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A B S T R A C T   

In order to better understand the impact of the carbon structure of char on its combustion reactivity, 14 types of 
organic model compounds were pyrolyzed under temperatures of 530 ◦C, 800 ◦C and 1028 ◦C at heating rates of 
10 ◦C/min and 65 ◦C/s, respectively. The carbon structure and the oxidation reactivity of the produced char were 
determined by respective Raman spectroscopy and thermogravimetric analysis (TGA) methods. The relationships 
between different reactivity indexes and Raman spectral parameters have been assessed. The results reveal that 
changes in pyrolysis temperature and heating rate would result in certain evolution of the graphitization degree 
of char. Good correlations have been discovered between the Raman spectral parameters (AD/AALL, AGL/AALL, 
A(S+R+SL+VR+VL)/AD, and A(GR+VL+VR)/AD) and the combustion characteristic temperatures (Ti, Tb, T50, and 
Tmax). From the correlations above, Raman spectral parameter A(GR+VL+VR)/AD is found to be the best correlated 
to the char combustion characteristic temperature Tb with R2 of around 0.76.   

1. Introduction 

Combustion is an important thermochemical process for solid fuels. 
Compared with the devolatilization process, char conversion is known 
as the rate-limiting step [1]. Hence the reactivity of char is usually 
regarded as an important factor in solid fuel application. It is signifi-
cantly impacted not only by the physicochemical properties of feedstock 
but also by the pyrolysis conditions, both of which greatly affect the 
char’s properties [2–4]. Due to the diversity of biomass types and char 
production techniques, the properties and reactivity of char may vary 
substantially. To achieve target product quality in existing industrial 
facilities, the combustion procedure has to keep changing to meet the 
reactivity of the current fuel, which will therefore cause costly process 
modifications [5]. Hence the reactivity of chars derived from different 
feedstock should be further investigated. 

It is well known that the char carbonaceous structure and catalytic 
mineral species in char affect char reactivity [6]. Several investigations 
have shown that the inorganic mineral content has the greatest impact 
on the reactivity of char among all the factors， as it can either catalyze 
or inhibit the reaction. For example, the ratios of inorganic composition 

like K/Si [7], K/(Si + P) [8,9], and K2O/(SiO2 + Al2O3 + P2O5) [10,11] 
are all proved to be well connected to the char reactivity. The carbon 
structure of char, however, also shows a significant effect on char 
reactivity when the influence of inorganic matter is minimized or 
removed. Asadullah et al. [12] studied the effect of biomass char 
structure on its reactivity and discovered that the condensation of aro-
matic ring systems could be reflected in the reactivity of biomass char. 
According to the research by Wu et al. [13], the carbon structure of acid- 
treated char controlled its reactivity while removing the inorganic 
chemicals. Tay et al. [14] investigated chars with similar Na concen-
trations. They discovered that the decrease in char reactivity was mostly 
attributed to the changes in the char structure and that a higher con-
centration of O-containing structures in char was correlated to a higher 
level of char reactivity. 

Biomass feedstock is a complicated natural polymer made mostly of 
lignocellulosic structural components, extractives, and minerals [15]. 
Because of the low levels of potentially catalytic inorganic matter, model 
compounds, such as xylose, cellobiose, and glucose, were chosen as 
mineral-free feedstock [16–18]. As they can eliminate the interference 
of the mineral elements on the biomass pyrolysis and combustion 
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reactivity, it provides a better understanding of the impact of the char 
structure properties on the reactivity of char from the thermal conver-
sion of biomass. Lang and Hurt [19] measured the char combustion 
reactivity of 31 feedstock which included 20 solid fuels and 11 organic 
model materials that are essentially devoid of the inorganic elements, 
which are ubiquitous in solid fuels, and identified quantitative re-
lationships between the char reactivity and the properties of feedstock. 
Their results showed that using the percentage carbon content of the 
feedstock (C wt%, dry-ash-free, daf) of the source fuels, the reactivity 
could be estimated to some extent. The findings revealed a correlation 
between reactivity and C wt% of coals across a wide range of C wt%, but 
it was a poor predictor of char reactivity of biomasses and their model 
compounds. Based on the research of char from biomass components, 
Zhang et al. [20] inferred that the elemental composition of the char 
samples was closely related to the char reactivity, and a low C content 
and high H, O, N, and S contents can promote char gasification reac-
tivity. Existing research has shown potential for the study of the re-
lationships between char reactivity and their carbon structures by 
investigating the combustion behavior and structural properties of char 
from the pyrolysis of various types of organic model compounds. The 
research on the structural properties and combustion behavior of char 
from the organic model compounds also help to make a better under-
standing of the overall pyrolysis and combustion mechanism of real 
biomass. 

