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ABSTRACT: In order to investigate how kaolin affects the structure and thermal conversion performance of Zhundong sub-
bituminous coal (ZSBC), this study focused on analyzing the pyrolysis, combustion, and gasification of both ZSBC and a mixture of
kaolin and Zhundong sub-bituminous coal (ZSBC-K) using the TG-DTG technique. The findings demonstrated that the addition of
kaolin enhanced the pyrolysis and combustion performance of ZSBC-K. To explain the above phenomena, the composition and
structure of char from ZSBC and ZSBC-K were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), Raman spectroscopy (Raman), scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). The
results showed that the addition of kaolin decreased the degree of graphitization of char and increased the relative content of oxygen
on the surface of the char. Moreover, the addition of kaolin increased the degree of disorder of the char and formed more char pores.
The rich pores were conducive to the entry of the gasification agent into the coal char particles, which enhanced the gasification
activity. Additionally, the coal char mixed with kaolin contains several oxygen-containing functional groups and defect sites that
facilitate the cracking and gasification performance of the macromolecular network’s aromatic ring structure.

1. INTRODUCTION
Xinjiang Zhundong sub-bituminous coal (ZSBC), with a high
volatile content, low ash content, and high calorific value, can
be used as a raw material for pyrolysis, combustion, and
gasification.1,2 However, ZSBC contains a large amount of
alkali metals such as Ca, Na, and K and alkaline earth metals
(AAEMs). The volatilization of AAEMs might cause serious
slagging in industrial thermal conversion equipment.3 Research
showed that the combination of coal or additives rich in silicon
and aluminum with ZSBC can alleviate scaling and slagging
problems.4 Zhu et al.5 compared the effect of silica−aluminum
base additives such as kaolin, alumina, quartz sand, and found
that kaolin presented a better antislagging effect. Therefore, the
use of kaolin as an additive to improve slagging resistance

during high-temperature coal thermal conversion processes has
gained widespread attention.

Zhang et al.6 found that the nonflammable inorganic
minerals, such as SiO2 and Al2O3, present in kaolin could
diminish the combustion performance of ZSBC. However,
Wornat7,8 et al. used proton magnetic resonance thermal
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analysis and found that ion-exchanged AAEMs in coal could
inhibit the pyrolysis process. The addition of kaolin, on the
other hand, was shown to increase the pyrolysis activity of coal.
Xu et al.9−11 conducted acid washing on coal and discovered
that AAEMs had a significant catalytic effect on coal pyrolysis,
while the addition of kaolin reduced coal pyrolysis reactivity.
Furthermore, Xu et al.9 argued that the loss of AAEMs during
gasification would weaken their catalytic effect. Additionally,
adding kaolin might decrease the active sites of coal char,
leading to a decline in gasification performance.12 To analyze
the impact of kaolin on the gasification process of ZSBC, it is
essential to examine the changes in the composition and
structure of coal char resulting from the addition of kaolin.
Additionally, it would be valuable to further investigate the
gasification mechanism of kaolin and its influence on coal.

For this study, Zhundong sub-bituminous coal and a mixture
of Zhundong sub-bituminous coal with kaolin were examined.
The TG-DTG technique was utilized to assess the samples’
pyrolysis, combustion, and gasification performance under the
condition of N2, air, and CO2, respectively. Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD),
Raman spectroscopy (Raman), scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) were
used to analyze the functional groups, crystal structure,
microscopic morphology, and chemical bond composition of
samples.

2. MATERIALS AND METHODS
2.1. Sample Preparation. Zhundong sub-bituminous coal

(ZSBC) was acquired from the Wucaiwan (WCW) mine area
Zhundong, Xinjiang, China. Prior to experimentation, the coal
was crushed with a pulverizer and sifted to achieve a particle

size of less than 74 μm. Additionally, mechanically mixed
kaolin with ZSBC in a mass ratio of 1:9 was labeled as ZSBC-
K. To conduct an industrial analysis and element analysis of
ZSBC and ZSBC-K, GB/T 212-2008 and GB/T 30732-2014
standards were followed.

