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� C/H ratio in different char is
equivalent to that in fused rings of
varied size.

� Increasing pyrolysis temperature
shifted ketones, esters in bio-oil to
ethers.

� Tar obtained above 550 �C had a
higher oxygen content but better
thermal stability.

� DRIFTS study shows the drastic
structural changes of char occurred at
520 to 530 �C.
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This study investigated the pyrolysis of lignin pyrolysis in a temperature region from 200 to 800 �C, aim-
ing to understand influence of pyrolysis temperature on evolution of structures of the resulting char. The
results showed that fusion of the ring structure initiated at 200 �C, where the C/H ratio in the char was
equal to that in naphthalene (two fused rings). The C/H ratio in the char obtained at 350 �C corresponded
to that in pyrene (four fused rings), while the char produced at 550 �C was equivalent to 20 fused benzene
rings in terms of C/H ratio. The increasing pyrolysis temperature also shifted the oxygen-containing func-
tionalities such as the carbonyl, esters, ketones in the bio-oil to the ether functionality that had a higher
thermal stability. The DRIFTS study of pyrolysis of lignin showed that drastic changes of the functional-
ities and the internal structure of the char occurred in a narrow temperature region from 520 to 530 �C.
The carbonyl functionality and the aliphatic structure were eliminated, and new conjugated p-bond sys-
tems formed.
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1. Introduction

Biomass is carbon-neutral and widely distributed, which is a
renewable source of energy, chemicals and fuels. Via pyrolysis, bio-
mass can be converted into gaseous products, the liquid product
named as bio-oil and the solid product named as biochar (Kan
et al., 2016; Buller et al., 2015; Han et al., 2019). The main charac-
teristics of bio-oil and biochar are the complexity in terms of com-
position or structure. This is due to the complicated reaction
network during the pyrolysis of biomass, which again originates
from the complexity of biomass (Chan et al., 2019; Chen et al.,
2018; Hu and Gholizadeh, 2019).

Woody biomass is typically composed by three different com-
ponents, namely cellulose, hemicellulose and lignin. The ratio of
these three components in different biomass species or even differ-
ent parts of the same biomass source is different (Abhishek et al.,
2015; Gholizadeh et al., 2019). When the biomass is pyrolyzed,
these components could be pyrolysed in parallel, making the
pyrolysis process to become a complex reaction network
(Chaiwat et al., 2013; Stefanidis et al., 2014). Understanding the
reaction pathways of the subcomponents of biomass is critical
for optimizing the parameters for pyrolysis for production of the
bio-oil with desirable compositions or the biochar with desirable
structures (José et al., 2019; Das et al., 2015).

The bio-oil with tailored composition is of importance for its
directly utilization or further upgrading via hydrotreatment, while
the biochar with tailored structure is also crucial for the use as
functional carbon materials for various uses such as activated car-
bon, electrode materials, etc. (Iliopoulou et al., 2014; Xiong et al.,
2017; Hoslett et al., 2019). Lignin is an important fraction of bio-
mass and its pyrolysis has been widely investigated (Gunawan
et al., 2013; Dhyani and Bhaskar, 2018; Sharma et al., 2004;
Wang et al., 2017; Zhao et al., 2017; Ma et al., 2019). Research
on the pyrolysis characteristics of lignin is mainly divided into
two categories. The first category is the pyrolysis analysis of lignin
from different biomass or extracted by different methods. The sec-
ond is the pyrolysis study of model compounds of lignin. The
physicochemical properties, pyrolysis kinetics and product distri-
bution and composition of lignin were described in these previous
literatures. However, due to the complex structure and pyrolysis
reaction network system of lignin, the reaction mechanism of lig-
nin pyrolysis has not been fully understood (Ha et al., 2019).
Understanding the pyrolysis mechanism of lignin can help to tailor
the selectivity of the targeting products and explore the causes of
catalyst deactivation during catalytic pyrolysis. In this work, in
addition to analyzing the pyrolysis kinetics of lignin and the char-
acteristics of the products generated by lignin pyrolysis, the in-situ
DRIFTS analysis of the evolution of the functionalities during pyrol-
ysis of lignin was conducted to explore the pyrolysis mechanism of
lignin. We have to admit that to the current results of this study we
have not fully clarified the mechanism, but this study, especially
the in-situ DRIFTS characterization of the change of the functional-
ities of lignin versus increasing pyrolysis temperature as well as
the detailed characterization of the char produced at the different
temperatures, are new additions to understand the mechanism for
pyrolysis of lignin or the properties of the resulting bio-char gener-
ated at the varied temperature.

Thepyrolysis of lignin is affectedbymany factors suchas reaction
temperature, reaction time, reaction atmosphere, reactor configura-
tion, particle size of raw materials, etc. (Jiang et al., 2010a; Xiong
et al., 2018; Zhao et al., 2018). Among them, the reaction tempera-
ture is one of the most important factors impacting the pyrolysis
of lignin. This is because that in lignin there aremany functionalities
with varied dissociation energy (Chua et al., 2017). Thus, the tem-
perature affects the sequences in breaking the chemical bonds and
further determines the composition of bio-oil and the structure of
bio-char (Xiao and Yang, 2013; Gholizadeh et al., 2016).

In this study,wemade an effort to investigate the pyrolysis of lig-
nin in awide temperature range of 200–800 �Cwith50 �C increment
of each pyrolysis temperature. In total, 13 pyrolysis temperatures
were selected and the impacts of the varied pyrolysis temperature
on the composition of the resulting bio-oil and the structure of bio-
char were investigated in a detailed manner. Specially, the forma-
tion of the fused ring structures in the biochar was explored and
the changes of the functionality of lignin/biochar versus tempera-
ture were investigated with an in-situ Diffuse Reflectance Infrared
Fourier transform spectroscopy. In addition, the pyrolysis kinetic
parameters of lignin and char obtained from the pyrolysis of lignin
at 200 �C were calculated via the method of Kissinger.
2. Experimental

2.1. Feedstock preparation

The dealkaline lignin from Tokyo Chemical Industry was used in
the study as the raw feedstock. In preparation for the experiment,
the sample was dried in static air at 50 �C for 8 h to remove the free
moisture. The weight loss of biomass feedstock was about 18 wt%
after the drying and the samples were then used directly without
any further pretreatment.