To examine the char structure, a number of characterization tools, 
including Fourier transform infrared spectroscopy (FT-IR), Raman 
spectroscopy, X-ray fluorescence spectrometer (XRF) and X-ray diffrac-
tion (XRD) etc., have been employed [10,21,22]. Raman spectroscopy is 
becoming increasingly used for studying the microstructures of char 
since it is very effective, nondestructive and precise [23]. Raman spec-
troscopy has been utilized by several researchers to examine the 
composition and properties of char produced by the thermal conversion 
of biomass. Xu et al. [24] investigated the char property of the pyrolysis 
of three typical biomasses using Raman spectroscopy. The changes in 
Raman band position and bandwidth characteristics reveals that the 
ordering degree of the char structure increases progressively with 
increasing pyrolysis temperature and that the carbon structure of 
different biomass char varies significantly. Guizani et al. [25] used 
Raman spectroscopy to study the effect of heat treatment conditions on 
the properties of char. In their research, different TGA reactivity vari-
ables, such as dm/dtmean, T50, and Rindex, were discovered to be closely 
correlated with O/C, total Raman area (TRA), and IV/ID, respectively, 
revealing close links between char chemical composition, structure, and 
reactivity. Zhong et al. [26] found that for char derived from solar py-
rolysis of biomass pellets, Raman parameters showed different trends of 
decrease between surface and inner char during the last stage of py-
rolysis, indicating that the carbonization process of these two kinds of 
char followed different paths. Li et al. [27] investigated the biomass-coal 
reburning behavior and found that Raman parameter I(GR+VL+VR)/ID of 
coal char was lower than that of char from the mixture of coal and 
biomass, and the combustion reactivity of the former was also lower 
than that of the latter. Unfortunately, their researches didn’t make 
further investigation of the relationships between the Raman parameters 
and the combustion reactivity, and the number of feedstock in their 
studies was also limited. Thus, it is worthwhile to investigate the 
structures of various kinds of biomass model compounds by Raman 
spectroscopy and establish connections between the char reactivity and 
the Raman spectral parameters. 

In this study, 14 types of organic model compounds, including the 
three main components of biomass, commercial organic chemical re-
agents, resins, etc., that differ in C wt% of feedstock, were pyrolyzed 
under different temperatures and heating rates to acquire chars with 
different graphitization degree. The char reactivity was obtained by the 
TGA, and the evolution of the char structure was characterized by the 
Raman analysis. The current research is aimed at analyzing the char 
structures using the Raman spectroscopy from the pyrolysis of a large 

number of organic model compound samples with varying C wt% and 
attempts to establish the relationships between the char combustion 
reactivity and the carbon structure that is represented by the Raman 
spectral parameters. 

2. Materials and methods 

2.1. Material 

In the present study, 14 different types of model compounds were 
considered as feedstock. Glucose, D-xylose, amylopectin, starch, su-
crose, D-(+)-cellobiose, pectin, L-ascorbic acid 6-palmitate, phenol- 
formaldehyde resin, and polycarbonate resin were obtained from 
Macklin; cellulose was obtained from Aladdin; xylan was obtained from 
Sigma-Aldrich; and two types of lignin were obtained from Macklin and 
Sigma-Aldrich, respectively. All the samples were dried at 105 ◦C 
overnight before the pyrolysis experiment. 

2.2. Char preparation 

The pyrolysis experiments were conducted in a three-heating-zone 
tube oven, the description of which can be seen in our previous work 
[28]. In each experiment, 420(±1) mg of sample was used and spread 
evenly on the porcelain boat. 20 L of N2 were purged into the oven at a 
flow rate fixed to 1 L/min prior to each experiment and maintained an 
inert atmosphere throughout the pyrolysis process. 

The temperature and the heating rate were changed for a parametric 
study. The pyrolysis was carried out at 530 ◦C, 800 ◦C, and 1028 ◦C, 
respectively. Two distinct heating rates were chosen for the pyrolysis 
experiment: 10 ◦C/min as a slow heating rate and roughly 65 ◦C/s as a 
fast heating rate [28]. The holding time at the peak temperature of 
pyrolysis was set as 20 min. 

2.3. Elemental analysis of feedstock and char 

The elemental analysis of samples was conducted in a CHN analyzer 
(SUNDY SDCHN 435). The C, H, and N contents were directly obtained 
from the test, and the content of O was calculated by subtraction. The 
elemental analysis results for the feedstock and char are shown in 
Table S1. 

