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Abstract: Gasification technology enables the clean and efficient utilization of coal. However, the
process generates a significant amount of solid waste—coal gasification slag. This paper focuses
on the Jinhua furnace coal gasification slag (fine slag, FS; coarse slag, CS) as the research subject,
analyzing its composition and structural characteristics, and discussing the thermochemical con-
version performance of both under different atmospheres (N2 and air). The results show that the
fixed carbon content in FS is as high as 35.82%, while it is only 1% in CS. FS has a large number
of fluffy porous carbon on its surface, which wraps around or embeds into smooth and variously
sized spherical inorganic components, with a specific surface area as high as 353 m2/g, and the pore
structure is mainly mesoporous. Compared to the raw coal (TYC), the types of organic functional
groups in FS and CS are significantly reduced, and the graphitization degree of the carbon elements
in FS is higher. The ash in FS is mainly amorphous and glassy, while in CS, it mainly has crystalline
structures. The weight loss rates of TYC and FS under an inert atmosphere are 27.49% and 10.38%,
respectively; under an air atmosphere, the weight loss rates of TYC and FS are 81.69% and 44.40%,
respectively. Based on the analysis of the thermal stability of FS and its high specific surface area, this
paper suggests that FS can be used to prepare high-value-added products such as porous carbon or
high-temperature-resistant carbon materials through the method of carbon–ash separation.

Keywords: coal gasification slag; chemical composition; physical structure; thermochemical
transformation

1. Introduction

Coal serves as a fundamental energy source and an important industrial raw material
in China. Coal gasification technology enables the clean and efficient utilization of coal,
and has been widely applied in the coal chemical industry. Coal gasification technology
refers to the conversion of solid fuel into syngas during a gasification process, which is a
key technology in coal industries such as coal-to-hydrogen transfer, coal liquefaction and
methanol synthesis [1]. The technology of coal gasification to synthesize combustible gas
and coal-based chemicals has, to a certain extent, alleviated the problem of fossil energy
in China that is rich in coal, poor in oil and contains less gas, and effectively guaranteed
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the strategic security of Chinese energy [2,3]. However, a large amount of coal gasification
slag (including fine slag FS and coarse slag CS, fly ash and bottom slag) is produced during
coal gasification [4]. Until 2020, China has produced over 50 million tons of gasification
slag, with over 90% being stacked in the open or disposed of in landfills [5–7]. Gasification
slag contains a lot of water and ash; the water will penetrate the surface and pollute the
land and water source, and the ash will pollute the air along with dust. In addition, landfill
treatment is commonly used at present and occupies a large amount of land resources and
has serious impacts on the ecological environment [8,9].

Coal gasification slag is mainly composed of Al2O3, SiO2, CaO, Fe2O3, carbon residue
and other components, and can be utilized to produce building aggregates, cementing
materials, ceramics, wall materials and non-burning bricks among other building mate-
rials [1,10–12]. Additionally, the inorganic minerals obtained from coal gasification slag
can be enhanced to polymers to improve their mechanical, thermal, acoustic and flame-
retardant properties [13]. Fang et al. [6] used gasification slag to prepare cement, which
improved the hydration degree of a pure cement system. However, the carbon residue in
coal gasification slag can affect the stability of building materials, and the loss on ignition
of raw materials is strictly required when it is used to produce building materials [14]. The
national standard (GB/T1596-2017, China) stipulates that the loss on ignition of fly ash for
cement concrete should be less than 10%, and the standard (JC/T409-2016, China) stipulates
that the loss on ignition of fly ash for silicate building products is less than 8%. On the
other hand, the residual carbon after gasification has a high calorific value, large specific
surface area and abundant pore size, which can be used to prepare carbon materials such
as adsorbents, carriers and electrochemical transport media [14]. Xue et al. [15] used the
gravity separation method to separate the residual carbon from the crude coal gasification
slag and then used it as an adsorbent to adsorb trimethoprim and sulfamethoxazole, which
had a good effect and certain economic and environmental benefits. Therefore, carbon–ash
separation in gasification slag is an important aspect for achieving its high value-added
utilization and large-scale consumption [1,5]. Due to the characteristics of low density
and small particle size, coal gasification fine slag is often separated by flotation [16]. Xue
et al. [17] added naphthenic acid (flotation agent) to reduce the amount of collector. Shi
et al. [18] proposed the selective dispersion flocculation method and compared it with the
traditional flotation process, showing that it increased the combustible recovery rate of fine
slag by 10.4%. Therefore, before “carbon–ash separation”, it is necessary to understand the
structure and composition characteristics of coal gasification slag, as well as the existence
and form of the ash and carbon residues.