2.2. Thermal Conversion Experiments. Thermogravi-
metric analyzer (SDTQ600 TA Instruments, USA) was used to
test the pyrolysis and combustion characteristics of the samples
in N2 and oxidizing atmospheres, respectively, from room
temperature to 1000 °C at a heating rate of 5 °C/min.
Additionally, the same equipment was used to heat the samples
from room temperature to 900 °C at a heating rate of 20 °C/
min under a N2 atmosphere. After stabilizing for 10 min, the
gas was switched to a CO2 atmosphere and reacted for 30 min
to test the gasification reactivity of the samples.

2.3. Char Preparation. Both ZSBC and ZSBC-K were
placed separately in a tubular furnace, and N2 was used as the
carrier gas. The pyrolysis was carried out at a gas velocity of 60
mL/min. The reactor was heated from room temperature to
900 °C at a heating rate of 20 °C/min to investigate the
thermal behavior of the samples during pyrolysis. After
reaching 900 °C, the samples were held at that temperature
for 30 min before being cooled to room temperature to obtain
char. The resulting chars were named C-ZSBC and C-ZSBC-K,
respectively, and were further analyzed for their physical and
chemical properties.

2.4. Characterization Test. The types of functional group
structure of the samples were analyzed by an infrared
spectrometer (EQUINOX-55, Bruker, Germany). The micro-
structures of the carbonaceous components in each sample
were analyzed using a Raman spectrometer (SENTERRA,
Bruker, Germany), with three points selected from each

Table 1. Industrial Analysis and Elemental Analysis of Samples (wt %)a

proximate analysis (ad) ultimate analysis (daf)

sample Mad Aad Vad FCad C H Odiff N S

ZSBC 10.96 2.40 28.34 58.31 68.42 4.27 24.20 2.63 0.48
ZSBC-K 10.72 11.09 25.54 53.65

aAbbreviations: ad, air-dry basis; Mad, moisture; Aad, ash; Vad, volatiles; FC, fixed carbon; daf, dry and ash-free basis; diff, by difference.

Table 2. Ash Composition of ZSBC and ZSBC-K (wt %)

sample CaO Fe2O3 SO3 MgO Na2O Al2O3 SiO2 SrO Cl K2O Ba

ZSBC 47.97 20.45 11.37 5.32 4.39 2.65 2.56 1.89 1.80 0.10 15.0153
ZSBC-K 43.01 19.99 10.94 4.46 3.56 4.27 8.03 1.69 1.70 0.49 5.8138

aB = (Fe2O3 + CaO + MgO + Na2O + K2O)/(SiO2 + Al2O3).

Figure 1. (a) TG curves of ZSBC and ZSBC-K with N2 as the carrier gas. (b) DTG curves of ZSBC and ZSBC-K with N2 as the carrier gas.
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sample for spot analysis. The composition and chemical
valence of surface elements were measured by X-ray photo-
electron spectroscopy (ULVAC PHI 5000 Versa Probe-II,
PerkinElmer, America), The binding energy of the O element
was corrected using the C 1s peak at 284.6 eV as a reference
point. The surface microstructure of each sample was observed

using a scanning electron microscope (MIRA4, TESCAN,
Germany).

3. RESULTS AND DISCUSSION
3.1. Proximate and Ultimate Analyses. The results of

this analysis are presented in Table 1. As shown in Table 1,

Table 3. Characteristic Pyrolysis Parameters of ZSBC and ZSBC-K

coal sample Ts (°C) Tf (°C) Tmax (°C) ΔT1/2 (°C) (dw/dt)max (% s) (dw/dt)mean (% s) D (10−10 %2 °C−3 s−2)a

ZSBC 239 659 449 235 −0.0988 −0.0390 1.53
ZSBC-K 220 680 450 231 −0.0926 −0.0334 1.35

aD = [(dw/dt)max·(dw/dt)mean]/(Tmax·Ts·ΔT1/2).

