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Keywords:
in a xenon lamp radiation reactor was investigated. The elemental composition analysis showed that the C
content increased at the expense of H and O contents during the chars formation. The values of ΔH/C/ΔO/C for
the formation of cellulose and hemicellulose charswere close to 2, indicating that dehydrationwas the dominant
reaction. Meanwhile, the value was more than 3 for lignin char formation, suggesting that the occurrence of
demethoxylation was prevalent. FTIR and XRD analyses further disclosed that the cellulose pyrolysis needed to
break down the stable crystal structure prior to the severe depolymerization. As for hemicellulose and lignin
pyrolysis, the weak branches and linkages decomposed firstly, followed by the major decomposition. After the
devolatilization at the main pyrolysis stage, the three components encountered a slow carbonization process
to form condensed aromatic chars. The SEM results showed that the three components underwent different
devolatilization behaviors, which induced various surface morphologies of the chars.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Fast pyrolysis is recognized as a promising thermal–chemical
technology for effectively converting biomass into liquid bio-oil, which
can be a substitution for fossil vehicle fuels [1,2]. Therefore, the produc-
tion of bio-oil has aroused extensive attention [3–6]. However, attention
on structural evolution of bio-char, a solid by-product, is much limited
although it is important to reveal the pyrolysis behavior of biomass.
Moreover, bio-char is underutilized, and it is very critical to the high
value-added utilization of bio-chair before elucidating its structural
characterization [7].

Biomass mainly consists of three major components, namely
40 wt%–50 wt% cellulose, 20 wt%–40 wt% hemicellulose and 15 wt%–
30 wt% lignin [8,9]. The formation of bio-char is deeply influenced by
the major components due to their different structures. So knowledge
of the char from individual component is important for a better under-
standing of bio-char properties and biomass pyrolysis mechanism.
Pastorova et al. [10] found that the char precursor of cellulose was a
polymer based on furanoid skeletons and hydroxyaromatic skeletons.
Wooten et al. [11] analyzed the formation of char from cellulose
tion of China (51276166), the
101) and the National Science
BAD15B06).

g Society of China, and Chemical Ind
pyrolysis by 13C-CPMAS-NMR, suggesting that cellulose firstly convert-
ed to an amorphous intermediate cellulose, then to a disordered final
carbohydrate, and finally to aromatic carbons. Xin et al. [7] indicated
that the cellulose char formation involved a series of complex
reactions, including dehydration, decarbonylation, ring-opening and
aromatization to form a disordered three-dimensional network
precursor, and deoxygenation and dehydrogenation to form a highly
aromatic char.

In particular, studies on the char properties from hemicellulose and
lignin pyrolysis are scarce. Lv et al. [12] observed that the surface
morphology of hemicellulose char shifted from severe irregular agglom-
eration to smoothness and porousness with temperature increasing by
SEM. Xin et al. [13] analyzed the surface property of xylan char by BET,
and suggested that the relatively high average pore size of the char
could be ascribed to the branched structure in xylan. Sharma et al. [14]
performed the structural characterization of lignin char by FTIR and
13C-CPMAS-NMR and found that high temperature could reduce the
content of hydroxyl and methoxyl groups, leading to the improvement
of aromaticity. Lou and Wu [15] characterized the pyrolysis char of
EMAL lignin by FTIR, and the results showed that the aromatic substitu-
tion decreased gradually with the temperature increasing, and the
aromatic nature of char completely disappeared at 700 °C.

Although there are some studies on the structural analysis of the
chars from biomass components as mentioned above, the structural
evolution of component chars during the whole pyrolysis process is
rarely analyzed. Additionally, the structural differences of the
chars from biomass components are seldom compared. In this study,
ustry Press. All rights reserved.
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the chars (solid residues) of biomass components (cellulose, hemicellu-
lose and lignin) pyrolysis at different pyrolysis stages in a xenon
lamp radiation reactor were collected. Then the structural evolution of
chars was analyzed and compared using elemental analysis, FTIR,
XRD and SEM, aiming at providing a comprehensive understanding of
the formation of chars from biomass components pyrolysis.
2. Experimental