It is evident that the structural and compositional characteristics and reactivity of coal
gasification slag are significantly influenced by the type of gasifier, gasification conditions
and the type of coal. Hu Xiao-Bo et al. [19] from our research group analyzed the bottom
slag and fly ash from a fluidized bed gasifier using high-alkaline coal from the Zhundong
region. The results showed that the bottom slag had an ash content as high as 99%, while
the carbon content and combustion performance of the fly ash were superior to the raw
coal. After several years of research and verification by experts, fly ash was sold at USD
276 per ton (compared to USD 55 per ton for raw coal), and there was a high demand for it.
The benefits of selling fly ash could offset all the costs of raw materials in the gasification
process. Xu Xiaowei et al. [20] analyzed the coarse and fine slag from a Texaco gasifier
based on high-alkaline coal from the Zhundong region in Xinjiang. They found that the
weight loss rates during pyrolysis and combustion were higher for the coarse slag than for
the fine slag, and that the relative content of aliphatic and aromatic functional groups in
the coarse slag was higher.

The Jinhua furnace gasification process is characterized by its strong safety, high
energy efficiency, rapid system startup, good stability and strong adaptability to various
types of coal. This process, based on traditional coal–water slurry gasifiers, incorporates
a waste heat recovery boiler to recover heat generated during gasification. This study
focuses on the gasification residues (coarse and fine slag) from the Jinhua furnace process
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of a company in Xinjiang (using Zhundong coal as raw material), analyzing their physical
and chemical characteristics, including proximate analyses, ultimate analyses, surface
morphology (SEM), crystal phase structure (XRD), ash composition (XRF) and functional
group distribution (FT-IR). The relationship between the compositional and structural
characteristics of the Jinhua furnace coal gasification slag and its pyrolysis and combustion
reactivity is explored based on thermogravimetric behavior experiments (TG-DTG).

2. Materials and Methods
2.1. Materials

As shown in Figure 1, Jinhua furnace is mainly divided into gasification chamber
and a heat recovery chamber, and its gasification parameters are described in detail in
Table S1. In the process of coal gasification, raw coal (TYC), water and a limited quantity of
additives are ground in the rod mill to make coal slurry with a concentration of about 61%,
and the coal slurry enters the water wall gasifier through the process burner under the
action of a high-pressure coal slurry pump. Oxygen from the air separation system enters
the gasifier through the process burner, and reacts with the coal slurry in the gasification
combustion chamber to produce water gas. The combustion chamber is equipped with a
water-cooled wall type, and the heat recovery chamber is installed below the gasification
chamber, which can recover the heat from the by-product steam. The crude syngas and
molten slag generated in the combustion chamber are recovered by the radiation heat
recovery chamber in the lower part of the gasifier during the descent process, and the high
temperature and high-pressure steam are produced by the by-product. The cooled crude
syngas enters the washing and purification system through the syngas pipeline. The cooled
slag is periodically discharged into the slag tank through the slagging system to obtain
coarse slag (CS). Crude syngas passes through Venturi scrubber, scrubber and four-stage
flash successively to obtain clean syngas and black water (BW), and then the black water is
settled and filtered to obtain gray water and fine slag (FS). Samples of TYC, FS and CS were
taken and placed in a fume hood for drying under air atmosphere. After drying, samples
were ground through a 60-mesh screen for use.
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2.2. Analyses Methods
2.2.1. Proximate Analyses and Ultimate Analyses