Figure 2. (a) TG curves of ZSBC with air as the carrier gas. (b) DTG curves of ZSBC-K with air as the carrier gas.

Table 4. Characteristic Combustion Parameters of ZSBC and ZSBC-K

coal sample Tig (°C) Tb (°C) Tmax (°C) (dw/dt)max (% s) (dw/dt)mean (% s) S (10−7 S−2 °C−3)a

ZSBC 343 473 397 −27.49 −1.099 5.398
ZSBC-K 373 488 418 −31.36 −1.027 4.743

aS = [(dw/dt)max·(dw/dt)mean]/Tig
2·Tb.

Figure 3. (a) Carbon conversion versus time of ZSBC and ZSBC-K. (b) Reaction rate versus carbon conversion of ZSBC and ZSBC-K.

Figure 4. FTIRS spectra of C-ZSBC and C-ZSBC-K.
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ZSBC has a low ash content of only 2.40% and its volatile
content is less than 30%. Furthermore, its fixed carbon content
is high, approaching 60%. Therefore, ZSBC can serve as a
viable raw material for coal gasification.

3.2. Ash Composition Analyses. Table 2 shows the ash
composition analysis of ZSBC and ZSBC-K. A comparison
between the two reveals that the ash obtained from ZSBC-K
has a lower content of sodium, calcium, and magnesium
compared to ZSBC. Conversely, the content of silicon and
aluminum in the ash of ZSBC-K is higher. Hence, it can be
inferred that the addition of kaolin reduces the proportion of
AAEMs in ZSBC. By calculation of the alkalinity index (B
value) of the two coal ashes, it was found that the B value of
ZSBC-K was reduced by 67% compared with ZSBC,

demonstrating that the alkalinity of ZSBC ash decreased
significantly with the addition of kaolin.

3.3. Thermochemical Conversion. 3.3.1. Thermal
Weight Loss Characteristic Analysis (N2 Atmosphere). Figure
1 displays the thermogravimetric curves for ZSBC and ZSBC-
K. As illustrated in Figure 1a, ZSBC experiences a weight loss
of 41.06%, whereas ZSBC-K only loses 32.24%. This suggests
that ZSBC has a higher concentration of volatile substances.
Additionally, Figure 1b shows that the pyrolysis of samples has
four main stages.13 The first stage is from 40 to 240 °C. It
corresponds to dehydration and degassing, while the second
stage involves the initial pyrolysis, taking place from 240 to 350
°C, during which weak bonds14,15 in the coal macromolecular
network structure break down, generating small molecular gas.

Figure 5. (a) XRD patterns of ZSBC and ZSBC-K. (b) Fitting curves of the XRD pattern of C-ZSBC. (b) Fitting curves of the XRD pattern of C-
ZSBC-K.

Table 5. Structural Parameters of C-ZSBC and C-ZSBC-K X-ray Diffraction

sample 2θ002 (deg) fwhm(002) (deg) 2θ100 (deg) fwhm(100) (deg) d002 (nm) Lc (nm) La (nm)