2.1. Materials

Microcrystalline cellulose, xylan and organic lignin were used as the
model compounds of cellulose, hemicellulose and lignin, respectively.
These materials were purchased from Sigma-Aldrich Corporation.
2.2. Apparatus

The diagram of the xenon lamp radiation reactor is shown in Fig. 1.
The radiation source was a spherical high pressure short arc xenon
lamp (3 kW). The xenon lamp was located on the inner focus of the el-
lipsoidal speculum to converge the light on the other focus after reflec-
tion. The diameter of the ellipsoidal speculum was 360 mm, and the
focal lengths were 60mm and 800 mm, respectively. A plane speculum
was arranged between the two focuses to change the light path, so that
the light was gathered in the quartz glass reaction tube (inner diameter
of 40 mm) to realize the radiation heating of the sample. A rotating
shutter at a response time of 0.01 s was arranged between the plane
speculum and the reaction tube to control the heating time. After reac-
tion, the sample was quenched by liquid nitrogen immediately. The op-
eration of the reaction system was controlled by a programmable logic
controller (PLC). In the pyrolysis experiments, 0.1 g sample was put
on a quart glass slice in the reaction tube. Then the reactor was purged
with pureN2 gas at a flow of 200ml·min−1 for 3min to provide an inert
atmosphere. The output power of the xenon lampwas kept at 3 kW. The
heating time was in range of 15–120 s, which was controlled by the ro-
tating shutter.
Fig. 1. Xenon lamp radiation pyrolysis apparatus.
2.3. Structural characterization

The elemental composition of the sample was measured on a Vario
MICRO Elemental Analyzer (Elementar Analysensysteme GmbH,
Germany). The functional groups of the sample were analyzed on a
Nicolet 5700 FTIR spectrometer (Thermo Fisher Scientific Corporation,
USA). The spectra were recorded from 400 to 4000 cm−1 with a
resolution of 4 cm−1 by averaging 36 scans. The surface morphology
of sample was analyzed by a scanning electron microscope (SEM)
(SIRION-100 FEI). The sample was pretreated by coating an Au film
prior to scanning.
The accelerating voltage was 20 kV and themagnification was 2500.
The crystalline index (CrI) of sample was calculated from X-ray
diffraction patterns via Eq. (1) [16].

CrI ¼ I002−Iamð Þ
I002

� 100% ð1Þ

where I002 was the peak intensity of 002 lattice plane (at 2θ = 22.5°),
and Iam was the peak intensity of the amorphous phase (at 2θ=18.5°).

3. Results and Discussion

3.1. Evolution of elemental composition

As shown in Fig. 2(a)–(c), the evolution of elemental composition
for the chars from the three major components presented similar ten-
dency. The C content increased while the H and O contents decreased
with the heating time prolonging. The elemental composition of cellu-
lose chars changed slightly before heating time of 95 s, indicating that
cellulose needed relatively long time to preheat the sample prior to ini-
tiating decomposition. Subsequently, the C contents increased sharply
from 44.68% at 95 s to 80.14% at 100 s, while the corresponding H and
O contents decreased from 6.26% and 49.06% to 3.72% and 16.14%, re-
spectively. This suggested that cellulose suffered severe decomposition
in a very short time, releasing a large amount of oxygenic volatiles such
as acids, ketones, and aldehydes. After that, cellulose underwent a car-
bonization process, showing that the C content increased slowly at the
expense of H and O contents. This was consistent with the TG result of
cellulose pyrolysis that the DTG curve appeared a single sharp peak at
about 350 °C [4]. In comparison to cellulose, hemicellulose and lignin
needed shorter preheating time as their elemental composition
changed obviously at heating time less than 15 s. This might be due to
the existence of weak branches and linkages in their structure. For ex-
ample, the acetyl groups in hemicellulose and β-O-4 linkage in lignin
were easy to decompose at low temperature [5,6]. In addition, the
loose structure and deep color of the hemicellulose (yellow) and lignin
(brown) made their radiation absorption efficiency much higher than
that of the white crystal cellulose. Therefore, hemicellulose and lignin
could absorb a lot of heat within a short time to initiate the pyrolysis.
The elemental composition for hemicellulose and ligninmainly changed
at the heating time of 15–30 s, suggesting that the matrix of hemicellu-
lose and lignin decomposed at a relatively long time compared to cellu-
lose. Correspondingly, the C contents of hemicellulose and lignin
increased from 37.40% and 66.63% at 15 s to 58.06% and 79.87% at
30 s, respectively. These changes of elemental composition for hemicel-
lulose and lignin were not as severe as that for cellulose at themain py-
rolysis stage. This was consistent with the appearance of low and wide
peak in DTG curve for hemicellulose and lignin [17]. When the heating
time was beyond 30 s, both hemicellulose and lignin underwent a
slow carbonization process. Due to the aromatic nature of lignin struc-
ture, the C content of lignin char was as high as 86% at 120 s, which
was much higher than that of hemicellulose char (less than 70%).

