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A B S T R A C T

In this study, partial gasification experiments of Shaerhu coal (SC) were conducted under varying temperatures 
and RM addition ratios, combined with DFT calculations and characterization techniques, to investigate their 
effects on the properties of products. The results showed that elevated temperatures promoted CO and H2 
generation, whereas RM primarily enhanced H2 production. Consequently, CGC yields increased by 416.49 mL/g 
and 47.93 mL/g under temperature rise and RM addition, respectively. Temperature elevation facilitated char 
graphitization and lateral growth, with oxygen-containing groups initially decreasing and then increasing. RM 
addition caused an initial increase in oxygenated groups due to enhanced surface reactivity, followed by their 
consumption and later regeneration. DFT calculations revealed that α-Fe2O3, the active component in RM, 
formed Fe-O-C coordination bonds with SC and acted as a bridge to adsorb O2, reducing the adsorption energy 
from − 0.32 eV to − 0.54 eV and lowering the activation energy. This promoted the cleavage of aromatic 
structures and regeneration of oxygen-containing groups, explaining their N-shaped variation with RM. The pore 
structure of char showed a rise-then-fall trend with both temperature and RM, while reactivity declined with 
temperature but also exhibited an N-type trend with RM, indicating reactivity was primarily governed by 
chemical structure rather than physical porosity.

1. Introduction

In 2023, global carbon emissions from the utilization of coal and 
other energy sources exceeded 35 billion tons of carbon dioxide equiv
alent [1]. Lignite, accounting for approximately 45 % of the world’s coal 
reserves [2], is one of the most abundant coal resources worldwide [3]. 
Due to its high volatile content and strong gasification reactivity, lignite 
is considered an ideal feedstock for gasification processes [4]. However, 
lignite gasification is often associated with substantial CO2 emissions. 
Addressing this challenge requires the development of efficient and 
clean lignite gasification technologies to mitigate CO2 pollution, which 
has significant implications for the coal industry and global energy 
transitions [3].

The reaction temperature of conventional coal gasification typically 
ranges from 1000 ◦C to 1700 ◦C [5], leading to high energy consumption 

and significant CO2 emissions. Partial coal gasification [6,7] which 
utilizes an oxidant to partially combust coal, can generate heat to sup
port the gasification process itself. This approach eliminates the need for 
high-purity gasification agents or continuous external heat sources, 
avoids excessively high carbon conversion rates, and significantly re
duces both energy consumption and CO2 emissions [8]. Catalytic gasi
fication technology significantly enhances the gasification reaction rate 
while reducing the reaction temperature [9,10], thus contributing to 
lower operational costs and improving industrial feasibility. Integrating 
this approach with partial gasification offers an efficient pathway for the 
utilization of lignite resources.