C-ZSBC 24.048 8.619 44.515 7.398 0.370 6.03 14.04
C-ZSBC-K 23.965 8.733 44.280 6.285 0.371 5.63 16.37

Figure 6. (a) Raman spectrum fitting curves of C-ZSBC. (b) Raman spectrum fitting curves of C-ZSBC-K.
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Meanwhile, the functional group mainly composed of carboxyl
groups decomposes into gas components. At this stage, the
weight loss is minimal. The third stage is the main pyrolysis
stage, occurring between 350 and 700 °C. During this phase,
the coal matrix undergoes extensive depolymerization and
decomposition reactions, resulting in the production of large-
molecule volatile matter and char. The fourth stage is the
secondary degassing stage that occurs above 700 °C. During
this stage, polycondensation reactions occur in the char,
resulting in the production of gases and a small amount of tar.
There is also a possibility that the char undergoes continuous
aromatization.14 Observing the DTG curve in Figure 1b, we
can see that in the first stage, the dehydration and degassing
peak of ZSBC-K are lower and narrower, which is consistent
with the relatively low moisture content of ZSBC-K found in
the ultimate analysis in Table 1. In the second stage, the curves
of ZSBC and ZSBC-K are similar, but the weight loss of ZSBC
is slightly higher. In the third stage, the weight loss of ZSBC is
relatively high, which may be related to the possibility that the
AAEMs in ZSBC increase the pyrolysis activity. In the fourth
stage, the weight loss of ZSBC-K is relatively lower. This could
be because kaolin promotes the enlargement of aromatic nuclei
while inhibiting the release of some small molecules.13

In order to quantitatively describe the difference between
ZSBC and ZSBC-K in the thermogravimetric process, several
characteristic points are selected from the DTG curve in Figure
1b to characterize the thermogravimetric behavior,16,17

including Ts (initial volatile release temperature), (dw/dt)max
(maximum volatile release rate), Tmax (temperature corre-

sponding to the maximum volatile release rate), Tf (temper-
ature at the end of the main pyrolysis stage), and ΔT1/2
(temperature range of (dw/dt)/(dw/dt) max = 1/2); the results
are shown in Table 3. Generally, the smaller Tmax and larger
absolute values of (dw/dt)max and (dw/dt)mean indicate
stronger volatile emission. Comparing ZSBC with ZSBC-K,
it is observed that the absolute values of (dw/dt)max and (dw/
dt)mean are lower in ZSBC-K and Tmax is higher, demonstrating
a lower release intensity of volatiles in ZSBC-K. To summarize
the effects of the aforementioned characteristic parameters on
volatilization release behavior, the comprehensive devolatiliza-
tion index D13 is introduced. A higher D value indicates a faster
release of volatiles and greater pyrolysis activity. From Table 3,
it can be observed that the D value of ZSBC-K is lower than
that of ZSBC, which further indicates that ZSBC-K has lower
pyrolysis reactivity. This implies that the mechanically mixed
ZSBC-K does not promote the pyrolysis reactivity of coal
samples but rather inhibits it.

3.3.2. Combustion Characteristics. Figure 2 displays the
combustion curves of both ZSBC and ZSBC-K. It is clear from
the figure that ZSBC has a weight loss of 96.63%, while ZSBC-
K has a weight loss of 90.01%. The presence of non-
combustible inorganic minerals such as SiO2 and Al2O3 in
kaolin6 causes the weight loss of ZSBC-K to be smaller
compared to ZSBC. During the low-temperature stage (<100
°C), ZSBC and ZSBC-K experience a gradual decrease in
weight due to the removal of moisture in coal. However, at
300−600 °C, because of the intense combustion of volatile and
fixed carbon in samples, the weights of ZSBC and ZSBC-K
decrease significantly, and the rate of weight loss shows a
significant peak. Upon comparing the DTG curves of both
ZSBC and ZSBC-K, it becomes apparent that the addition of
kaolin causes the DTG curve of ZSBC to shift toward a higher
temperature zone. Further research shows that the AAEMs
present in coal can act as catalysts during combustion.18,19

However, the addition of kaolin reduces the amount of alkali
metals in ZSBC, which in turn decreases the catalytic effect
and increases the activation energy required for combustion.
This results in a shift of the DTG curve of ZSBC toward a
higher temperature zone and a reduction in its combustion
performance, as demonstrated by research.20,21