2.4. Characterization of char 

The Raman spectrum of the char samples of the model compounds 
was characterized by a Raman spectrometer (LabRAM Aramis) at 633 
nm laser excitation. In this study, the first-order Raman spectra between 
800 and 1800 cm− 1 were curve-fitted with 10 Gaussian bands according 
to the method proposed by Li et al. [29]. The assignments and de-
scriptions of each band are listed in Table 1. One sample of curve-fitting 
for a char from the pyrolysis of cellulose is shown in Fig. 1. The average 
band area of the ten bands for curve-fitting the spectrum is shown in 
Table S3. 

2.5. Thermogravimetric analysis 

The char combustion experiments were conducted in a thermogra-
vimetric analyzer (NETZSCH STA 409F1). About 2.5 mg of chars were 
combusted non-isothermally at a heating rate of 10 ◦C/min to 800 ◦C. 
The combustion atmosphere in the TGA furnace was N2 and O2, and the 
gas flow rate was 95 mL/min and 5 mL/min, respectively. Samples of TG 
results of char from pyrolysis of cellulose are shown in Fig. 2. Charac-
teristic temperatures were used as the indicators for char reactivity; the 
char with higher characteristic temperatures is considered with lower 
reactivity [31,32]. Such characteristic temperatures include the ignition 
temperature (Ti), the burnout temperature (Tb), the temperature cor-
responding to 50% conversion (T50), and the temperature at which the 
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maximum rate of mass loss occurred (Tmax). In this investigation, Ti and 
Tb, and Tmax were derived from Thermogravimetric (TG) and differential 
Thermogravimetric (DTG) curves, which have been widely employed by 
researchers [33–35]. An example of the access of the characteristic 
temperatures is shown in Fig. S1. These four characteristic temperatures 
were used to reflect the combustion characteristics of the char and de-
pict the reactivity of the char in this study. Detailed information on the 
four characteristic temperatures of the chars in this study is listed in 
Table S2. 

3. Results and discussion 

3.1. Effect of pyrolysis condition on char yield and atomic ratios 

Fig. 3 illustrates the effects of the heating rate (slow versus fast 
heating) and pyrolysis temperature (530, 800, and 1028 ◦C) on the 
yields of the chars from the pyrolysis of the model compounds in ni-
trogen. It shows that the selected model compounds produced less char 
when the temperature was raised (as seen in Fig. 3). When the pyrolysis 
temperature increased from 530 ◦C to 800 ◦C, the average char yield of 

these model compounds dropped by 1.90% of their initial dried mass. 
The average char yield of these model compounds was further reduced 
by 1.68% when the pyrolysis temperature was raised from 800 ◦C to 
1028 ◦C. The rapid heating causes the char yield to vary more with the 
temperature compared to the slow heating rate. In particular, the pro-
duction of the chars increased by 5.26% from 530 ◦C to 800 ◦C and by 
2.19% from 800 ◦C to 1028 ◦C. During the pyrolysis of the model 
compounds in this study, it was discovered that the heating rate had a 
greater impact on the char yield than the pyrolysis temperature. The 
average yield of char produced by the fast pyrolysis at 530 ◦C, 800 ◦C, 
and 1028 ◦C was 6.94%, 10.30%, and 10.80% lower than the yield of 
char produced by the slow pyrolysis, respectively. It is known to all that 

Table 1 
A summary of the Raman bands assignment [23,29,30].  

Band position, 
cm− 1 

Band 
name 

Description 

800–960 R C-C on alkanes and cyclic alkanes; C–H on aromatic 
rings 

1060 SR C-H on aromatic rings; benzene ring 
1185 S Caromatic-Calkyl; aromatic (aliphatic) ethers; C–C on 

hydro-aromatic rings; hexagonal diamond carbon 
sp3; C–H on aromatic rings 

1230 SL Aryl-alkyl ether; para-aromatics 
1320 D D band on highly ordered carbonaceous materials; 

C–C between aromatic rings and aromatics with no 
less than 6 rings 

1380 VR Methyl group; semi-circle breathing of aromatic 
rings; amorphous carbon structures 

1465 VL Methylene or methyl; semi-circle breathing of 
aromatic rings; amorphous carbon structures 

1540 GR Aromatics with 3–5 rings; amorphous carbon 
structures 

1580 G Graphite E2
2g; aromatic ring quadrant breathing; 

alkene C=C 
1680 GL Carbonyl group C=O  

Fig. 1. Curve-fitting of a Raman spectrum of the char from slow pyrolysis of 
cellulose at 800 ◦C. 

Fig. 2. Sample mass as a function of temperature in the oxidation reaction of 
chars from pyrolysis of cellulose. 