From the van Krevelan diagram (Fig. 2(d)), it could be easily found
that the ratios of H/C and O/C for the chars decreased with the heating
time increased, revealing that the aromaticity of char was gradually
strengthened. The values of ΔH/C/ΔO/C for cellulose and hemicellulose
were 1.74 and 1.94, respectively, which were close to 2. This indicated
that dehydration was primary during the char formation due to the
abundant hydroxyl groups in the sugar units of cellulose and hemicellu-
lose [18]. Meanwhile, the decarbonylation and decarboxylation to form
CO and CO2 were the main reason for the ΔH/C/ΔO/C value of less than 2
[19]. The value of ΔH/C/ΔO/C for lignin was 3.04, which wasmuch higher
than that for cellulose and hemicellulose. This was due to the abundant
methoxyl groups and aliphatic branch chains in the lignin structure and
they could decompose during lignin pyrolysis via demethylation and
demethoxylation [20,21]. In addition, the condensation of the aromatic



Fig. 2. Evolution of elemental composition of chars ((a) cellulose, (b) xylan, (c) lignin and (d) van Krevelan plot depicting the changes in O/C and H/C ratio and the linear fitting of the
changes).
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rings to form polycyclic aromatics could lead to the release of hydrocar-
bons and hydrogen, which also contributed to the high value ofΔH/C/ΔO/C

[14].

3.2. Evolution of functional groups

Fig. 3(a) shows the FTIR spectra of the cellulose chars at different
heating time. At the initial preheating stage (0–80 s), there was no ob-
vious change in the structure of cellulose as the spectra were almost
the same. As the heating time increased from 85 s to 95 s, the FTIR
peaks began to weaken, such as the peaks at 897 cm−1, 1047 cm−1

and 1163 cm−1, corresponding to the glycosidic bond in cellulose
[22,23]. This suggested that cellulose began to decompose to
intermediate cellulose with low degree of polymerization (DP).
Meanwhile, the weakening peaks at 3400 cm−1, 1320 cm−1 and
1060 cm−1 corresponding to hydroxyl groups implied the occur-
rence of dehydration. At heating time of 95 s, the intensity of the
peaks at 1457 cm−1 and 1320 cm−1 (–CH2– in sugar rings),
1382 cm−1 (–CH– in sugar rings) and 1113 cm−1 (C–O–C in the
pyran rings) decreased notably [22,23]. This suggested the ring-
opening of sugar units in low DP cellulose. The followed dehydration
and decarbonylation might lead to the formation of char precursor
[11]. With the heating time prolonged to 100 s, the peaks corre-
sponding to the original cellulose structure almost disappeared. At
the same time, new peaks at 1586 cm−1 and 873 cm−1 correspond-
ing to aromatic structure appeared, suggesting the transformation
from original cellulose structure to aromatic structure [24,25]. This
was in accordance with the results obtained by Xin et al. [7] that cel-
lulose char evolved from the disordered three-dimensional network
precursor composed of oligosaccharides, aliphatic hydrocarbons and
aromatics.
From the FTIR spectra of the hemicellulose chars (see Fig. 3(b)), it
could be found that the hemicellulose structure mainly changed at the
heating time of 15–30 s. The peaks at 1045 cm−1 and 1168 cm−1 corre-
sponding to glycosidic bonds in xylan gradually diminished and finally
disappeared, revealing the severe depolymerization of xylan due to
the cleavage of glycosidic bonds [5,26]. The peaks at 1441 cm−1 and
1378 cm−1 (–CH2– and –CH– in xylose units) became weak but still
existed after the reaction, in contrast to the disappearance of that in cel-
lulose pyrolysis. This was because xylose ringwas easy to be retained in
the char structure as the xylosyl cation formed during xylan depolymer-
ization was more likely to polymerize to char [27]. For cellulose, the
glucosyl cation formed during cellulose depolymerization could under-
go intramolecular dehydroxy reaction to formation of 1,6-anhydride
due to the existence of a free primary hydroxyl group at C-6, and the
1,6-anhydride was easy to form other volatiles [27]. With the heating
timeprolonging, newpeaks at 1586 cm−1 and 874 cm−1 corresponding
to aromatic structure were observed, suggesting the evolution from
sugar rings to aromatic rings during char formation [24,25].