To comprehend the combustion behavior of ZSBC and
ZSBC-K, the TG/DTG tangent method is utilized to evaluate
the coal’s combustion characteristic temperatures,22 compris-
ing Tig (ignition temperature), Tmax (peak temperature), and
Tb (burnout temperature) as illustrated in Figure 2 and Table
4. It can be observed from Table 4 that the Tig value of ZSBC-
K is 30 °C higher than that of ZSBC, suggesting that the
burnout time of ZSBC-K is longer. Additionally, the Tb and
Tmax values of ZSBC-K are higher than those of ZSBC,
indicating that the combustion activity of ZSBC-K is lower
than that of ZSBC. In order to further study the combustion
characteristics of coal samples, the comprehensive combusti-
bility index (S) reflects the burning ability of fuels,21,23 and the
higher the value of S, the higher the combustion reactivity will
be. These parameters could be calculated by the equation

=S w t w t T T(d /d ) (d /d ) /max mean i
2

b

The results of S are shown in Table 4. The S value of ZSBC-
K is higher than that of ZSBC-K, possibly because ZSBC-K
contains less volatile matter and more ash content (11.09%). A
higher ash content can easily agglomerate, which increases heat
and mass transfer resistance, inhibiting combustion.24 The

Table 6. Assignment and Area of Raman Spectrum Fitting
Peaks of C-ZSBC and C-ZSBC-K

area percentage (%)

band
center
(cm−1) assignment C-ZSBC C-ZSBC-K

G 1580 stretching vibration mode of carbon
atom in the graphite crystal

7.25 7.55

D1 1350 vibration of disordered graphitic lattices
within plan imperfections, such as
defects and heteroatoms

43.57 43.62

D2 1620 vibration mode involving graphene
layers

4.26 2.48

D3 1530 amorphous sp2-band forms, including
organic molecules, fragments, or
functional groups, and in poorly
organized carbonaceous materials

26.66 29.15

D4 1200 mixed sp2−sp3 mixed bond in poorly
organized structures, such as the
periphery of crystallites

18.26 17.20

Table 7. Raman Band Area Ratio of C-ZSBC and C-ZSBC-K

sample ID1/IG ID3/IG ID3/IG+D2+D3 ID3/ID1 ID3/IAll
C-ZSBC 6.009 3.669 0.698 0.612 26.66
C-ZSBC-K 5.777 3.861 0.774 0.668 29.15

Figure 7. (a) SEM image of C-ZSBC. (b) SEM image of C-ZSBC-K.
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results show that the combustion performance of ZSBC
becomes worse after adding kaolin.

3.3.3. Analysis of Gasification Characteristics (CO2
Atmosphere). Figure 3 depicts the relationship between the
carbon conversion rate and the time of the CO2 gasification for

ZSBC and ZSBC-K, as well as the relationship between the
gasification rate and the carbon conversion rate. The
gasification time of ZSBC-K is shorter than that of ZSBC,
and for carbon conversion rates below X < 0.85, the
gasification rate of ZSBC-K is much higher, indicating a
higher gasification activity for this material. For both samples,
when the conversion rate exceeds 0.85, their gasification rates
are significantly reduced. This is due to the gradual reduction
of organic matter, particularly the carbonaceous component,
and the gradual increase in ash content during gas-
ification.24−26

The reactivity index R0.5, defined as 0.5/t0.5, where t0.5
represents the gasification time (min) when the conversion
rate reaches 50%, is used to quantitatively evaluate the
gasification reactivity of ZSBC and ZSBC-K.27,28 The results
indicate that ZSBC-K has a higher gasification reactivity than
ZSBC, with R0.5 values of 0.094 and 0.050, respectively. This
means that the gasification reactivity of ZSBC-K is roughly
twice that of ZSBC. To provide an explanation for the
observed phenomenon,28 the composition and structure of

Figure 8. (a) XPS survey spectra of the coal samples. (b) XPS C 1s spectrum of C-ZSBC. (c) XPS O 1s spectrum of C-ZSBC. (d) XPS C 1s
spectrum of C-ZSBC-K. (e) XPS O 1s spectrum of C-ZSBC-K.