According to GB/T212-91 (China), the moisture, ash and volatiles in the residue
samples were analyzed, and the fixed carbon content was calculated. The contents of C, H,
N and S elements were measured by the German Elementar UNICUBE element analyzer
(Langenselbold, Hesse, Germany) and CHNS mode, and the O content was calculated by
difference subtraction method.

2.2.2. Surface Properties Analyses

Scanning electron microscope–energy spectrometer (SEM-EDS, Sigma300, ZEISS, Jena,
Germany) was used to analyze the surface morphology and elemental composition of the
samples in different regions. Composition and chemical valence of the surface elements
were tested by X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientifi, Boston,
MA, USA). The binding energy of O element was calibrated with reference to the C1s
peak at 284.8 eV. The types and quantities of oxygen-containing and nitrogen-containing
functional groups could be determined by fitting the sub-peak C1s. The pore structure on
the surface of FS particles was analyzed by the automatic specific surface area and porosity
analyzer (BET, ASAP2460, Micromeritic, Norcross, GA, USA). The test conditions of the
analyzer are heating stage rate of 10 ◦C/min, degassing temperature of 90 ◦C, degassing
time of 12 h, holding temperature of 200 ◦C, pressure of 100 mmHg.

2.2.3. Composition and Structure Characteristics Analyses

Functional group and structure types were analyzed using infrared spectroscopy
(FTIR, Nicolet iS20, Thermo Scientific, Waltham, MA, USA). The composition of the ash
sample was analyzed by X-ray fluorescence spectrometer (XRF, ZSX Primus III, Rigaku,
The Woodlands, TX, USA). The crystal structure of the sample was characterized by X-ray
diffractometer (XRD, D8 Advance, Bruker, Madison, WI, USA), and the XRD pattern was
recorded by Cu Kα (15 mA, 40 kV, Kα = 0.15406 nm) radiation with a working range of
10–80◦ and step size 10◦·min−1. Jade 6.0 software was used to identify databases created
by Powder Diffraction Standards (JCPDS).

2.2.4. Thermal Conversion Analyses

Thermogravimetric analyzer (TG, STA200, HITACHI, Tokyo, Japan) was used to test
the pyrolysis and combustion characteristics of the samples from room temperature (25 ◦C)
to 1000 ◦C with high-purity nitrogen and air, and the heating rate was 10 ◦C/min.

3. Results and Discussion
3.1. Proximate Analyses and Ultimate Analyses

Table 1 presents the results of proximate analyses and ultimate analyses of TYC, FS
and CS. It is evident that the ash content in the three samples was high, especially the
ash content in the CS whish was as high as 98.07%, which is more suitable for inorganic
materials. After TYC gasification, the volatile content of FS and CS decreased sharply, and
the volatile content of CS was as low as 0.26%. It can be seen from the table that FS contains
35.82% fixed carbon and 59.34% ash, indicating that the important premise of its resource
utilization is carbon–ash separation.

Table 1. Proximate and ultimate analyses (wt.%).

Sample
Proximate Analysis (ad, %) Ultimate Analysis (daf, %)

H/C
M A VM FC C H N Odiff St.d

TYC 2.48 19.83 26.11 51.58 81.97 4.86 1.01 11.58 0.58 0.711
FS 0.85 59.34 3.99 35.82 98.09 1.22 0.62 0.02 0.05 0.148
CS 0 98.07 1.67 0.26 81.04 6.11 0 0.01 12.83 0.905

ad: air dry base; diff: by difference subtraction calculation; daf: dry ash free base.
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From the ultimate analysis, it is evident that the organic compounds TYC, FS and CS
are mainly composed of C, H and O elements, accounting for about 90%, and the C content
of FS is as high as 98.09% (daf), indicating that FS contains rich carbon components. At the
same time, FS H/C decreased from 0.711 to 0.148 after gasification, which was attributed
to the increase in the graphitization degree of the sample after gasification. In order to
further explore the composition characteristics and resource utilization path of fine slag,
the basic physical and chemical properties of FS, such as morphological characteristics,
element distribution, pore structure and crystal composition, were analyzed by comparing
it with raw coal, and the differences in thermochemical conversion performance between
raw coal and FS were compared.