Fig. 3. Char yield of 14 model compounds under pyrolysis at 530 ◦C, 800 ◦C, 
and 1028 ◦C at heating rates of 10 ◦C/min (denoted as S, slow) and 65 ◦C/s 
(denoted as F, fast). 
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the volatiles escape from the particle at a much faster rate when the 
heating rate is high. Hence less time is available for subsequent charring 
processes, which also enhances the breakdown of the organic constitu-
ents [28,36]. The char yield data in Fig. 3 is ordered by the C wt% in the 
feedstock. There appears to be no discernible effect of feedstock prop-
erty on char yield, i.e., the higher carbon content in the feedstock does 
not guarantee a higher char yield. 

The Van Krevelen diagram, which lists 84 distinct forms of char from 
the pyrolysis of different model compounds, is shown in Fig. 4. This 
study reveals that the amount of oxygen in the char is not very high and 
that the ratio of oxygen to carbon in atoms decreases linearly with the 
atomic ratio of hydrogen to carbon decreasing. This is most likely owing 
to the fact that the pyrolysis temperature in this study exceeded 500 ◦C, 
and the char condensation took place more frequently [37]. It can be 
seen in Fig. 4 that when pyrolyzed at a high temperature, especially 
higher than 500 ◦C, the hydrogen in aromatic systems escapes contin-
uously from the char, whereas the extremely little residual oxygen forms 
cross-linking structures and continues to release slowly as a result [38]. 
The R2 (coefficient of determination) value for the correlation between 
O/C and H/C for the char is roughly 0.79, indicating an approximatively 
linear relationship between the two ratios. The heating rate of the py-
rolysis processes seems to have no effect on the elemental concentration, 
as Fig. 4 indicates that char from two distinct heating rates has almost 
the same correlation between O/C and H/C. 

3.2. Effect of pyrolysis condition on char structure 

In order to further investigate the changes in char structure during 
pyrolysis, each Raman spectrum was deconvoluted into 10 Raman 
bands. Fig. 5 shows the ratios between the peak areas of selected Raman 
bands, including AD/AALL, AGL/AALL, A(S+R+SL+VR+VL)/AD, and 
A(GR+VL+VR)/AD. 

The ratio of the D band to the area of all the bands from 800 to 1800 
cm− 1 (AD/AALL) with the increase of pyrolysis temperature is shown in 
Fig. 5a. This ratio indicates the primary Raman contribution from big 

aromatic ring systems (no less than six fused rings) [39–41]. The ten-
dency for all the chars with the pyrolysis temperatures from 530 ◦C to 
800 ◦C is an increase in the relative contribution of the D band structures 
to the measured Raman spectra, which becomes reasonably steady or 
drops somewhat from 800 ◦C to 1028 ◦C. The proportional increase in 
the concentrations of the large aromatic ring systems, which have six or 
more fused benzene rings, is shown by the early rises in the AD/AALL 
ratio, which occur between 530 ◦C and 800 ◦C. This occurs as a direct 
consequence of the dehydrogenation of the hydroaromatics to form 
larger aromatic systems in the char during the pyrolysis at temperatures 
in the range specified above [38]. At temperatures greater than 800 ◦C, 
further ring condensation may form larger aromatic ring systems (up to 
six fused benzene rings) that are Raman active in the D band. However, 
the further condensation of the aromatic rings will lead to the decrease 
of the ‘defect’ structures, which would cause the tendency to lower the 
Raman intensity at the D band [29]. 

Fig. 5b illustrates the change in the ratio of the area of the GL band to 
the area of all the bands (AGL/AALL) that occurs when increasing the 
pyrolysis temperature. The changes in the concentration of the carbonyl 
group C––O in char are primarily responsible for this shift 
[26,29,42,43]. It was found that the ratio tended to decrease when the 
pyrolysis temperature increased from 530 ◦C to 800 ◦C and remained 
steady when the temperature kept increasing from 800 ◦C. Worth noting 
there was a significant reduction in the amount of the O-containing 
groups, such as the carbonyl group, when the temperature of pyrolysis 
increased. This was notably true for pyrolysis temperatures ranging from 
530 ◦C to 800 ◦C. Moreover, after that, it turned out to be typically stable 
when subjected to higher temperatures for the reason that the O-con-
taining groups had been almost completely consumed. 