Table 8. Distribution of C and O Forms in C-ZSBC and C-
ZSBC-K from Analysis with XPS

molar content (%)

elemental
peak functionality

binding energy
(eV) C-ZSBC C-ZSBC-K

C 1s >C−C</
>C−H

284.6 65.84 57.35

>C−O− 285.4 19.11 23.89
>C�O 286.6 11.27 11.39
−COOH 289.1 3.78 7.38

O 1s >C�O 530.7 35.31 54.75
>C−O− 532.5 37.22 26.95
COO− 534.0 27.47 18.30
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ZSBC and ZSBC-K char are further characterized in order to
study the changes in composition and carbon structure of coal
char during gasification. Various analytical techniques are
employed to characterize the composition and structure of the
char samples in detail.

3.4. Char Structure Characterization. 3.4.1. FTIR
Analysis. The FTIR analysis results are shown in Figure 4.
The absorption peaks of C-ZSBC and C-ZSBC-K at 3431
cm−1 are assigned to OH stretching vibration. These hydroxyl
groups are derived from hydrated minerals or H2O molecules
present in the char.29,30 The strength and area of the peak for
C-ZSBC-K at this position are higher than those of C-ZSBC.
This could be attributed to the presence of hydrated minerals
such as kaolinite in kaolin, which results in the formation of
more hydroxyl groups in C-ZSBC-K due to the loss of crystal
water during high-temperature pyrolysis.31 The absorption
peaks at 2920 and 1451 cm−1 correspond to the antisymmetric
stretching of n-CH2 and asymmetric angular vibration of
−CH3,

32 respectively. The peak strength of C-ZSBC-K at these
positions is higher than that of C-ZSBC. Li stated that −CHx
can promote the high-temperature thermochemical reaction of
substances,33 which is consistent with the experimental results
that the gasification performance of C-ZSBC is enhanced after
adding kaolin. The absorption peaks at 1635 and 1017 cm−1

are attributed to the stretching vibration of C�O and the
stretching vibration of C−O−C in aromatics,34 respectively.
The peak intensity of C-ZSBC-K at these two places is higher
than that of C-ZSBC, indicating that the addition of kaolin
deepens the aromatization degree of C-ZSBC.23 The
absorption peaks at 754 and 696 cm−1 in C-ZSBC and C-
ZSBC-K respectively correspond to the Si−O−Si symmetric
tensile vibration of quartz.35 The absorption peak at 470 cm−1

is attributed to kaolinite, resulting from the asymmetric
expansion of Si−O−Al and the bending vibration of O−Si−
O.35 Since kaolin mainly consists of kaolinite,36 the stronger
peak intensity observed in C-ZSBC-K compared to C-ZSBC
suggests a higher kaolin content in C-ZSBC-K.

3.4.2. XRD Analysis. The XRD spectra of both C-ZSBC and
C-ZSBC-K are shown in Figure 5a. It has been found that CaS
and SiO2 coexist in both materials.12 However, C-ZSBC-K
exhibits more pronounced SiO2 characteristic peaks, which can
be attributed to the addition of kaolin. This addition has been
known to increase the SiO2 content in C-ZSBC as reported in
previous studies. Moreover, Figure 5a shows two peaks that
can characterize the microcrystalline structure of the material:
the (002) peak, which represents the degree of orientation of
macromolecules in the aromatic plane at 22−24°, and the
(100) peak, which represents the size of the aromatic plane at
44°.36,37 Following the addition of kaolin, the intensity of the
(002) peak in C-ZSBC decreases. This suggests that the
addition of kaolin disrupts the directional arrangement of
aromatic plane macromolecules, leading to an increase in the
degree of disorder.38 To further analyze the changes in the
microcrystalline structure of C-ZSBC after the addition of
kaolin, the XRD curve was fitted with peaks, and the results are
presented in Figure 5b,c. Notably, the γ peak appears on the
left side of the (002) peak. This peak is the aliphatic side chain
connected by the edge of the microcrystal, which results in the
asymmetry of the (002) peak.36,37