2.2. Pyrolysis experiment

The lignin pyrolysis experiment was carried out in a quartz
reactor with an inner diameter of 40 mm. Nitrogen with a flow rate
of 100 mL/min was used as a flush gas and also carrier gas to purge
the reactor so as to ensure the inert atmosphere of the pyrolysis.
When the temperature of the pyrolysis zone reached the required
temperature and stabilized, a quartz tube loaded with 5 g of lignin
was pushed into the pyrolysis zone for the occurrence of the pyrol-
ysis. The volatiles generated during the pyrolysis were carried
away by N2 and were trapped into four condensing tubes con-
nected in series and cooled in a mixture of icy water. The mixture
of methanol and chloroform with a volumetric ratio of 1:4 and a
total volume of 10 mL was used as the absorbent. The abundance
of the incondensable gases was continuously measured with on-
line gas detectors from the very start of the pyrolysis experiments.

At end of the experiment, all the absorbents in the four conden-
sate tubes were collected and mixed. The mixture of the absorbent
and the bio-oil was placed at 35 �C for 4 h resulted in the evapora-
tion of light components of the bio-oil. The yield of remaining
heavy bio-oil named as the tar can be obtained by weighing and
calculating, which follows the procedures detailed in our previous
work (Zhang et al., 2018). For the accuracy of the experiment, the
measurement of each sample was repeated for three times to guar-
antee the accuracy of the experiment experimental error in the
yield measurements should be within ±1.5%.

2.3. Analysis methods

Elemental analysis (EA) was performed to analyze the contents
of C, N, H, O and S in the feedstock, tar and char by using
EuroEA3000-Single instrument. Shimadzu GC–MS (GCMS–
QP2020) was used to measure the light component of bio-oil in
both qualitative and quantitative ways. The detailed parameters
of GC–MS during the measuring process can refer to our previous
work (Zhang et al., 2018). The identification of organic molecules
in the bio-oils was accomplished by matching the data in the NIST
library. Quantitative analysis was performed by the external
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standard method via injection of the reference chemicals. For the
compounds without reference chemicals available, the peak areas
were normalized for comparison of the abundance on one basis.

UV-fluorescence spectroscopy characterization was performed
to investigate the relative abundance of the compounds with fused
p-bond structures in bio-oil by using Shimadzu RF–6000. The
molecular structure of the components in bio-oil was explored
by using the Ultraviolet spectrophotometer (Metash Corp, UV-
800S). The distribution of functional groups in the tar and char
was measured with the Fourier Transform infrared (FT-IR) spec-
troscopy instrument (Nicolet iS50).

Thermogravimetric (TG) analysis was used to explore the ther-
mal stability of char and tar using the HCT–1 (Henven) instrument.
During the heating process, the gaseous products generated via
thermal decomposition were fed into an in–situ mass spectrometer
(Pfeiffer, MS GSD 320) for analyzing the content of the gaseous
composition (CO, CO2, H2, CH4 and C2H4) in the exhaust gas. In
addition, for getting kinetic parameters of lignin and char from
TG experiments, about 10 mg of sample was heated from room
temperature to 700 �C at different heating rate (10, 20, 30 and
40 �C/min) in the N2 atmosphere.

Diffuse Reflectance Infrared Fourier transform spectroscopy
(DRIFTS) can measure the evolution of the functional groups in
char with temperatures by using the Nicolet IS50 instrument
equipped with a modified Harrick PrayingMantis DRIFTS cell. Tem-
perature programmed oxidation (TPO, PCA–1200) technique was
used to explore the reactivity of char. X-ray diffraction (XRD)
was performed to explore the crystal phase structure of char by
using Ultima IV X-ray. FT-Raman spectroscopy (Horiba LabRam
HR Evolution instrument) was used to investigate the aromatic
hydrocarbon systems in char.

2.4. Pyrolysis kinetic parameters

In order to explore the difference in pyrolysis characteristics
between char and lignin, the kinetics of char and lignin had been
studied. Although the experimental data and the calculated data
can be well fit by the distributed activation energy model. How-
ever, due to its empirical nature, the model cannot discuss the
kinetic parameters from the perspective of the reaction mechanism
(Shuping et al., 2010; Jiang et al., 2012). Therefore, as a method for
calculating kinetic parameters, the Kissinger’s method was used to
explain the thermal decomposition by calculating a series of
important parameters (Anca-Couce et al., 2014), such as activation
energy, indicating pre-factor, reaction series, etc.

The Eq. (1) can be used to simulate the decomposition rate of
solid materials. The reaction order of the solid material can be used
to define by n. The reaction rate can be expressed as the rate of
consumption of the solid material.

da
dt

¼ k 1� að Þn ð1Þ

where a represents the degree of decomposition of solid materials,
as expressed in Eq. (2). The k is the rate constant given by the
Eq. (3).

a ¼ m0 �m
m0 �m1

ð2Þ

where M is the original weight before the reaction, while m1 is the
final mass after the reaction, the m is the mass at time.

k ¼ A exp
�Ea

RT

� �
ð3Þ

where frequency factor is represented by A, E express the activation
energy and T is the reaction temperature (K). Substitution of Eq. (3)
into Eq. (1) yields:
da
dt

¼ A exp
�Ea

RT

� �
1� að Þn ð4Þ

For a linear heating rate, b = dT/dt, Eq. (4) changes into:

da
dT

¼ A
b
exp

�Ea

RT

� �
1� að Þn ð5Þ

The kinetic parameters A, E and n in this study could be
obtained by the method of Kissinger. This method is based on
multi-heating rates to calculate the activation energy via the max-
imum reaction temperature and order of reaction by using the
shape of the mass loss-time curve (Kissinger, 1957). With the
increasing reaction temperature, the reaction rate da/dt would rise
to a maximum value. At this point, the temperature at which the
maximum reaction rate is reached is defined as TM. Activation
energy E can be derived from the slope of ln(b/TM2 ) against 1/TM
(=–E/R). The reaction order can be obtained by Eq. (6).

S ¼ 0:63n2 ð6Þ
In general, the high value of n indicates the high degree of sym-

metry of curve. The DTG curve can be used to determine the value
of S. Furthermore, the absolute value of the slope on both sides of
the curve inflection point can quantitatively describe the peak
shape.