In catalyst selection, alkali metals, alkaline earth metals, and tran
sition metals are among the most commonly used catalyst types [11,12]. 
Demirbas et al. [14] utilized Na2CO3 and K2CO3 as catalysts for 
hydrogen production from olive tree bark and waste tea leaves, finding 
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that alkali metal salts effectively lowered the activation energy of 
macromolecular pyrolysis and promoted carbon chain cleavage. Further 
studies [13] revealed that metals such as Na and K exhibit synergistic 
effects in enhancing coal char pyrolysis and promoting carbon conver
sion. Lin et al. [12] found that calcium acetate could reduce the initial 
reaction temperature of lignite char CO2 gasification. Their detailed 
investigation indicated that organically bound Ca2+ altered the elec
tronic distribution of aromatic macromolecules in coal char, facilitating 
C-C bond cleavage. Feng et al. [14] demonstrated that Fe2O3 and other 
Fe-based additives, similar to alkali metal catalysts, exhibit catalytic 
effects on tar during pyrolysis. Min et al. [15] employed ilmenite as a 
catalyst for the steam reforming of volatiles (tar) during biomass py
rolysis, attributing its catalytic property to the highly dispersed 
iron-containing species that effectively convert tar into gases. Yu et al. 
[16] observed that Fe2O3 outperforms KCl and CaO in reducing the 
activation energy required for the pyrolysis of Huangling coal. Shi et al. 
[17] reported that the additive modified by Fe2O3 surpassed those 
modified with MoSi2 in catalytic performance. While alkali metal cata
lysts often demonstrated superior catalytic efficiency compared to 
Fe-based transition metal catalysts [18], they were prone to volatiliza
tion, sintering, and deactivation during high-temperature gasification 
[19,20]. Transition metal catalysts also faced challenges such as carbon 
deposition [5] at elevated temperatures. Meanwhile, given the practical 
constraints of cost-effectiveness, industrial applications require more 
sustainable and economically viable catalysts to optimize gasification 
performance. Composite or modified catalysts could combine the ad
vantages of various types but were relatively costly. Consequently, 
natural mineral catalysts and certain industrial wastes have become 
preferred options for coal gasification due to their low cost, availability, 
and catalytic efficiency [21]. Bayer-process red mud (RM), a solid waste 
generated during aluminum production, was a promising candidate as a 
catalyst [22]. With global RM reserves exceeding 2.7 billion tons [23], 
its disposal posed significant environmental challenges. RM primarily 
comprised catalytically active components such as Fe2O3, Al2O3, Na2O, 
and CaO [24]. Studies suggested that the catalytic activity of RM was 
mainly attributed to Fe2O3, with its unique solid-solution structure 
providing abundant active lattice oxygen sites [25]. Compared to single 
Fe-based catalysts, RM exhibited superior resistance to carbon deposi
tion, better catalytic performance, and lower cost. Li et al. [23] reported 
that RM functioned as a fluxing agent to reduce coal ash melting tem
peratures. Wang et al. [21] highlighted the strong regulatory effect of 
RM on tar composition. Li and Chang et al. [26] showed that RM could 
increase carbon conversion in char gasification, thereby improving 
gasification efficiency. Lee et al. [27] investigated the desulfurization 
performance of Fe2O3 in RM using a combination of DFT calculations 
and experiments. Their findings indicated that Fe2O3 facilitated COS 
removal while generating value-added CO. Similarly, Huang et al. [28] 
employed DFT calculations to study the adsorption of benzene rings on 
hematite, a common RM component, and elucidated the most probable 
adsorption configurations and C–C bond cleavage pathways. Overall, 
RM represents a viable alternative to Fe2O3 and other single Fe-based 
catalysts for coal gasification, offering economic and environmental 
advantages. This shift toward waste-derived catalysts not only improves 
the cost-effectiveness of coal gasification but also promotes the circular 
economy and industrial waste valorization.

Previous research has demonstrated that RM can lower reaction 
temperatures, accelerate reaction rates, and alter product distributions. 
However, most studies have focused on CO2 and steam gasification or 
pyrolysis, with an emphasis on the catalytic effects of RM on syngas and 
tar characteristics. Research on the partial gasification of lignite in an air 
atmosphere is limited, especially concerning the impact of RM on the 
properties of partially gasified char. Additionally, the catalytic pathways 

through which RM influences char structure during gasification remain 
largely unexplored. This study aims to address these gaps by investi
gating the effects of temperature and RM additives on the characteristics 
of syngas and char during lignite partial gasification. Experiments were 
conducted in a self-designed fluidized bed reactor using air as the 
gasifying agent under low-temperature conditions. To elucidate the 
mechanisms by which temperature and RM influence lignite partial 
gasification, characterization techniques including XRD, Raman spec
troscopy, XPS, and FTIR were employed, complemented by DFT calcu
lations. The findings of this study provide theoretical guidance into the 
efficient and clean utilization of lignite and RM, contributing to cost and 
energy input reduction while enabling the valorization of RM waste for 
environmental protection.

2. Materials and methods

2.1. Materials

The coal sample used in this study was Sharhu coal (SC) from Xin
jiang, China, a lignite with high volatile content. After crushing and 
sieving, coal particles with a size range of 0.9–2 mm were selected as the 
experimental material. Before the experiments, the coal samples were 
dried in an oven at 105 ◦C for 6 h to remove moisture. Proximate and 
ultimate analyses of the coal samples were performed based on stan
dards GB/T 212–2008 and GB/T 476–2015, respectively, with the re
sults presented in Table 1.