3.2. Surface Properties Analysis
3.2.1. Surface Morphology and Element Distribution

The surface micromorphology of TYC and FS at different scales is shown in Figure 2a–f.
It can be seen that TYC is blocky or layered, with a flat, smooth surface and uniform texture,
whereas FS is mainly divided into two morphologic types: loose, porous, flocculent and
regular, smooth, spherical particles.
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Figure 2. Scanning electron microscope images of TYC (a–c) and FS (d–f).

EDS was used to measure the element content of TYC and FS in different regions, as
shown in Figure 3. As can be seen from the figure, there is little difference in the element
content of TYC in different regions, while there is a significant difference in the element
content of FS in flocculent and spherical particles, mainly in C, O and Si elements (35.76%,
45.1% and 18.89% in flocculent, and 4.93%, 59.13% and 35.79% in spherical particles,
respectively). It shows that the residual carbon in FS is mainly present in the form of a
flocculent, while the ash mainly presents in the form of regular smooth spherical particles.
As shown in Figure 2f, the flocculent carbon residue of FS is inlaid with smaller scale ash-
rich smooth spherical particles. The possible reason is that the critical viscosity temperature
(Tcv) of non-crystalline glass slag in fine slag is low [10], coupled with the fact that the
operating temperature of Jinhua furnace is 1600 ◦C. After the gasification of a coal water
slurry and gasifier at high temperature, a lot of heat is generated, resulting in local heating
of the surface of the carbon component and melting of the surrounding glass body. Under
the action of the gasification agent, the molten amorphous particles (vitreous) are divided
into spherical droplets of different sizes, which are cooled into spherical particles when
passing through the heat recovery chamber and adhere to the pores of the residual carbon.
At the same time, it could be seen that the amorphous vitreum (ash) and flocculent carbon
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residue exist in the form of a coating by embedding or attaching to the surface of the pore
of carbon residue or blocking the pores.
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3.2.2. TYC and FS Surface Element Characteristics

Figure 4 shows the full XPS spectra of TYC and FS. The surfaces of TYC and FS are
mainly composed of C, O, Si, Al and other elements, and the content of C element on the
surface of TYC is higher than that on the surface of FS, which is consistent with the results
obtained in Table 1. The amounts of Si, Al and other elements on the FS’ surface were
higher than those on the surface of TYC, which was caused by the adsorption of a large
number of ash particles on the FS’ surface. Figure 5 shows the C1s and O1s spectra of the
TYC and FS’ surfaces and their fitting curves. The distribution results of C and O elements
are listed in Table 2. It can be seen from the table that the C 1s of TYC and FS mainly consist
of >C-C< (284.4 eV) and >C-H (285.2 eV) structures. Among them, the gasification process
increases the >C-C< structure and decreases the >C-H structure, resulting in the H/C in
the elemental analysis in Table 1 dropping from 0.711 to 0.148. In addition, there was little
difference in the content of >C-O- (286.3 eV), >C=O (287.3 eV), -COO- (288.6 eV) and π-π*
(291.5 eV) between the two samples.

Table 2. Distribution of C and O forms in TYC and FS from analysis with XPS.