S ¼
d2a=dT2

� �
L

d2a=dT2
� �

R

������
������ ð7Þ

According to the value of n and Ea, the value of A can be deduced
according to Eq. (5).
3. Results and discussion

3.1. The overall yields of the pyrolysis product

The yields of liquid, solid and gaseous products produced by
pyrolysis of lignin at the different reaction temperatures were
shown in Fig. 1. Reaction temperature had a substantial influence
on distribution of the products. In general, the increase of reaction
temperature shifted the main products from char to bio-oil and
then to gases. The pyrolysis could be roughly divided into four
stages. The temperature below 300 �C was the initial stage of
pyrolysis. Not much gaseous products and bio-oil were produced
at this stage while the mass of the solid products (char) reduced
remarkably. The dealkaline lignin used contained abundant sul-
fonic acid groups, the removal of which was one reason responsible
for the weight decrease. Another reason was the initiation of the
pyrolysis and the re-arrangement of the structure, which will be
discussed later.

The pyrolysis temperature of 300 to 450 �C could be defined as
the second stage of pyrolysis, where the pyrolysis degree of lignin
began to intensify. The yield of char decreased significantly from
72.5 to 58.0%. Simultaneously, the yield of tar and gaseous prod-
ucts increased correspondingly. CO2 and CH4 were formed from
300 �C, while CO was formed at 350 �C. Lignin contained abundant
oxygen-containing functionalities such as carboxyl group, meth-
oxyl group, carbonyl group and hydroxyl group. The carboxyl
group had low thermal stability and thus can be removed by heat
to form CO2 (Collard and Blin, 2014). Methane may be formed by
*CH3 via breaking of alkane bonds and the recombination with
*H. CO might have been evolved from the cracking of carbonyl
group or ACOH in lignin. The cracking of these functionalities also
led to the formation of more tar and the maximumwas achieved at
450 �C.



Fig. 1. The char, tar and gas contents from cellulose under different reaction
temperature in the pyrolysis: (a) char; (b) tar; (c) gas. (The yields of char or tar = the
mass of char or tar / the mass of the raw material � 100%). Reaction conditions:
Pyrolysis time = 30 min; P = 1 atm; flow rate of nitrogen = 100 mL/min;
Feedstock = 5 g.
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The third stage was from 500 to 700 �C. The yield of char was
basically stable, while the yield of tar gradually decreased. The gas-
eous products start to dominate. The production of hydrogen above
600 �C indicated the occurrence of dehydrogenation reactions, or
the formation of the fused ring reactions. From 700 �C, the distribu-
tion of the main pyrolysis products did not change much, which
can be termed as the fourth stage. The main reaction at this stage
was the re-construction of the structure of biochar, which will be
discussed later. At the varied stages/temperatures, not only the
yields but also the compositions/structures of the main pyrolysis
products were different, which were further investigated.

3.2. On-line gas analysis

The formation of the gaseous products generated by the pyrol-
ysis at the varied reaction temperature versus reaction time was
shown in Fig. 2. Appreciable amount of gases was only formed at
300 �C and became obvious at 350 �C. CO, CO2 and CH4 were dom-
inated in the gaseous mixture and CO was formed earlier than CO2.
Above 600 �C, the presence of H2 indicated the substantial occur-
rence of dehydrogenation reactions. In addition, the time for the
formation of the gaseous products initiated earlier at the higher
temperatures than at the lower temperatures, due to the heat
transfer limitations. However, the patterns for the distribution of
the gases such as CO differed at the high temperatures from that
at the lower temperatures. At the low pyrolysis temperature, the
formation of CO increased first and then decreased, while the ten-
dency for CO production at the pyrolysis temperature above 700 �C
was more complex. In the pyrolysis process, the curve of CO gas
versus reaction time showed two peaks. This may be the result
of the reverse water gas reaction that converts CO2 and H2 to CO
at the high temperature. In the other hand, the CO concentration
might also be affected by the gasification of the char structure with
the CO2. These two reactions also explain that the abundance of
CO2 gas decreased at the high temperatures.

3.3. Elemental composition of product

The elemental composition of C, H, O and S in char and tar
formed from the lignin pyrolysis at the different temperatures
was listed in Tables 1 and 2, respectively. In order to better
describe the change trend of C, H, O and S with pyrolysis temper-
ature, arranged into the Fig. S1. In addition, the Fig. S1 also
depicted graphically the C/H ratio and C/O ratio in char and tar.
Below 300 �C, the desulfurization reaction occurred, accompanied
by some dehydration reactions. It needs to note that the elemental
composition of char obtained at 200 �C was very different from
that of the dealkaline lignin. The carbon content significantly
increased, while the oxygen content and the sulfur content were
correspondingly reduced, which was due to the loss of sulfonic
groups that contains not only sulfur but also oxygen.

The increase of temperature increased the C/H ratio, indicating
that the structure of char was more aromatic. At 200 �C, the C/H
ratio in the char was only 1.2, which was closed to that of naphtha-
lene. When the temperature rose to 350 �C, the C/H ratio was com-
parable to that of pyrene. At 500 �C, the C/H ratio was equivalent to
that of 20 benzene rings, and at 700 �C, the C/H ratio increased to
the maximum. Nevertheless, with the further increase of tempera-
ture to 800 �C, the C/H ratio decreased to some extent, which was
possibly induced by the gasification or cracking of some ring struc-
tures. In addition, the increase of the carbon content while the
decrease of the oxygen content followed almost similar rhythm.

As also depicted in Fig. S3c, the change of carbon and oxygen
contents could be roughly categorized into stage of I of 200–
250 �C, stage of II of 300–450 �C, stage of III of 500–700 �C, stage
of IV of 750–800 �C, which corresponded to the different reaction
network of the pyrolysis at the varied temperatures. Table 2 shows
the elemental content of the tar produced at the varied tempera-
ture. It needs to note that the tar refers to the residual (heavy
bio-oil) after the evaporation of the mixture of bio-oil and absorb-
ing liquid at 35 �C for 4 h. For the tar produced from 300 to
550 �C, the C content was roughly 52%, while the C/H ratio was
roughly 0.66. The tar had some extent of unsaturation when com-
pared with glucose that has a carbon content of 40% and a C/H ratio



Table 1
Element distribution in char produced by lignin biomass pyrolysis at different pyrolysis temperaturesa.