The microcrystalline structure parameters of both C-ZSBC
and C-ZSBC-K are calculated using the Bragg equation and
Scherrer formula.37 Table 5 presents the calculated micro-
crystalline structure parameters where d002 represents the

interlayer spacing, Lc refers to the stacking height of the layer,
and La represents the diameter of the layer. Interestingly,
following the addition of kaolin, there is an increase in the La
value of C-ZSBC, while the Lc value decreases. This
phenomenon is thought to be caused by polycondensation
inside the coal char, dehydrogenation of hydrogenated
aromatics, and cracking of heterocycles leading to the
generation of more aromatic ring structures.37 The decrease
in vertical stacking height could be attributed to the thinner
lamellar structure that is easier to move, thus facilitating the
graphitization process during gasification.39 The addition of
kaolin to C-ZSBC results in a decrease in the stacking
thickness of microcrystals, an increase in the space between
microcrystals, an increase in defects, and a more disordered
graphite structure within C-ZSBC.38 These changes indicate
that the addition of kaolin inhibits the graphitization tendency
of C-ZSBC and improves its gasification activity.

3.4.3. Raman Analysis. Figure 6 illustrates the Raman
spectra of C-ZSBC and C-ZSBC-K along with their respective
fitting peaks, which are presented in Table 6. Based on the
spectrum, it can be observed that the D1, G, and D3 peaks in
C-ZSBC-K are stronger compared to C-ZSBC, while the D2
band is weaker. These findings suggest that the carbon crystal
structure in C-ZSBC-K is more disordered than that in C-
ZSBC.40,27,12

To better characterize the structural changes of char, the
area ratio of the Raman band is introduced as a semi-
quantitative parameter, which is presented in Table 7.31 The
ID1/IG and ID3/IG ratios represent the degree of graphitization
and the order of the samples. A higher ID1/IG value or a lower
ID3/IG value indicates a lower degree of carbon structure order.
The ID1/IG ratio of C-ZSBC-K is higher, while the ID3/IG ratio
is lower. This suggests that the addition of kaolin inhibits the
graphitization process of C-ZSBC-K and increases the degree
of char disorder. Moreover, the ID3/IG+D2+D3 value reveals the
content of amorphous carbon structure in coal char.41

Compared to C-ZSBC-K, the ID3/IG+D2+D3 value of C-ZSBC-
K is higher, indicating a greater presence of an amorphous
carbon structure. The ID3/ID1 ratio characterizes the ratio of
small-ring aromatic structures to dense-ring aromatic struc-
tures, and the ID3/ID1 ratio of C-ZSBC-K is relatively large. It
can be inferred that the addition of kaolin destroys the
microcrystalline or dense ring structure in C-ZSBC and
converts it into a structure with more defects and amorphous
carbon, characterized by small-ring aromatic structures.
Additionally, ID3/IAll indicates the number of reactive active
sites.42 The increase in the ID3/IAll ratio of C-ZSBC after
adding kaolin can be attributed to the intensification of
aromatic interlayer gap defects, which leads to an increase in
active sites and better gasification performance.43

The Raman analysis confirms that the addition of kaolin
weakens the promotion of pyrolysis on the graphitization
degree of char. This reduction in the graphitization degree has
a positive impact on increasing the amorphous carbon
structure and defects in the carbon crystal of char. These
findings further support the notion that adding kaolin increases
the degree of disorder of char, ultimately improving its
gasification activity.