The variations that occur in the proportion of the areas of the S, R, SL, 
VR, and VL bands to the area of the D band can be seen in Fig. 5c. These 
bands have some sort of connection to the structures that have partial 
sp3 properties, such as the penta-fused (5-membered) ring systems and 
the O-containing structures, which can be found in the chars produced 
from the biomass, but disappear in the graphite [29,41]. When the py-
rolysis temperature is raised, there is a general tendency for all these 
chars to experience a reduction in the ratio A(S+R+SL+VR+VL)/AD. It 
means that these structures are likely to be among the desirable struc-
tures that are consumed during the pyrolysis process [26,41,44,45]. The 
ratio A(S+R+SL+VR+VL)/AD is seen to decrease from 530 ◦C to 800 ◦C for 
all samples and to decrease less or remain unchanged from 800 ◦C to 
1028 ◦C. It can be revealed from Fig. 5c that these structures are present 
at 530 ◦C and gradually disappear by increasing the pyrolysis temper-
ature. In addition, the char structure will become increasingly organized 
as the pyrolysis temperature rises [46]. 

As the pyrolysis temperature increases, Fig. 5d depicts how the ratio 
of the areas of the GR, VL, and VR bands to the area of the D band shifts. 
The ratio A(GR+VL+VR)/AD is interpreted as a relative measurement of the 
ratios between the smaller (2–5 fused benzene rings) and the larger 
(more than six rings) aromatic ring systems in char [26,41,47–51]. It is 
abundantly obvious that the majority of char showed a decrease in 
A(GR+VL+VR)/AD when the pyrolysis temperature was raised. It means 
that the small aromatic ring systems are consumed during pyrolysis. The 
condensation of the aromatic ring systems leads to a transition of the 
smaller aromatic ring systems (3–5 fused rings) into larger ones (no less 
than six fused rings). 

Fig. 5 further infers how the features of the char structure are 
affected by the rate of heating. It’s interesting to note that the AD/AALL 
ratio for the fast heating rate was often lower than that for the slow 
heating ones. On the other hand, the AGL/AALL ratio, the 
A(S+R+SL+VR+VL)/AD ratio, and the A(GR+VL+VR)/AD ratio of the fast 
heating rate were all greater. These findings indicated that pyrolyzed 
with a slow heating rate resulted in a longer time spent by the char at 
high temperature compared with the experiments at a fast heating rate, 
which ultimately led to a greater amount of reaction of condensation 
[52,53]. In addition, it can be observed from Fig. 5 that most of the 

Fig. 4. The Van Krevelen diagram of char samples produced from 14 model 
compounds under pyrolysis temperatures from 530 ◦C to 1028 ◦C at heating 
rates of 10 ◦C/min and 65 ◦C/s. The solid black line represents the linear fitting 
of char from a fast heating rate, the dash black line represents the linear fitting 
of char from a slow heating rate, and the red line represents the linear fitting of 
all char samples. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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organic model compound-derived chars showed similar trends for the 
changes in the pyrolysis conditions. It implies that these trends are 
universal for chars derived from organic model compounds in this study. 

3.3. Carbon structure reflected by elemental analysis 

It is well known that the elemental contents of C, H, and O are sig-
nificant indexes of char structural property. As the temperature of the 
pyrolysis process rises, elemental analysis reveals that an increasing 
amount of oxygen and hydrogen is lost as a result of deoxygenation and 
dehydration [54,55]. As a direct consequence of this, both the H/C and 
O/C ratios become lower. The ratio of hydrogen to carbon is propor-
tional to the amount of the fused aromatic ring structures, and its 
decrease is a result of the aromatization and carbonization of char [56]. 
The O/C ratio is used to describe the stability of the char, and a relatively 
lower O/C ratio implies that a char has a high fraction of stable carbon 
[36,57]. Hence, the loss of oxygen and hydrogen is indicative of the 
ordering or condensation of the char structure [2,58]. Thus, comparing 
the relative changes in the proportions of C, H, and O may be useful to 
investigate the development of the char structure. 

Fig. 6 illustrates how AD/AALL changes with H/C and O/C atomic 

ratios of char. It can be seen in Fig. 6 that the ratio AD/AALL generally 
increases as the elemental ratios fall. This means that when the amount 
of carbon in a compound increases and the concentrations of hydrogen 
and oxygen decreases, much more big aromatic rings are observed at the 
same time. In other words, the pyrolysis process converts the disordered 
carbon structure of the char into a more ordered one by removing the 
hydrogen and oxygen content. The R2 values for the correlations be-
tween AD/AALL and H/C and between AD/AALL and O/C are roughly 0.75 
and 0.69, respectively, which also shows that changes in the order de-
gree of the large aromatic ring systems are more related to the dehy-
drogenation process during the pyrolysis process. 