Species Mass% organic basis C/O ratio C/H ratio

C H O S

Feedstock
Lignin 48.3 5.1 40.2 6.4 1.6 0.79

Char
200 �C 70.6 4.8 21.8 2.8 4.3 1.2
250 �C 73.4 4.9 20.3 1.4 4.8 1.2
300 �C 78.2 4.9 15.9 1.0 6.6 1.3
350 �C 77.4 3.9 18.7 – 5.5 1.7
400 �C 80.7 3.6 15.7 – 6.9 1.9
450 �C 82.0 2.8 15.2 – 7.2 2.4
500 �C 86.4 2.8 10.8 – 10.7 2.6
550 �C 88.4 2.3 9.3 – 12.7 3.2
600 �C 88.9 1.8 9.3 – 12.7 4.1
650 �C 88.3 1.6 10.1 – 11.7 4.6
700 �C 88.8 1.3 9.9 – 12.0 5.7
750 �C 90.8 2.0 7.2 – 16.8 3.8
800 �C 92.0 2.0 6.0 – 20.4 3.8

a No nitrogen was detected in the elemental analysis.

Fig. 2. The gas produced by pyrolysis of lignin at different reaction temperatures changes with time.
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of 0.5. Nevertheless, for the tar produced above 550 �C, the carbon
content decreased remarkably while, correspondingly, the oxygen
content increased remarkably. The deoxygenation of the char trans-
ferred the oxygen to the tar and made the tar more oxygen-rich.

3.4. Analysis of bio-oil

3.4.1. GC–MS analysis
Figs. 3 and S2 show the normalized abundance of the light com-

ponents in the bio-oil produced at the different temperatures,
while the actual yield of typical compounds was summarized in
Table S1. The phenolics and aromatic hydrocarbons were the main
components of the bio-oil, and their distribution and abundance
changed substantially with the increase of pyrolysis temperature.
At 200 �C, pyrolysis of lignin began to occur, and the ether bond
of the linking unit was broken, resulting in the formation of guaia-
col and its derivatives (Shen et al., 2014). As the temperature
increased, the degree of pyrolysis of the lignin chains intensified,
and the abundance of the phenolics like guaiacol reached the max-
imum at 450 �C.

As the temperatures continued to increase, the phenolics
decomposed or condensed with other reactive intermediates, lead-
ing to their decreased abundance in the bio-oil (Fig. 3a and b). The
simple phenolics like phenol and 4-methylphenol can be produced
from the cracking of the phenolic monomers with multiple
oxygen-containing functionalities, pyrolytic lignin, etc. Their abun-
dance increased with the increasing pyrolysis temperature. In
addition, as shown in Fig. 3b, the phenolics with the carbonyl func-
tionality generally have a lower abundance at the high pyrolysis
temperatures. They were probably more reactive to the condensa-
tion reactions during the pyrolysis. For the aromatic hydrocarbons
such as styrene, they can be formed at the temperature as low as



Fig. 3. The composition distribution ofbio-oil from lignin pyrolysis was detected by GSMC.

Table 2
Element distribution in tar produced by lignin biomass pyrolysis at different pyrolysis temperaturesa.

Species Mass% organic basis C/O ratio C/H ratio

C H O S

Feedstock
Lignin 48.3 5.1 40.2 6.4 1.6 0.79

Tar
300 �C 51.7 6.5 41.8 – 1.6 0.66
350 �C 52.4 6.8 40.8 – 1.7 0.64
400 �C 52.8 6.7 40.5 – 1.7 0.66
450 �C 51.9 6.8 41.3 – 1.6 0.64
500 �C 52.6 6.4 41.0 – 1.7 0.68
550 �C 51.0 6.2 42.8 – 1.5 0.69
600 �C 44.9 5.9 49.2 – 1.2 0.63
650 �C 39.0 5.7 55.3 – 0.94 0.57
700 �C 37.3 5.4 57.3 – 0.87 0.58
750 �C 39.0 5.6 55.4 – 0.94 0.58
800 �C 38.3 5.8 55.9 – 0.91 0.55

a No nitrogen was detected in the elemental analysis.
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300 �C. Naphthalene, which has two fused rings, could be formed
at least at 500 �C. The increase of reaction temperature promoted
their formation via deoxygenation of the phenolics and the fusion
of the rings. Some sulfur-containing organics such as benzothio-
phene were also produced (Fig. 3d), resulting from the decomposi-
tion of the sulfur functionality and the subsequent radical
reactions for the combination of sulfur with the aromatics. Methyl
hydroxypropionate, an aliphatic molecule, was produced from the
cracking of the phenolics.

Since GC–MS could only reflect the composition of light compo-
nents in the bio-oil, the influence of pyrolysis temperature on the
generated of the p-conjugated structures in the heavy components
was further investigated by UV fluorescence and UV–vis
spectroscopy.



Fig. 4. Fluorescence synchronous spectra (a, b) and ultraviolet spectra (c, d) for the bio-oil from lignin pyrolysis at the different temperature in the pyrolysis.
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3.4.2. Analysis of the bio-oils with UV fluorescence and UV–vis
spectroscopy

Fig. 4 showed the fluorescence spectra of the bio-oil produced
at the varied temperatures. The fluorescence spectra mainly
showed the wavelength ranged from 260 to 400 nm, correspond-
ing to the compounds having different aromatic ring structures
(Jiang et al., 2016; Wang et al., 2013). For bio-oil produced at
200 �C, there was a weak fluorescent peak at 300.5 nm, assigning
to the components with a single aromatic ring, as confirmed with
the fluorescence spectra of model compounds (Fig. S3). At 250 �C,
the intensity of the fluorescent peak increased, while at 300 �C,
new fluorescent peaks appeared at 332 and 347 nm, respectively.
The aromatics with two or more fused aromatic rings were formed.
The intensity of the fluorescent peaks increased continuously and
reached the maximum at 500 �C, while the yield of tar reached
the maximum at 450 �C (Fig. 4a). However, above 500 �C, the inten-
sity of the fluorescent peak decreased, and the main peak shifted
from 300.5 to 298 nm and then to 296 nm. The shoulder peak
shifted from 332 to 328 nm and then to 322 nm. The occurrence
of gasification at the elevated temperatures led to the formation
of the less amounts of phenolics in the bio-oil, which was in line
with the results shown in Table 2, where the carbon content
decreased in the tar produced at the high temperatures.