In Fig. 3(c), the spectra of the lignin chars showed that the intensity
of main peaks evidently decreased at heating time of 25 s. The weak
peaks at 1218 cm−1 and 1030 cm−1 were assigned to the ether bonds
and the primary alcohol hydroxyl groups, respectively, suggesting the
cleavage of ether linkages (β-O-4) and the removal of hydroxyl groups
in side chains [21]. Peaks at 1328 cm−1 and 1125 cm−1 were assigned
to C–O and C–H of guaiacyl units, while peaks at 1268 cm−1 and
1113 cm−1 were assigned to C–O and C–H of syringyl units [28].
These diminishing peaks revealed that themajor structure of lignin suf-
fered severe damage at heating time of 25 s. At the same time, the peaks
at 2861 cm−1 (–OCH3) and 2923 cm−1 (–CH2– and –CH–) almost dis-
appeared, implying that the cracking of aliphatic linkages and branches
and the removal of methoxyl groups were intensive. The peaks at



Fig. 3. FTIR spectra of chars from biomass components pyrolysis.

Fig. 4. X-ray diffractograms of cellulose chars.

Table 1
Evolution of cellulose crystallinity in pyrolysis
process

Time CrI

0 s 78.50%
40 s 77.65%
80 s 75.76%
85 s 64.84%
90 s 70.01%
95 s 37.53%
100 s –
120 s –
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1702 cm−1 corresponding to unconjugated C_O disappeared, while
the peaks at 1605 cm−1 assigning to C_O conjugated with aromatic
rings just became weak. This was in agreement with the previous
study that the reaction activity of the unconjugated carbonyl group
was higher than that of the conjugated one, because the unconjugated
carbonyl group existed in the branches and was easy to decompose to
CO and CO2 [21]. Since the reaction timewas 30 s,most of the peaks cor-
responding to the oxygenic functional groups were nearly removed,
showing an absorption pattern of aromatic structure. This was consis-
tent with the result of elemental analysis that the C content was over
80% at this time. In particular, the absorption corresponding to the aro-
matic skeletonwas shifted from1513 cm−1 for raw lignin to 1498 cm−1

for char. Meanwhile, new peaks at 1585 cm−1 and 874 cm−1 corre-
sponding to aromatic structure appeared. These observations could be
due to the formation of polycyclic aromatic structure via condensation
at high temperature [25].
3.3. Evolution of cellulose crystalline

Cellulose has a stable crystal structure due to the strong intermolec-
ular and intramolecular hydrogen bonds induced by the abundant hy-
droxyl groups, which is very different from the amorphous structure
of hemicellulose and lignin. As shown in Fig. 4, the X-ray diffraction
pattern of the raw cellulose had four typical diffraction peaks at 2θ =
15.0°, 16.0°, 22.4° and 34.3°, corresponding to plane of 101, 101, 002
and 040, respectively, and the 101plane and 101 planewere overlapped
with each other, suggesting that the crystal structure of the cellulose
belonged to cellulose I [29,30]. At the heating time of 90 s, the X-ray
diffraction pattern of the sample still presented four diffraction peaks,
indicating that the crystal structure of the cellulose was not alerted in
the preheating pyrolysis stage. At heating time of 100 s, the four diffrac-
tion peaks nearly disappeared, implying that crystal structure was
destroyed. Meanwhile, the weak diffraction peak at 22.9° disclosed the
formation of a small amount of disordered graphite structure evolved
from the non-crystal structure [7].
Table 1 shows the variation of the CrI during cellulose pyrolysis. The
CrI decreased from 78.50% at 0 s to 64.84% at 85 s. According to the
results above, the elemental composition and functional group distribu-
tion almost remained unchanged at this stage. Thus, it could be deduced
that cellulose needed to absorb a lot of heat to destroy the hydrogen
bond network, leading to the break of the stable crystal structure,
prior to the severe depolymerization. This was confirmed by the results
obtained by Yang et al. [4] that the DSC curve of cellulose pyrolysis
showed a huge endothermic peak before the main stage of pyrolysis.
It was notable that the CrI increased to 70.0% at 95 s, and then sharply
decreased to 37.53% at 95 s and to zero after 100 s. The increase of CrI
at 95 s might be ascribed to the consumption of amorphous structure
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of cellulose via decomposing to volatiles, which caused the increase of
crystal structure proportion.