Elemental Peak Functionality Binding Energy (eV)
Molar Content (%)

FS TYC

C 1s >C-C< 284.4 64.14 49.73
>C-H 285.2 28.13 41.42
>C-O- 286.3 3.44 3.80
>C=O 287.3 1.98 2.40
-COO- 288.6 1.64 1.67
π–π* 291.5 0.67 0.97

O 1s >C=O 531.6 83.50 45.85
>C-OH 532.4 11.99 35.55
>C-O- 533.1 1.87 15.40

-COOH 534.1 2.64 3.20
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The surface O atomic contents of TYC and FS were 18.54% and 29.80%, respectively,
which could be divided into four types: >C=O (531.6 eV), >C-OH (532.4 eV), >C-O-
(533.1 eV) and -COOH (534.1 eV). It can be seen that the form of the O element in TYC
is relatively rich, which is due to the high content of organic matter in TYC. However,
after gasification, due to the rapid reduction in the FS’ volatile content, FS mainly presents
with a stable >C=O structure (83.50%). According to the forms of C and O distributed in
the XPS atlas, there are hydrophilic oxygen-containing functional groups (C-O-C, -OH)
and inorganic minerals on the surface of FS, which easily form hydrogen bonds with H2O
in the pulp and form hydration films on the surface of FS. FS can be considered for the
preparation of coal water slurry to realize resource utilization.

3.2.3. Analyses of Specific Surface Area and Pore Size of FS

Based on the loose porous characteristics of FS in Figure 2, the BET (Brunauer–Emmett–
Teller) model was used to calculate the specific surface area and pore volume of the
gasification slag. The t-plot model was used to calculate the specific surface area and
volume of micro-holes, and the results are shown in Table 3. It could be seen that the
specific surface area of FS is 353 m2/g, the mesoporous pore volume is 0.35 cm3/g, and the
average pore size is 3.95 nm, indicating that FS mainly presents in the form of mesopores.
According to the large specific surface area of FS, adsorbents and other carbon materials
can be made immediately or after the ash ahs been removed.

Table 3. Pore structure parameters of FS.

Sample SSABET (m2·g−1) TPVBJH (cm3·g−1) ADMBJH (nm)

FS 352 0.35 3.95

Figure 6a shows the N2 adsorption/desorption isotherm of gasification slag. The
figure reveals that the adsorption and desorption isotherm of the gasification slag in N2
is a reversible “S”-shaped line, indicating that the gasification slag contains a relatively
complete pore structure [21]. According to the classification of physical adsorption isotherm
proposed by the IUPAC, the adsorption curve belongs to type II. As P/P0 increases, N2
adsorption transitions from monolayer to multilayer adsorption. When P/P0 is greater than
0.4, the isotherm has a hysteresis ring, belonging to the H4 type, which is usually associated
with capillary condensation of mesoporous structure. At relatively low pressures, the
adsorption/desorption isotherms overlap, indicating the presence of many semi-open
micropores in the sample.
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Figure 6. Adsorption and desorption curves (a) and pore size distribution (b) of TYC and FS. Figure 6. Adsorption and desorption curves (a) and pore size distribution (b) of TYC and FS.



Sustainability 2024, 16, 5824 9 of 15

Figure 6b further confirms the pore size distribution of gasification slag calculated
by the BJH model, and the pore size is mainly concentrated at 3.77 nm. Concurrently, it
indicates that there is a relatively complete porous structure in the gasification slag, and
mesoporous pores are the main ones.

3.3. Composition and Structure Characteristics of Three Sample
3.3.1. FTIR

As shown in Figure 7, the absorption peaks of FS and CS were significantly lower
than those of TYC, which was caused by the decomposition or transformation of organic
components in large quantities during the gasification process of TYC. The vibration peak in
TYC at 3695 cm−1 was attributed to the stretching vibration peak of metal hydroxide O-H,
and the stretching vibration of crystal water at 3620 cm−1 was migrated to 3430 cm−1 after
gasification, indicating that part of the -OH structure of TYC was decomposed into small
molecules such as water molecules by heat [22]. An antisymmetric stretching vibration
in the long chain alkyl at 2918 cm−1 and symmetric stretching vibration at 2850 cm−1