Fig. 4c and d showed the UV–Vis spectroscopy of the bio-oil. For
the bio-oil produced 200 �C, only one absorption peak was
observed in the range from 200 to 350 nm, which was the E2 band
generated by the p? p* transition in the benzene ring system (Lu
et al., 2011; Yin et al., 2010). When the pyrolysis temperature rose
to 250 �C, two weak absorption peaks appeared at 220–245 nm
and 260–280 nm, which were attributed to the B-band generated
by the p? p* transition and the R-band generated by the n? p*
transition. The R band was attributed to the phenolics with car-
bonyl functionalities (Kim et al., 2012; Rover and Brown, 2013).
Moreover, under the combined effects of the benzene ring and
the carbonyl group, the absorption of the R band and the B band
showed a red shift and the intensity was enhanced. The absorbance
of the three bands hit a maximum as the pyrolysis temperature
reached 500 �C. The further increase of the temperature, however,
decreased the intensity of the absorption while the R band was not
detected in the spectrum of the bio-oil produced at 700 �C, The GC–
MS results also showed that the aldehydes, ketones or esters could
not be detected at this high temperature (Fig. 4d). In addition, the
tar (the heavy fraction of bio-oil) was further studied with FT-IR
and TG-MS.

3.5. Analysis of the tar

3.5.1. FT–IR characterization of the tar
Fig. 5 shows the FT-IR spectra of the tar generated at the differ-

ent pyrolysis temperatures. The absorption patterns for the bio-oil
show some similarities. The peak at 3360 cm�1 belonged to the
absorption peak of the hydroxyl group in phenols or water. The
absorption peaks at 2960, 2920 and 2850 cm�1 were the CAH
stretching vibration of saturated alkanes. The absorption peaks in
the range of 1850–1560 cm�1 were complex, and were divided into
7 Gaussian bands by deconvolution, as shown in Fig. 5c to g. The
absorption peaks at 1768, 1745, 1710, 1673 and 1593 cm�1 corre-
sponded to lactones, esters, aromatic aldehydes/acids, aromatic
ketones and alkene, respectively (Lievens et al., 2011). Fig. 5h
showed the changes of the abundance of the above five peaks at
the different pyrolysis temperatures. With the increase of pyrolysis
temperature, the abundance of esters, aromatic aldehydes/acids,
aromatic ketones and alkene increased correspondingly until
500 �C. Above this temperature, their absorbance decreased corre-
spondingly, as pyrolysis of lignin pyrolysis tended to produce more
gaseous products at this stage. The absorption peaks of benzene
ring skeleton vibration at 1510 and 1469 cm�1 also showed similar
changes. However, as the pyrolysis temperature increased, the



Fig. 5. (a,b) FT–IR characterization of bio-oil from lignin pyrolysis at different recation temperature; (c–g) The absorption peak of FT-IR spectra in the range from 1850 to
1560 cm�1 was obtained by deconvolution; (h) The absorbance of Gaussian bands at different pyrolysis temperature.
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number of branched chains on the benzene ring decreased, leading
to an increase in the absorption of CAH bonds. In addition, the
absorption peak of AOH at 1100 and 1020 cm�1 and @CAH at
800 cm�1 also greatly increased after 550 �C. In the spectra, the
ether bond corresponded to the absorption peak at 1260 cm�1,
which had a higher thermal stability than the oxygen-containing
groups such as aldehyde group or carbonyl group. Nevertheless,
after increasing the pyrolysis temperature to 700 �C, the absor-
bance of each peaks were drastically reduced due to the substantial
decrease in the yield of tar.

3.5.2. TG-MS characterization
The TG-MS characterization results of the tar produced at the

typical temperature of 300, 400, 500 and 650 �C in N2 was shown



Fig. 6. Thermogravimetric characterization for the tar in the N2 atmosphere and the changes of gas abundance during the TG tests with an in–situ MS (TG–MS): (a) 300 �C; (b)
400 �C; (c) 500 �C; (d) 650 �C; (e) DTG; (f) The Weight loss rate in each reaction temperature range.
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in Fig. 6. The high pyrolysis temperature enhanced the thermal sta-
bility of the tar product. The percentage of the weight loss
decreased from 85.4% at 300 �C to 81.8% at 500 �C, while at
650 �C, the weight loss percentage of tar rose a little to 82.6%. It
was because the oxygen content of in the tar increased at the
pyrolysis temperature above 550 �C, as previously indicated in
Table 2. In addition, the DTG results also evidenced the increased
thermal stability of the tar produced at the high pyrolysis temper-
atures (Fig. 6e). For the bio-oil produced at 300 �C, the two weight
loss peaks appeared at 180 and 580 �C, respectively. As the pyrol-
ysis temperature raised, the weight loss peaks shifted toward the
high temperatures, indicating the improved thermal stability of
the components in the tar produced at the high reaction tempera-
tures. Based on the range of the two peaks in the DTG curves, the
weight loss in the TG curves could be divided into two regions.
The results in Fig. 6f showed that the light components were pre-
dominant at the medium pyrolysis temperatures. Interestingly,
although the tar produced at 650 �C had lower carbon content
while a higher oxygen content, the tar showed a higher thermal
stability. The heavy components in the tar might be phenolics with
multiple oxygen-containing functionalities and connected with
ether bonds, leading to the higher oxygen content but also a higher
thermal stability.

