,
the quantum calculation indicated that the bond energy of C O in
glycosidic bond was  lower than that of pyran ring [47]. The possi-
ble explanation was  that parts of the oligosaccharides were bonded
together with ether and thus certain amount of glycosidic bond was
preserved in the char.

With the temperature increasing further, the intensities of car-
bonyl, conjugated olefin, ether and aromatic ring decreased rapidly,
which suggested that char particles underwent dehydrogenation,
decarbonylation, aromatization and condensation as the tempera-
ture exceeded 360 ◦C. The results indicated that the char obtained
at 360–550 ◦C was  dehydrated, disordered, carbonized and aroma-
tized. Furthermore, the degree of aromatization was enhanced with
pyrolysis temperature increasing.

3.4. Structure evolution of cellulose char at higher temperature

Fig. 8 shows the total Raman peak areas and band ratios between
1800 and 800 cm−1 as a function of temperature. Fig. S2 presents a
visible comparison between Raman spectrum of different chars that
was obtained following the aforementioned procedures and the
curve-fitted Raman spectrum of cellulose char obtained at 750 ◦C
(Supplementary material). It can be seen that total Raman peak
area decreased constantly with the increase of pyrolysis tempera-
ture. Generally, the aromatization of char during pyrolysis resulted
in the increases of the light absorbing ability and thus decreasing
Raman intensity [48]. Furthermore, the decrease in Raman inten-
sity was also attributed to the loss of O-containing structures in the
residual char since the electron-rich functional groups such as those
containing oxygen appear high in Raman intensity [35]. In biomass
char, the ratio of ID/IG is widely used to measure the crystalline or
graphite-like carbon structures and the decrease in this ratio is usu-
ally expected with the increase of the degree of graphitization [49].
However, the biomass chars formed at low temperature was a dis-
order polymer and the size of aromatic rings in the char was far from
the size required for generating graphite crystals [35,40]. Hence,
the decrease in the ratio of ID/IG in this study indicated the devel-
opment of aromatic ring systems in char, particularly the smaller
aromatic systems. It was  noted that the decrease of the ratio of
ID/IG in the range of 450–650 ◦C was larger than that observed at

high temperatures (750–950 ◦C). According to the chemical analy-
sis, deoxygenation was  the predominant reactions that occurred in
this temperature range. Therefore, it was  reasonable to speculate
that deoxygenation and condensation occurred in the individual
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enzene ring or smallest aromatic clusters grafted with oxygenated
roups in char, and the resultant char contained large portions of
maller aromatic systems, i.e., 2–6 fused ring structures. It also
emonstrated that the concentration of larger aromatic rings with
ore than six rings was very low in the char obtained at lower

emperature.
As the temperature exceeded 650 ◦C, the ratio of ID/IG remained

elatively stable whereas the ratio of ID/I(Gr+Vl+Vr) increased grad-
ally with the increase of temperature. Generally, the ratio of

D/I(Gr+Vl+Vr) is widely used to measure the relative proportions
etween large (≥6 rings) aromatic ring systems and small sys-
ems found in amorphous carbon [35]. Therefore, this observation
ndicated the enlargement of aromatic ring systems in the resid-
al char. Moreover, the changes in this ratio at lower temperature
ange (450–650 ◦C) was much smaller than that at higher tem-
erature range (650–950 ◦C), suggesting that the dehydrogenation
f hydroaromatics and the condensation among small aromatics
ave been accelerated during pyrolysis in the high temperature
ange. This is consistent with the result of the elemental analysis
f char for which dehydrogenation was the predominant reaction
hat occurred in the range of 650–950 ◦C.

The S band in biomass chars mainly represents the alkyl-aryl
tructures, aromatic (aliphatic) ethers, and methyl carbon grafted
o an aromatic ring and thus can be used as the measurement
f cross-linking density and substitution groups in char [49]. As
hown in Fig. 8, the ratio IS/IG increased remarkably from 450 to
50 ◦C, suggesting the increase in the level of cross-linked network
tructure in the residual char, which resulted from the crosslink-
ng reactions during pyrolysis. Moreover, the crosslinking reactions

ere likely to occur after decarboxylation or loss of O-containing
unctional groups [35]. The ratio of IS/IG decreased progressively
s the temperature increased further, suggesting the loss of alkyl
nd ether structure as a result of dehydrogenation, demethylation
r condensation among small aromatics. Therefore, the cross-
inked density of char decreased and the char obtained at higher
emperatures tended to form highly ordered graphitic structure.
evertheless, the char produced at temperature as high as 950 ◦C

till contains certain amount of alkyl-aryl and ether structure and
his indicated that new alkyl-aryl structures form continuously dur-
ng pyrolysis.

. Conclusions

The formation of chemical structure of char during cellulose
ash-free) pyrolysis at various temperatures was investigated in
epth. It was found that 200 ◦C is likely to be the initial temperature
t which water can be evolved chemically. When the temperature
s lower than 300 ◦C, cellulose underwent the cleavage of intra-
nd inter-molecular H-bonds. Meanwhile, the subsequent dehy-
ration was the predominant reaction that mainly occurred among
he intra-molecular H-bonds. The O(2)H·  · ·O(6) intra-molecular,
(6)H· · ·O(3) inter-molecular H-bonds and pyran ring CH cleaved
rst, followed by the cleavage of O(3)H·  · ·O(5) intra-molecular H-
onds. Then, the concentration of methylene decreased and olefin
egan to form. When the temperature was over 300 ◦C, the concen-
ration of carbonyl, conjugated olefin, ether and aromatic structure
ncreased greatly in the expense of glycosidic bond, pyran ring
nd hydroxyl groups that diminished in the residual char. Further-
ore, the oligosaccharides, aliphatic hydrocarbons and aromatics

ormed a disordered three-dimensional bonding network through
he ether linkage.
At 430–650 ◦C, the smallest aromatic clusters grafted with
xygenated groups underwent significant deoxygenation and con-
ensation. The aromatic ring systems increased in amount and
ize with the further increase of temperature. When the temper-

[

[
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ature was  higher than 650 ◦C, the predominated reaction shifted
from deoxygenation to dehydrogenation. Meanwhile, the char was
highly aromatic with more than six aromatic rings fused together.
The result of this study can help understand the initial stage chem-
istry and carbon structure evolution during cellulose pyrolysis.
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