of TYC indicated that a long-chain alkyl existed in TYC and was arranged in an orderly
manner, while no absorption peak was found in FS and CS in this band, indicating that
most of -CH2- have broken down during gasification, forming small molecules such as CO2
and H2 [21,23]. The symmetrical stretching vibrations in the aromatic C=C at 1590 cm−1

and ortho-substituted aromatic hydrocarbon (3H) at 798 cm−1 indicate the presence of
aromatic compounds in TYC [20,22]. The absorption peak of about 1000 cm−1 is attributed
to the amorphous crystal, corresponding to the asymmetric Si-O-Si and Si-O-(Al) stretching
vibration, which is a typical amorphous silicalumate structure [24].
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The vibration peak in FS at 3430 cm−1 is attributed to the stretching vibration of crystal
water, indicating that there is crystal water in silicate and other clay minerals [21,22]. The
banding in the range 950–1050 cm−1 is caused by the asymmetric tensile vibrations of
the tetrahedron TO4 (T for Si or Al) in Si-O-T in the geopolymer structure [24,25]. The
absorption peaks of FS at 1022 cm−1 and CS at 1055 cm−1 are caused by the asymmet-
ric vibrations of Si-O-Si and Si-O-Al in silica-aluminite minerals. The absorption peak
at 789 cm−1 belongs to the characteristic peak of quartz [18]. The absorption peak of
400–500 cm−1 is caused by the flexural vibration of Si-O-Si or O-Si-O bonds, and there
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are obvious absorption peaks in FS and CS, which is consistent with the high content
of Al and Si in FS and CS and the rich crystals formed by them [24]. In summary, TYC
contains aliphatic hydrocarbons, aromatic compounds, and a small number of inorganic
components, whereas FS and CS are primarily composed of ash with a tetrahedral TO4
framework (where T represents Si or Al). This is due to the fact that, during the coal
gasification process, the organic components of TYC are decomposed into small molecular
compounds and subsequently converted into synthesis gas. The ash undergoes a series of
reactions internally at high temperatures, resulting in the formation of CS and FS.

3.3.2. Phase Analyses

The XRD patterns in Figure 8 show that the XRD patterns of TYC and FS are ba-
sically similar, with obvious SiO2 peaks at 2θ = 20–30◦ and weak diffraction peaks of
CaAl2Si2O84H2O at 2θ = 20.84◦, 27.87◦ and 54.88◦. In addition, CS has a wide variety
of other crystal structures. It mainly includes SiO2 (quartz), CaAl2Si2O84H2O (anor-
thite), K2SO4 (potassium sulfate), Ca1.5SiO3.5H2O (calcium silicate), Ca2Al2SiO6(OH)2
(kamaishilite), K2Ca2(SO4)3 (calcium potassium sulfate), Ca6Si6O17(OH)2 (xonotlite), etc.
In the process of TYC gasification, the amorphous glass slag in the ash easily forms a
crystalline slag at high temperatures, which is discharged from the bottom of the furnace to
form a coarse slag. The uncrystallized ash is carried out from the crude syngas and then
goes through washing, flash evaporation, sedimentation and filtration to form FS.
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Table 4 shows the ash composition analyses of TYC, FS and CS. The main components
are SiO2, Al2O3, Fe2O3 and CaO, etc. CS and decarbonized FS can be used to make cement
and iron-based catalysts [1]. The ash composition of the three samples primarily consists
of acidic oxides (SiO2 and SO3), alkaline oxides (Fe2O3, CaO, K2O, MgO, TiO2 and Na2O)
and amphoteric oxides (Al2O3).The amount of basic oxides and amphoteric oxides in FS is
greater than CS, and the amount of acid oxides is less than in CS. Notably, the proportion
of SiO2 + Al2O3 in CS is close to 70%, and has a high Si/Al ratio, which can be considered
for the preparation of porous materials such as molecular sieve.