The relative abundance of the gaseous products during the TG
characterization was shown in Fig. 6. CO, CO2, H2, CH4 and C2H4

were the main gaseous products and their abundances were very
different from the thermal treatment of the tar produced from
the different pyrolysis temperatures. For the tar produced at
300 �C, CO and CO2 were generated simultaneously, and the abun-
dance of CO2 was always higher than that of CO, which was formed
probably in parallel. CO2 could be formed from the decarboxylation
reaction or the integration of *CO with a *O radical. In addition, the
relatively higher intensity of the H2 and CH4 peaks indicated the
abundant aliphatic structures in the tar produced at 300 �C. For
the tar produced at 400 and 500 �C, CO was a more abundant prod-
uct. The results of GC–MS also confirmed the formation of the phe-
nolics with the carbonyl functionality (Fig. 3b). For the tar
produced at 650 �C, except the formation of CO2 at the elevated



Fig. 7. FT–IR characterization of char from lignin pyrolysis at different recation
temperature.
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temperature, the formation of other gaseous products was negligi-
ble, further confirming the stable structure of the components in
the tar produced at 650 �C.
3.6. Analysis of the char product

3.6.1. FT–IR characterization
The FT-IR spectra of lignin and the char generated at the differ-

ent pyrolysis temperatures were shown in Fig. 7. The FT-IR spec-
trum of tar obtained below 250 �C showed some similarity to
that of lignin. The absorption peaks of C@O, S@O and CAO were
observed at 1740, 1260 and 1120 cm�1, respectively, while the
intensity decreased significantly versus the increasing pyrolysis
temperature. This was caused by the removal of the sulfonic func-
tionality, the cleavage of the ether bond connecting the structural
unit, and the volatilization of the organic substance containing the
carbonyl functional group. The C@C stretching vibration peaks of
olefin located at 1640 and 1600 cm�1, respectively. With the
increase of the pyrolysis temperature, the intensity of the absorp-
tion peaks decreased. Correspondingly, the strength of the
benzene-ring skeleton vibration peak at 1580 and 1440 cm�1 and
the bending vibration peak of aromatic hydrocarbon at 680 cm�1

were enhanced. It proved that high pyrolysis temperature could
promote the aromatization of char. The thermal stability of biochar
and the gases released during the heating of biochar were further
characterized with TG-MS.
3.6.2. TG-MS characterization of the char
Fig. 8 shows the TG-MS results for the characterization of lignin

and the biochar. The thermal stability of the char was improved
with the increase of the pyrolysis temperature, as evidenced by
the gradually decreased mass loss. This was understandable as
the higher pyrolysis temperature could remove more volatiles
and produced the residual with the improved thermal stability.
The remarkable weight loss could be separated into two stages,
as evidenced in the DTG curves. The volatile component of lignin
could be removed at the pyrolysis temperature of 400 �C while
the heavy component of lignin could only decompose at ca.
750 �C. The thermal stability of the heavy component was inherent
from lignin and not affected by the pre-treatment (pyrolysis) at the
varied temperature. As evidenced in Fig. 8a and f, the char obtained
at the different pyrolysis temperature showed the weight loss peak
almost at exactly the same temperature of ca. 750 �C.

The abundance of the gases generated from the thermal treat-
ment of lignin and the char was measured with an in situ MS.
CO2 was a major product accompanying with the significant
weight loss at 750 �C, while other gases such as CO, CH4 and H2

were also observed, especially for the char produced at the low
temperatures. They were formed from the volatile fraction of lig-
nin. After the removal of the volatile fraction in lignin after the
pyrolysis at 400 �C (Fig. 8g), CO and CH4 formation were decreased
while H2 peak were observed in all the samples at ca. 600 �C. The
release of H2 was the sign for the fusion of the aromatic ring struc-
tures. The evolution of the functionalities of biochar was further
investigated with DRIFTS study.

3.6.3. DRIFTS characterization of the char
Figs. 9 and 10 show the DRIFTS spectra of lignin feedstock or the

char during the heating to 700 �C in vacuum. From 200 to 300 �C,
the absorption of carbonyl functionality increased, indicating the
occurrence of dehydration or other reactions that resulted in the
formation of the functional group. From 300 to 400 �C, the distribu-
tion of the functional groups did not change significantly. Never-
theless, with the increase of the temperature to 500 �C, in
addition to the C@O in ketones at 1680 cm�1, the C@O in aldehydes
at 1748 cm�1 were also formed. Further to this, the absorption
peak for = C-H functionality also intensified, suggesting the
enhancement of the formation of the unsaturated functionalities.
The drastic changes of the absorption patterns took place at the
temperature from 520 to 530 �C, as detailed in Fig. S4. With the
increase of the temperature from 520 to 530 �C, within the scale
10 �C, the absorption of C@O peaks disappeared, while the absorp-
tion of CAH peaks were also substantially weakened. In the mean-
time, the intensity of absorption of C@C, CAO and @CAH was
significantly increased. Clearly, a major change for the internal
structure took place in this temperature range. The carbonyl func-
tionality and the saturate ACAH (the aliphatic structure) were
removed, and new p-bonds or conjugated p-bond systems were
formed. The ether bond, which connected the benzene rings, was
rather stable, and their absorption was still remarkable even at
700 �C. The lone electron pair in the oxygen of the ether bond could
form n? p conjugation with the benzene ring, which enhances the
dissociation energy the bonds.

For the char produced at the varied pyrolysis temperatures, the
temperature for drastic change of the structure, which referred to
the removal of carbonyl functionality and the aliphatic structure
(saturate ACAH) was mainly in the range of 400–500 �C. During
the pyrolysis, the cross-link structure of lignin could be destroyed
or partially destroyed, so the temperature required for the cracking
could decrease. In addition, the absorption of the hydroxyl group
also decreased significantly from 400 to 500 �C, indicating the
deoxygenation of the hydroxyl group in the phenolic structure
unit. In addition, for the char obtained from pyrolysis above



Fig. 8. Thermogravimetric characterization of the char in the N2 atmosphere and the changes of gas abundance during the TG tests was dectect by MS: (a) lignin; (b) 200 �C;
(c) 300 �C; (d) 400 �C; (e) 500 �C; (f) 650 �C; (g) DTG; (h) The weight loss rate.
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400 �C, the intensity of CAH absorption peak around 3000 cm�1

decreased significantly, which was consistent with the TG-MS
results that the char generated at high pyrolysis temperature had
negligible alkane chains.