The GL band is connected to the O-containing functional groups in 
char, as was discussed in Section 3.2, and it primarily just reflects the 
carbonyl C––O group. Because of this, the relative intensity of the GL 
band can be used to show the relative content of the carbonyl C––O 
compounds in char [30]. Fig. 7 depicts how H/C and O/C affect the 
ratios between the area of the GL band and the total area of all bands 
(AGL/AALL). It is clear to see that the ratio of AGL/AALL goes down in a 
continuous fashion as the two elemental ratios go down, and the R2 

values for the linear fitting are approximately 0.74 and 0.77, accord-
ingly. It can be inferred that, during the pyrolysis process, 

Fig. 5. The change of ratios of Raman band areas (a)AD/AALL, (b)AGL/AALL, (c)A(S+R+SL+VR+VL)/AD, and (d)A(GR+VL+VR)/AD as a function of pyrolysis temperature. 
The solid line and dash line represents fast pyrolysis and slow pyrolysis, respectively. 
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concentrations of the carbonyl C––O group structures in the char 
decrease in a linear way as the amount of carbon in the char goes up and 
the amounts of hydrogen and oxygen go down. The relatively stronger 
linear relationship between AGL/AALL and O/C compared to the corre-
lation between AGL/AALL and H/C also implies that the change in the 
oxygen content of the char can better reflect the evolution of AGL/AALL 
and the carbonyl C––O group may be an essential element of the O- 
containing groups in the char. 

Fig. 8 exhibits the variation that takes place in the ratio of the area of 
the S, R, SL, VR, and VL bands to the area of the D band as a function of 
the H/C and O/C values. It should be unsurprising to point out that the 
ratio A(S+R+SL+VR+VL)/AD drops as the elemental ratios fall to the lower 
values. According to Table 1, C–C on alkanes and cyclic alkanes, the 
Caromatic–Calkyl, aromatic (aliphatic) ethers, aryl-alkyl ether, methylene, 
and methyl groups, etc., can be primarily responsible for the area of the 

S, R, SL, VR, and VL bands [29,41]. Therefore, the relative strength of the 
area of the S, R, SL, VR, and VL bands can be used to represent the 
structures in the char that contain oxygen atoms and those that have 
partial sp3 properties. The relationship between the significantly less 
well-organized structures and the large aromatic rings in char is 
revealed by calculating the ratio A(S+R+SL+VR+VL)/AD. There will be 
fewer aliphatic, hydro-aromatic, or O-containing functional groups in 
char because of the increasing condensation of the aromatic rings, 
resulting in a relatively lower degree of the ratio A(S+R+SL+VR+VL)/AD 
[41,44]. This trend also can be reflected by the loss of hydrogen and 
oxygen as a char with a higher degree of order is thought to have lower 
hydrogen and oxygen contents [2,37]. The values of R2 for the two 
correlations (0.72 and 0.69) are relatively low, which can be explained 
by the complexity of the structures represented by these bands and 
cannot be easily reflected by the C, H, and O elemental ratios. 

Fig. 5. (continued). 
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Fig. 9 depicts the connection between A(GR+VL+VR)/AD and the H/C 
and O/C ratios of the char. The ratio A(GR+VL+VR)/AD is used for the 
representation of the ratios of the small aromatic rings to the large ones 
in the char. As shown in Fig. 9, the ratio A(GR+VL+VR)/AD generally de-
creases as the values of both two elemental ratios decrease, which in-
dicates that there are fewer small aromatic rings while larger ones in 
char that have a higher content of carbon but a lower content of 
hydrogen and oxygen. In other words, the process of carbonization 
would result in the combination of the smaller aromatic rings and sub-
sequently lead to the formation of larger ones [59], which is accompa-
nied by the dehydrogenation and deoxygenation process that can be 
indicated by the decrease in the relative amounts of the hydrogen and 
oxygen contents. The R2 values for the correlations between 
A(GR+VL+VR)/AD and the elemental ratios are 0.75 and 0.77, respectively. 
These values are generally the highest among the four Raman parame-
ters shown above, indicating that the condensation of the smaller aro-
matic systems into larger ones is the primary reaction occurring 
throughout the pyrolysis. Thus, higher carbon content and lower 

hydrogen and oxygen content may be used to represent the carbon 
structures with fewer small aromatic ring systems and more large ones. 

The correlations between the Raman parameters and the elemental 
ratios of char from respectively slow and fast heating, are also shown in 
Fig. 6-9. Similar to Fig. 4, these correlations also show no difference 
within the margin of error for char from the two different heating rates. 