3.4. Evolution of surface morphology

Fig. 5(a) shows the evolution of surface morphology of chars during
cellulose pyrolysis. The raw cellulose had clear particle profile and
wrinkled surface. At 95 s, it could be clearly observed that the surface
of cellulose particle arose molten trace and some small holes. This
corresponded to the observation above that the crystal structure
suffered damage and began to release volatiles. At 100 s, the cellulose
particle was completely molten and the holes enlarged obviously.
Finally, the residue of cellulose pyrolysis evolved to porous char with
smooth surface.

As displayed in Fig. 5(b), the raw hemicellulose particle had rough
surface, and they molten at a heating time of 20 s. Meanwhile, a large
amount of tiny holes formed. This was consistent with the decomposi-
tion of unstable branches in hemicellulose at low temperature. At 25 s,
the surface of hemicellulose was dilapidated and many large cavities
generated. Thiswas because of the rupture of bubbles induced by the re-
leasing of a large amount of volatiles from the inner hemicellulose. After
the followed carbonization, the hemicellulose char showed porosity like
honeycomb. This resulted from the branched and amorphous structure
of hemicellulose, as the morphology of char was closely related to the
formation and release of volatiles [31].

Unlike cellulose and hemicellulose, lignin retained its original gran-
ular profile instead of molten surface in the initial stage of pyrolysis at
20 s (see Fig. 5(c)). At the same time, there were many pores at various
Fig. 5. SEM micrographs of chars from
sizes on the surface. This might be caused by the decomposition of the
external surface structure due to the relative high temperature on sur-
face.With theheating timeprolonging to 25 s,many cavities andwreck-
age were observed, which indicated that a large amount of volatiles
formed in lignin inner and their fast releasemade ligninmatrix collapse.
This was in accordance with the thermal ejection theory that the lignin
fragments were cracked and expelled from the lignin matrix during lig-
nin pyrolysis [32,33]. At 120 s, the lignin char showed smooth surface
and abundant large size pores. Lv et al. [34] also observed that lignin
char had many large pores with a diameter of more than 10 μm.

4. Conclusions

The biomass components (cellulose, hemicellulose and lignin) were
pyrolyzed in a xenon lamp radiation reactor and the solid residues at
different stageswere collected and subjected to investigate the structur-
al evolution of char. The analysis of the elemental composition of the
chars showed that the C content increased while the H and O contents
decreased with the heating time prolonging. Meanwhile, the values of
ΔH/C/ΔO/C for cellulose and hemicellulose were close to 2, while that
for lignin was more than 3. These indicated that dehydration was the
dominant reaction in cellulose and hemicellulose pyrolysis, while
demethoxylation was prevalent in lignin pyrolysis. The results of FTIR,
XRD and SEM showed that cellulose pyrolysis needed to absorb a lot
of heat to break down the crystal structure prior to the occurrence of se-
vere decomposition. In contrast, hemicellulose and lignin underwent
the damage of instable branches and linkages before suffering the inten-
sive devolatilization. The formation and release of volatiles were
biomass components pyrolysis.



237H. Lin et al. / Chinese Journal of Chemical Engineering 25 (2017) 232–237
different during pyrolysis of the three components, which led to various
surface morphologies of the chars.
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