3.6.4. TPO–MS characterization of the char
The reactivity of char with oxygen was measured with TPO-MS

and the results were given in Fig. 11. In a sufficient oxygen atmo-
sphere, char was oxidized to form mainly CO2. During the heating,
the char formed at a pyrolysis temperature of 200 �C showed two
oxidation peaks at 439 and 573 �C, and the latter oxidation peak
was dominant. The main oxidation temperature of the main oxida-
tion peak of char formed at a pyrolysis temperature of 400 or
500 �C was around 595 �C, indicating that the decreased volatility
and the increased thermal stability of char produced at the high
pyrolysis temperatures. Fig. S5 further indicated that oxidation



Fig. 9. DRIFTS characterization for the feedstock and char in the vacuum environment: (a, b) lignin; (c, d) 200 �C; (e, f) 300 �C.
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peak of char obtained from lignin pyrolysis at 800 �C obviously
moved to the high temperature zone. Furthermore, the oxygen
consumption (the peak area) required for oxidation of the char also
increased for the char produced at the high temperature, which
was directly related to the increase in the percentage of carbon
in the char. In addition to the reactivity of the char toward oxida-
tion, the char structure was also explored by XRD and Raman
characterizations.
3.6.5. XRD analysis of the char
The XRD patterns of the char produced at the different temper-

atures were shown in Fig. 12a and b. The XRD pattern of char gen-
erated at the pyrolysis temperature below 250 �C was similar to
that of lignin. The alkali-depleted lignin contained disodium sul-
fate, diffraction of which was very significant. With the increase
of the pyrolysis temperature, disodium sulfate still existed in the
char, but its internal structure changed. The space group was chan-
ged from the original Fdd (70) to Cmm (63). After the pyrolysis
temperature reaching 500 �C, the crystal structure of sodium sul-
fate changed from an orthorhombic structure to a hexagonal struc-
ture. As the pyrolysis temperature continued to increase, the half-
peak width of disodium sulfate gradually decreased, and the peak
height also increased. Above 700 �C, sodium sulfate began to
decompose and its diffraction peak intensity began to decrease.
In the TG-MS characterization of the char, the weight decreased
significantly above 700 �C, which might be related to the decompo-
sition of sodium sulfate. In addition, a broad peak at 10–30� and
another one at 40–48� corresponded to the (002) lattice plane
and the (100) lattice plane of turbostratic carbon crystallites (Yu
et al., 2018). The appearance of these two wide peaks indicated
that large diameter grains were formed in the char product. It
was obvious that high pyrolysis temperature (above 700 �C) could
promote the structure of char more orderly.
3.6.6. Raman characterizations of char
Raman spectra of the char generated at the different pyrolysis

temperatures were given in Fig. 12c. The variation of the total area
of Raman peak of char with the pyrolysis temperature was given in
Fig. 12d. According to relevant literature reports, the enhanced
aromatization of char leads to the correspondingly reduction of



Fig. 10. DRIFTS characterization for the char in the vacuum environment: (a, b) 400 �C; (c, d) 500 �C; (e, f) 650 �C.
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the total Raman area (Li et al., 2017; Chen et al., 2012). With the
increasing pyrolysis temperature, the increase of the ratio of D/G
band indicated the increase of the size of the aromatic ring struc-
tures with the conjugated p-bonds, which increased the absorption
of the laser light and correspondingly decreased the total area of
the Raman spectra. Although the C/H ratio of char decreased from
700 to 800 �C, the result of XRD characterization showed that crys-
tal formation with stronger light absorption capacity. Therefore,
the total Raman area reached the minimum at 800 �C.

Raman spectroscopy is usually used to study the structure of
carbon materials and the ratio of D/G band is often used to indicate
the degree of graphitization (Sun et al., 2019). However, char
formed from pyrolysis of biomass at low temperatures is a disorder
material and contains abundant aliphatic structures and oxygen-
containing functionalities, which differs from that of ordered car-
bon materials (Yu et al., 2018). Furthermore, the size of the aro-
matic hydrocarbons contained in this type of char is far from the
size required to form graphite crystals (Keiluweit et al., 2010). In
addition, lignin has a highly crosslinked and three-dimensional
structure, which was a barrier for graphitization (Sagues et al.,
2019). Herein, the char generated below 700 �C with the very wide
D band suggested that the char contained different size of aromatic
rings, which, however, was not the graphite crystal (Li et al., 2006).
The D band at around 1340 cm�1 represented the aromatic ring
structure with more than 6 fused benzene rings with defects
caused by stacking faults, crystallite size, or edge states
(Asadullah et al., 2010). The G band at around 1590 cm�1 can be
ascribed to aromatic ring breathing (Kim et al., 2011).

The ratio of D/G band at the varied pyrolysis temperature repre-
sented the evolution of aromatic hydrocarbon system in the char
(Yang et al., 2016). As the pyrolysis temperature increased from
200 to 700 �C, the ratio of D/G band increased from0.64 to 2.52. This
indicated that aromatic hydrocarbons with less than 6 rings were
transformed into the aromatic hydrocarbonswithmore than6 rings,
accompaniedbyan increase indefect structure (Guizani et al., 2017).
According to the result of the elemental analysis (Table 1), the ratio
of C/H increased monotonously with the increase of the pyrolysis
temperature to 700 �C, indicating that the high pyrolysis tempera-
ture promoted the dehydrogenation, the further polymerization of
the resulting char or the condensation among small aromatics



Fig. 11. TPO-MS characterization of the char from lignin pyrolysis at different temperature. (a) 200 �C; (b) 300 �C; (c) 400 �C; (d) 500 �C.
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(Azargohar et al., 2014). The condensation of small aromatic rings
into the large aromatic rings with the defective structure was the
potential evolution path of the biochar structure versus the increas-
ing pyrolysis temperature (Keiluweit et al., 2010). It was believed
that, following thedepolymerization of lignin, the further condensa-
tion of the aromatic hydrocarbons also occurred, leading to the
increase of the ratio of D/G band (Sagues et al., 2019). In addition,
the diffraction peaks of turbostratic carbon crystallites could be
observed in the XRD pattern of the char generated at 800 �C. The
fused benzene structure withmore than 6 benzene rings in the char
was probably further decomposed at this high temperature.
3.7. Pyrolysis mechanism of lignin