3.4. The relationships between Raman spectral parameters and char 
reactivity 

The char oxidation reactivity was investigated with the combustion 
characteristic temperatures defined previously in Section 2.5, and the 
four characteristic temperatures: Ti, Tb, T50, and Tmax for all char sam-
ples were summarized in Table S2. Since char with high characteristic 
temperatures well represent char with low reactivity, the correlations 
between the characteristic temperatures and the Raman spectral pa-
rameters can be used for the investigation of the relationships between 
char structure and reactivity. Information about the correlations are 

Fig. 6. Raman band area ratio AD/AALL as a function of ratios of organic composition (a)H/C and (b)O/C. The solid black line represents the linear fitting of char 
from a fast heating rate, the dash black line represents the linear fitting of char from a slow heating rate, and the red line represents the linear fitting of all char 
samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Raman band area ratio AGL/AALL as a function of ratios of organic composition (a)H/C and (b)O/C. The solid black line represents the linear fitting of char 
from a fast heating rate, the dash black line represents the linear fitting of char from a slow heating rate, and the red line represents the linear fitting of all char 
samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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provided in the Supplementary materials (Fig. S2-S5 and Table S3). 
Fig. S2 shows the relationships between the four characteristic 

temperatures of the char and AD/AALL. It is clear that the Ti, Tb, T50, and 
Tmax values all go up when the ratio AD/AALL rises. As discussed in 
Section 3.2, the Raman spectral ratio AD/AALL can indicate the Raman 
contribution from the large aromatic ring systems. It can be inferred that 
the increased contents of the large fused aromatic system in the char 
would make the char structure more ordered, thus leading to the phe-
nomenon that the char becomes harder to ignite and results in relatively 
higher characteristic temperatures, which shows that the char with a 
higher degree of order can lead to the lower reactivity. As can be seen in 
Fig. 10, the R2 values for the correlation between the combustion 
characteristic temperatures Ti, Tb, T50, and Tmax and the Raman 
parameter AD/AALL are approximately 0.55, 0.62, 0.63, and 0.55, 
respectively. It means that the correlations between the char combustion 
reactivity and AD/AALL are modest, indicating that the condensation 
degree of the aromatic systems in char has some impact on its reactivity. 

Fig. S3 illustrates the combustion characteristic temperatures as a 

function of AGL/AALL. Ti, Tb, T50, and Tmax values all experience a 
downward trend when the AGL/AALL value is increased. The result can be 
explained by the fact that the carbonyl structure is quite active, which 
makes the chars easier to react during the combustion process [60]. In 
addition, it suggests that the reactivity of the char is influenced by the 
quantity of the C––O functional groups, which are contained inside the 
massive aromatic rings that make up the char. As there is a relatively 
strong correlation between the AGL/AALL and the atomic ratios, as dis-
cussed in Section 3.3, there are also correlations between the charac-
teristic temperatures and AGL/AALL. R2 is approximately 0.47, 0.69, 
0.62, and 0.53 for the correlations with Ti, Tb, T50, and Tmax, respec-
tively, which indicates that the carbonyl structure in the char is one of 
the factors that have an influence on char reactivity. 

The connections between the temperatures that are indicative of the 
burning of char and A(S+R+SL+VR+VL)/AD are displayed in Fig. S4. Ti, Tb, 
T50, and Tmax all decrease as A(S+R+SL+VR+VL)/AD increases. It has been 
discussed before that the ratio A(S+R+SL+VR+VL)/AD represents the 
structures with partial sp3 characteristics and the structures containing 

Fig. 8. Raman band area ratio A(S+R+SL+VR+VL)/AD as a function of ratios of organic composition (a)H/C and (b)O/C. The solid black line represents the linear fitting 
of char from a fast heating rate, the dash black line represents the linear fitting of char from a slow heating rate, and the red line represents the linear fitting of all char 
samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Raman band area ratio A(GR+VL+VR)/AD as a function of ratios of organic composition (a)H/C and (b)O/C. The solid black line represents the linear fitting of 
char from a fast heating rate, the dash black line represents the linear fitting of char from a slow heating rate, and the red line represents the linear fitting of all char 
samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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oxygen, etc. These structures generally represent the active sites in the 
char conversion [46], which suggests that a char with a relatively higher 
content of such structures should burn easily and have lower combustion 
characteristic temperatures. The R2 values for the correlation between 
Ti, Tb, T50, and Tmax and A(S+R+SL+VR+VL)/AD are approximately 0.49, 
0.61, 0.60, and 0.51, suggesting that there are also certain relationships 
between the char reactivity and A(S+R+SL+VR+VL)/AD. 