Sustainability 2024, 16, 5824 11 of 15

Table 4. Ash composition (wt.%).

Sample SiO2 Al2O3 Fe2O3 CaO SO3 K2O MgO TiO2 Na2O Other SiO2 + Al2O3

TYC 41.95 17.49 15.83 11.13 4.60 3.52 1.84 1.60 0.89 1.15 59.44
FS 43.04 21.29 14.10 9.63 1.21 3.03 2.81 1.29 2.25 1.35 64.33
CS 50.56 18.91 12.90 8.28 0.27 3.09 2.51 0.89 1.67 0.92 69.47

The content of basic oxides (especially trace oxides such as K2O, Na2O and TiO2) and
residual carbon can destroy the high-temperature network structure of the main crystalline
components in coal gasification slag [10]. The sum of the contents of K2O, Na2O and
TiO2 in FS are greater than in CS (FS: 6.57%, CS: 5.65%) when combined with the fixed
carbon content of FS in Table 1. It is inferred that CS is easier to crystallize when FS
and CS pass through the heat recovery chamber after gasification. Acidic oxides, such as
SiO2, act as network formers, consisting of [SiO4]4− tetrahedrons and bridging oxygen
bonds to form a three-dimensional interconnect network. Amphoteric oxide (Al2O3) acts
as modifier or network formation according to the basicity of the slag. However, when
one component changes, the impact of others is inevitable. TYC and FS in Figure 8 mainly
consist of SiO2 and CaAl2Si2O84H2O crystals, and the peak strength of TYC is greater
than that of FS, indicating that the ash in TYC is divided into recombination components
and light components due to changes in density and fluidization during gasification. The
light component contains more K2O, Na2O, TiO2 and other trace basic oxides, while the
recombination component contains more SiO2, etc., which easily form [SiO4]4− tetrahedron
and make it easier to produce crystallization.

3.4. Thermal Conversion Performance of FS and TYC
3.4.1. Thermogravimetric Behavior in Inert Atmosphere

Figure 9 shows the TG and DTG curves of TYC and FS pyrolysis. As depicted in
Figure 9a, the weight loss rates of TYC and FS were 27.49% and 10.38%, respectively,
and the difference in weight loss rates was mainly attributed to the difference in volatile
fractions. TYC reaches its peak weight loss rate at about 470 ◦C, while FS’s weight loss
rate is relatively gentle, and obvious weight loss occurs when it reaches 900 ◦C. According
to Figure 9b, TYC has three obvious weight loss rate peaks, and the first peak appears at
about 78 ◦C, which is caused by the escape of water in physical adsorption and other small
molecules in TYC. The weight loss rate peak at around 470 ◦C is due to the breakdown
of macromolecular network structure in coal and the breakdown of C-C bond on fat
chain [26,27]. The weight loss peak after 600 ◦C is due to the condensation dehydrogenation
reaction of aromatic structure and hydrogenated aromatic structure or the decomposition
reaction of heterocyclic compounds [28]. For example, the weight loss rate peak of TYC at
714 ◦C is due to the generation of small molecules such as CO, H2 and CH4. FS has two
peaks of 658 ◦C and 823 ◦C before 900 ◦C, but the peaks are weak. It is worth noting that
after 900 ◦C, FS has an obvious peak. On the one hand, because the fine slag is mainly
composed of amorphous glass, and the critical viscosity temperature (TCV) of amorphous
glass is low, the glass slag begins to decompose after 900 ◦C [10]. On the other hand,
because there are more carbonates in the ash, the decomposition occurs after 900 ◦C to
produce CO2.
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3.4.2. Thermogravimetric Behavior in Oxygen Atmosphere

Figure 10 shows the combustion TG and DTG curves of TYC and FS. In order to further
compare the differences in combustion performance of the samples, the comprehensive
combustion index S of the two samples was calculated according to the TG and DTG
distributions, and the results were shown in Table 5. The comprehensive combustion index
S reflects the comprehensive characteristics such as ignition temperature (Ti) and burnout
temperature (Tf) of the two samples, and is determined using the following equation:

S = (DTGmDTGa)/Ti
2Tf
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Table 5. Combustion characteristic parameters of TYC and FS.