In order to explore the pyrolysis mechanism of lignin, the
DRIFTS spectra of lignin feedstock that was heated from 100 to
700 �C in the N2 atmosphere was conducted and the results were
given in the Fig. S6. In the heating progress from 100 to 300 �C,
the joint bonds, such as CAC bonds and CAO bonds, between the
internal structural units of lignin were broken, forming more
alkane chains and carbonyl groups. It was evidenced that a signif-
icant increase in the absorption of carbonyl peaks and alkanes peak
at 1680–1810 cm�1 and 2830–3000 cm�1, respectively. In addition,
the absorption peak of AOH at 3550 cm�1 was strengthening, sug-
gesting the formation of more phenolic structures during the
pyrolysis of lignin. With the further increasing temperature, the
absorption of the C@O peak at 1810 cm�1 represented the esters
and the C@O in the aldehydes at 1748 cm�1 decreased remarkably,
while the C@O in the ketone at 1680 cm�1 maintained the absorp-
tion intensity. This result indicated that the esters and aldehydes in
lignin were removed by decarbonylation, while organic com-
pounds with aldehyde groups had stable structures, resulting in
the higher thermal stability. In the meantime, the intensity for
the absorption peak of C@C at 1560 cm�1 was elevated, suggesting
the acceleration of the aromatization or the fusion of the ring
structures. When the increasing the pyrolysis temperature above
500 �C, the functional groups contained in lignin were further
removed and the degree of carbonization was further improved.
The relative absorption of AOH and CAH band decreased signifi-
cantly, indicated that the phenolic and alkanes were decomposed
at the high temperature. In addition, most carbonyl groups in the
solid samples were completely removed and only a few carbonyl
groups belonging to ketones existed. In the other hand, ether bonds
also had the relatively higher thermal stability. The strong absorp-
tion of C@C and @CAH bands evidenced the existence the most of
carbon atoms in the form of aromatic hydrocarbons.
3.8. Kinetic parameters from pyrolysis of lignin and char

The DTG curves of lignin and the char produced from the lignin
pyrolysis at 200 �C were shown in Figs. S7 and 13, respectively. In
Fig. 13, the DTG curve of the char obtained at 200 �C indicated that
pyrolysis of char occurred over a wide temperature range, from
190 �C to 700 �C. In addition, DTG curves obtained at the different
heating rates all contained a main peak which was associated with
primary pyrolysis. Although acromion peak also existed in DTG



Fig. 12. XRD and FT-Raman characterization of the char from lignin pyrolysis at different reaction temperature. (a, b) XRD; (c, d) FT-Raman.

Fig. 13. (a) DTG cruve for the char from lignin pyrolysis at 200 �C. (b) Plot of ln(b/Tm2 ) against 1/Tm for the char.
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curve, it was much smaller than the main peak, so the main peak
was used to calculate the kinetic parameters (Yeo et al., 2017).
With the increasing heating rate, the main peak toward shifted
upwards from 326.6 to 358.7 �C. The Kissinger’s method was used
herein to calculate the kinetic parameters by these temperatures
corresponding to the top of the main peaks. The correlation coeffi-
cient between the calculated results and the experimental results
was high. The R2 value reached 0.986, indicating the credibility
of the Kissinger’s method.

The kinetic parameters from the pyrolysis of lignin and char
obtained at 200 �C were summarized in Table 3. The pyrolysis acti-
vation energy of lignin and char was 204.7 and 123.3 kJ/mol,
respectively. As char was the product of lignin pyrolysis at 200 �C,
its internal structure had been changed by the heat, and some
bonds had been broken, leading to the reduction of activation
energy. Although the heating rate was different for the pyrolysis
of lignin and char, the shape indexes (S) were similar. There was
no relationship between order of reaction (n) and heating rate
(Britt et al., 2000). Nevertheless, for the pyrolysis of lignin and char,
they had different reaction order. This is because the pyrolysis of
lignin proceeds in form of free-radical (Jiang et al., 2010b). The big-
ger reaction order meant the pyrolysis of lignin tended to generate
smaller free radical compared with the pyrolysis of char (Bu et al.,
2016). In addition, smaller free radicals are more likely to collide,
resulting in an increase in the frequency factor. Therefore, the lignin
had a larger frequency factor. Furthermore, compared with the
char, the pyrolysis of lignin had higher activation energy. It was
attributed the change of the internal structure of char after the reac-
tion. The changes of the functionalities in the lignin at 200 �C have
been described in the DRIFTS characterizations.



Table 3
Kinetic parameters at the different heating rates for the lignin and char pyrolysis.

Sample b(�C/min) S TMax(�C) n Kinetic parameters

Ea(kJ/mol) A(min�1)

Lignin 10 0.82 333.4 1.14 204.7 2.7 � 1017

20 0.75 339.3 1.09
30 0.89 345.1 1.19
40 0.79 353.5 1.12

Average 0.81 342.8 1.14

200 �C 10 0.74 326.6 1.08 123.3 2.2 � 1010

20 0.71 344.3 1.06
30 0.67 353.4 1.03
40 0.75 358.7 1.09

Average 0.72 345.8 1.07
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4. Conclusions

In summary, the results showed that reaction temperature
showed significant impacts on distribution/properties of the prod-
ucts. Char was the main product during the pyrolysis of lignin with
the pyrolysis temperature from 200 to 800 �C, but the structures
changed drastically. The C/H ratio in the char was close to that in
naphthalene (two fused rings) at 200 �C and was similar to that
in anthracene (three rings) at 300 �C. The fusion of the ring struc-
ture accelerated at the further elevated temperature and was sim-
ilar to pyrene (four fused rings) at 350 �C, and having 20 fused
benzene rings at 550 �C. Growth of the fused aromatic ring struc-
tures continued with the further increase of pyrolysis temperature.
The increasing pyrolysis temperature also shifted the products in
the bio-oil from the phenolics to aromatic hydrocarbons, the
oxygen-containing functionalities such as the carbonyl, esters,
ketones functionalities to the ether bonds that had a higher ther-
mal stability. The heavy components in bio-oil (tar) produced
above 550 �C had a higher oxygen content but also a higher ther-
mal stability, which were possibly the phenolics with the ring
structures connecting with multiple ether bonds.

The DRIFTS study of pyrolysis of lignin showed that from 200 to
300 �C dehydration or other reactions took place, leading to the
increased absorption of carbonyl functionality. The further
increase of the temperature to 500 �C enhanced the formation of
the unsaturated functionalities. Drastic changes of the functionali-
ties and the internal structure occurred in a narrow temperature
region from 520 to 530 �C. The carbonyl functionality and the sat-
urate ACAH (the aliphatic structure) were removed, and new p-
bonds or conjugated p-bond systems were formed. The ether bond,
which connected the benzene rings, was rather stable. Further
increase of reaction temperature led to the further aromatization
of the char structure. In addition, after the reaction at 200 �C, the
activation energy of generated char compared with raw material
was greatly reduced. Pyrolysis temperature substantially impacted
the structure of the resulting char, which should be taken into con-
sideration during the further application of the lignin-derived char.
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