Fig. S5 exhibits the relationships between Ti, Tb, T50, and Tmax and 
A(GR+VL+VR)/AD. The R2 values are roughly 0.63, 0.76, 0.75, and 0.65, 
which are relatively larger when compared to other correlations above 
(as shown in Fig. S2-S4). It implies that the ratio A(GR+VL+VR)/AD has a 
rather stronger relationship with the characteristic temperatures asso-
ciated with the char combustion process. A(GR+VL+VR)/AD can primarily 
represent the relative number of the smaller aromatic ring systems to 
larger ones in the char which is depicted in the Raman spectral as the 
valley that exists between D band and G band. The result infers that the 
concentration of the small aromatic rings in char is an important factor 
that affects the char combustion behavior. According to Asadullah et al. 
[12], large aromatic rings are relatively unreactive to the combustion 
reaction, and a higher degree of condensation will therefore lead to the 
char being converted at a relatively higher temperature. Thus, with a 
better correlation with the combustion characteristic temperature, 
A(GR+VL+VR)/AD appears to be a crucial factor that affects the char 
combustion reactivity. 

A higher AD/AALL ratio and lower ratios of AGL/AALL, 
A(S+R+SL+VR+VL)/AD, and A(GR+VL+VR)/AD are linked to a higher order 
degree of carbon structures in char [30,41], which can also be verified 
by the high correlations between the Raman spectral parameters and the 
ratios H/C and O/C of the char, as shown in Fig. 10, that the lower H/C 
and O/C ratios are closely related to a higher order degree of char 

structure. Fig. 10 shows the correlation coefficients obtained from the 
correlations of the Raman spectral parameters with the elemental ratios 
and the combustion characteristic temperatures, respectively. It’s clear 
in Fig. 10 that the correlations between the characteristic temperatures 
and AD/AALL is positive, while the correlations with the other three 
Raman spectral parameters are negative. The result infers that the 
higher order degree of char structure may lead to a higher combustion 
temperature, which means such chars are becoming harder to react 
throughout the combustion process. R2 of the correlation with Tb ap-
pears to be the highest among the correlation values for all the four 
characteristic temperatures. In some ways, the temperature Tb can 
reflect the late stage of the reaction. This means that the carbon struc-
ture of the char, as described by the Raman spectroscopy, best matched 
the end-stage of the combustion characteristic of char. In addition, the 
correlation between Tb and A(GR+VL+VR)/AD is shown as the best among 
the four correlations with Tb. It implies that the A(GR+VL+VR)/AD ratio 
may be the best Raman spectral parameter to estimate the char com-
bustion reactivity. Furthermore, the Raman spectroscopy test makes the 
acquiring of the A(GR+VL+VR)/AD ratio easy and straightforward, which is 
beneficial for real-world applications of this technology. 

The correlation is universal among all char samples investigated in 
the present study, which suggests that such an effect of carbon structure 
on char combustion behavior may exist in all the organic model com-
pounds. It shows promise for further study of the impact of char struc-
tural properties on char combustion reactivity for real biomass, and it 
can also be inferred that such relationships can exist among various 
different carbonaceous solid fuels. Accordingly, further research is 
needed to investigate the chars from the practical application of real 
biomass for a better understanding of the effect of the carbon structure 
of char on char reactivity. 

Fig. 10. Correlation coefficient R2 of Raman spectral parameters on ratios of organic composition and combustion characteristic temperature. (red represents 
positive correlation, blue represents negative correlation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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4. Conclusion 

14 types of organic model compounds varying in their carbon con-
tents were pyrolyzed under different conditions to obtain 84 char sam-
ples. TGA, Raman spectroscopy and elemental analysis were employed 
to explore the relationships between combustion reactivity and com-
positiaonl structures of chars. The conclusions are drawn as follows:  

(1) Higher temperatures and heating rates reduce char yield, with the 
latter having a greater effect. The Raman spectroscopy reveals 
that the condensation from the small aromatic ring systems to 
large ones and the graphitization of the char structure becomes 
more pronounced as the pyrolysis temperature increases and the 
heating rate decreases, probably because of the extended resi-
dence time. 

(2) The carbon structures characterized by the Raman spectral pa-
rameters AD/AALL, AGL/AALL, A(S+R+SL+VR+VL)/AD, and 
A(GR+VL+VR)/AD can be well reflected by the content of C, H, and 
O atoms in the char. The increase in the C content and decrease in 
the H and O content can represent the condensation of the aro-
matic ring systems and the consumption of the O-containing 
functional groups and sp3 structures in the char that has a higher 
degree of order.  

(3) Clear linear correlations have been discovered between the char 
combustion characteristic temperatures (Ti, Tb, T50, and Tmax) 
and the Raman spectral parameters. The increasing graphization 
degree, consumption of carbonyl structures, and condensation of 
small ring systems revealed by the Raman spectral parameters are 
related closely to the increase of the characteristic temperatures, 
which in turn are related to low char reactivity. A(GR+VL+VR)/AD 
is the best among all correlated Raman paramenters. The high 
correlations reveal that Raman spectroscopy is a useful technique 
for the investigation of char structure and can be used to estimate 
char combustion reactivity. 
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