3.4.4. SEM Analysis. Figure 7 displays the surface micro-
structures of C-ZSBC and C-ZSBC-K. Figure 7a shows the
surface of C-ZSBC. It appears smooth with a dense and regular
structure, and its pore structure is almost invisible. Figure 7b
illustrates the granular carbon structure on the C-ZSBC-K
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surface. It appears to be loose and exhibits a large number of
pores. Combined with the results of XRD and Raman, it can be
comprehensively concluded that after adding kaolin, the
initially disordered graphite structure in C-ZSBC becomes
even more disordered, thus increasing the number of defects in
microcrystals. This may explain the rich pore structure
observed in C-ZSBC-K. The presence of a rich pore structure
is conducive to the entry of the gasification agent into the coal
char particles, enabling its participation in the gasification
process. This ultimately results in a better gasification
performance.

3.4.5. XPS Analysis. Figure 8 shows the XPS spectra and
fitting peaks of C and O elements of C-ZSBC and C-ZSBC-K.
The surface carbon atom contents of C-ZSBC and C-ZSBC-K
are 86.24% and 86.46% respectively. C 1s of C-ZSBC and C-
ZSBC-K includes >C−C< (284.6 eV), >C−H (284.6 eV),
>C−O− (285.4 eV), >C�O (286.6 eV), and −COOH
(289.1 eV) structures.44 The structural contents of C−C/C−
H, >C−O−, >C�O, and −COOH in C-ZSBC are 65.84%,
19.11%, 11.27% and 3.78% respectively. The addition of kaolin
leads to a decrease in the content of the C−C/C−H structure
in C-ZSBC, indicating a reduction in its graphitization
degree.12 Compared with C-ZSBC-K, the content of >C−
O−, >C�O, −COOH structures in C-ZSBC-K has increased,
which is because C-ZSBC-K has a porous structure to adsorb
certain oxygen and water molecules, which oxidizes the carbon
layer skeleton and supplements the oxygen-containing
structure removed during pyrolysis. After adding kaolin, the
reduction of graphitization degree of C-ZSBC and the increase
of >C−O−, >C�O, and −COOH structures are conducive to
the gasification.21

The surface oxygen atom contents of C-ZSBC and C-ZSBC-
K are 10.5% and 11.22%, respectively. The O 1s spectra of C-
ZSBC and C-ZSBC-K include >C�O (530.7 eV), >C−O−
(532.5 eV) and COO− (534.0 eV) structures (Table 8).45 In
C-ZSBC, the contents of >C�O, >C−O−, and COO−
structures are 35.31%, 37.22%, and 27.47%, respectively. Upon
adding kaolin, there is an increase in the >C�O structure
within C-ZSBC, causing an increase in oxygen-containing
functional groups, which in turn improves the gasification
performance of the material.46 Additionally, oxygen-containing
functional groups enhance the anisotropy of char and increase
the proportion of amorphous and defective carbon structures.
Consequently, the char’s pore structure becomes more
abundant, leading to improved gasification performance.

4. CONCLUSION
This study investigated the effects of adding kaolin on ZSBC
and ZSBC-K. Analysis of the TG and DTG curves obtained
during sample pyrolysis, combustion, and gasification showed
that the addition of kaolin reduced the combustion and
pyrolysis reactivity of ZSBC. This reduction occurred due to
kaolin’s ability to adsorb the catalytic alkali metal present in
ZSBC, thereby decreasing its reaction activity. After the
addition of kaolin, the gasification activity of ZSBC showed a
significant improvement. The gasified samples of ZSBC and
ZSBC-K were subjected to characterization and analysis, with a
study conducted on the effect of kaolin addition on the
structure of coal char. The results indicated that the addition of
kaolin weakened the promotion of pyrolysis on the
graphitization degree of char. This weakening of the
graphitization degree had a positive impact on increasing the
amorphous carbon structure and defective carbon crystal in

char, thereby enhancing the disorder degree of char and
forming char pores. This, in turn, led to a further improvement
in gasification activity. In addition, the presence of oxygen-
containing structures and defect sites in coal char facilitated the
cracking and gasification of macromolecular polymer aromatic
structures.
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