Sample Ti (◦C) Tf (◦C) Tmax (◦C) DTGmax
(%/min)

DTGmean
(%/min) S

TYC 402 645 492 −7.10 −1.69 1.15 × 10−7

FS 586 707 651 −7.22 −0.93 3.01 × 10−8

As can be seen from Figure 10a, the weight loss rates of TYC and FS were 81.69% and
44.40%, respectively, and can be attributed to the loss of water, volatiles and combustion of
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fixed carbon. According to Figure 10b, TYC appeared a small peak at about 70 ◦C, mainly
because the TYC contained a certain number of small molecules which escaped at this
stage. The TYC displayed an obvious acromion in the main combustion stage (402–645 ◦C),
indicating that the combustion mode of TYC was homogeneous to heterogeneous ignition,
whereas FS lacked such an acromion in its main combustion stage, indicating that the
combustion mode was homogeneous combustion [19]. It is worth noting that TYC showed
a slight upward trend between 130 and 320 ◦C, which was similar to the Zhundong
subbituminous coal reported by Xu Xiaowei et al. [20] and Hu Xiaobo et al. [19]. In this
stage, >C-OH and -CHO in the coal may be oxidized into groups such as -COOH.

The comprehensive combustion index is presented in Table 5. The ignition temperature
(Ti) of TYC is 402 ◦C, and the burnout temperature (Tf) is 645 ◦C, while the ignition
temperature and burnout temperature of FS are higher than those of TYC, which may
be due to its characteristics of high ash content, low volatile content and high degree of
graphitization. The maximum weight loss rate peak temperature (Tmax) of FS was 651 ◦C,
significantly exceeding that of TYC. The maximum weight loss rate (DTGmax) of TYC is
comparable to that of FS, while the average weight loss rate (DTGmean) of TYC was about
twice that of FS, and the comprehensive combustion index (S) was about 4 times that of
FS. Clearly, the combustion performance of FS is worse than that of TYC, but the thermal
stability of FS in air is better. The literature shows that the common ignition temperature
of activated carbon is 530 ◦C, while that of FS is as high as 586 ◦C, indicating that the
number of oxygen-containing functional groups in the FS with oxidation edge decreases
after gasification [29]. In view of the large specific surface area and good thermal stability
in the air, FS can be used to prepare high temperature resistant carbon materials.

4. Conclusions

In this paper, the composition and structure of the coal gasification slag from the
Jinhua Furnace were analyzed in detail, and the thermal conversion properties of the
two under inert and oxidizing atmospheres were investigated. After raw coal (TYC) is
gasified in the Jinhua furnace, the coarse slag (CS) is mainly composed of ash, and the fine
slag (FS) is mainly composed of ash and fixed carbon. Among them, the FS has a mainly
flocculent porous structure, encapsulated by or embedded with regular spherical inorganic
components of different sizes, with high specific surface areas (353 m2/g) and pore volumes
(0.35 cm3/g), and the pore size distribution is mainly mesoporous. In addition, the degree
of carbon graphitization in FS is higher. In terms of inorganic components, FS is mainly
composed of amorphous glass slag, while the ash in CS is mainly crystal slag which has
a wide variety of presentations. By comparing the ignition temperature (Ti), burnout
temperature (Tf), comprehensive combustion index (S), and CO2 gasification performance
as shown in Figure S1 of TYC and FS, it was found that the thermal stability of FS was
better than that of TYC. Combined with its large specific surface area, FS could be used to
prepare high-temperature-resistant carbon materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
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