The red mud (RM) used in the experiments was obtained from an 
aluminum production facility. The RM was dried in an oven at 105 ◦C for 
6 h to remove moisture, followed by sieving to achieve a particle size 
range of 0.1–0.2 mm to facilitate separation. The chemical composition 
of the RM was analyzed using X-ray fluorescence (XRF, Bruker S8 Tiger, 
Germany) spectroscopy with a Rh-target X-ray tube (50 kV, 40 mA). The 
main components of RM include Fe2O3、Al2O3、SiO2、TiO2 and Na2O, 
with their specific contents detailed in Table 2.

2.2. Experimental method

2.2.1. Experimental system and process
The experiments in this study were conducted using a self-designed 

bubbling fluidized bed reactor, as illustrated in Fig. 1. The experi
mental system consists of three main components: a gas system, a re
action system, and a collection and analysis system. The fluidized bed 
reactor tube is heated using electric heating wires and silicon carbide 
rods, capable of reaching a maximum temperature of 950 ◦C, and is 
insulated with refractory bricks. A preheating section is installed before 
the fluidized bed to heat the carrier gas to a desired temperature before 
entering the reactor.

Before conducting the partial gasification experiments, the system 
was tested for airtightness using a soap solution to ensure a sealed setup. 
The fluidized bed was preheated to 650 ◦C using a computer-controlled 
heating program. Each experiment used 30 g of coal, with a feed coal 
flow rate of 0.289 kg/h. Based on prior research [29], an air equivalence 
ratio (ER) of 0.1 was found to yield optimal production, so the air flow 
rate was set to 3.18 L/min to maintain this ER according to Eq. (1). The 
flow rate of N2 mixed in was 1.22 L/min, making the total gas flow rate 
4.4 L/min to ensure that the bed material could reach a fluidized state 
and was not blown out. To investigate the effects of temperature and RM 
addition ratio on product characteristics, various preheating tempera
tures and RM addition ratio were tested, as shown in Table 3. Each re
action lasted approximately 8 min. A Fourier-transform infrared gas 
analyzer (GASMET DX4000, Finland) was used to monitor syngas 
composition, including CO2 and CO. Once the reaction stabilized, gas 
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products were collected for 2 min. The char and RM residues were 
cooled and collected through the hopper. After separation based on 
particle size, the samples were subjected to characterization tests. Each 
experiment was repeated three times to minimize experimental error.   

where ER represents the air equivalence ratio which is defined as the 
ratio of the air supplied under experimental conditions to the air 
required under stoichiometric conditions; Vcoal (g /min) represents the 
coal feeding rate; Vair (L/min) represents the air supply rate.

2.2.2. Calculation of gasification index

(1) The yield of partial gasification product

The yields of char, liquid and syngas were calculated according to 
Eqs. (2)–(4): 

Ychar =
mchar

mcoal
⋅100% (2) 

Yliquid =
mliquid

mcoal
⋅100% =

m2 − m1

mcoal
⋅100% (3) 

Ygas =
(
1 − Yliquid − Ychar

)
⋅100% (4) 

where Ychar, Yliquid, Ygas (%) represent the yields of char, liquid products 
and syngas generated by coal partial gasification, respectively; mchar, 
mliquid, mcoal (g) represent the mass of char, liquid products and coal, 
respectively; m2 and m1 (g) represent the mass of the tar condensation 
unit after and before the reaction. 

(2) Syngas lower heating value and gasification efficiency

The lower heating value of syngas (LHVgas) was calculated according 
to Eq. (5): 

LHVgas =
∑

ViLHVi (5) 

where LHVgas (MJ/Nm3) represents the lower heating value of syngas; Vi 
(%) represents the volume fraction of various combustible gases in 
syngas; LHVi represents the lower heating value of various combustible 
gases, as shown in Table 4.

The gasification efficiency is defined as the ratio of the chemical 
energy of the syngas produced by the gasification reaction to the 
chemical energy of the raw coal, calculated according to Eq. (6): 

Table 1 
Proximate, ultimate and calorific value analysis of coal.

Sample Proximate analysis (ad, wt%) Ultimate analysis (ad, wt%) LHV (MJ/kg)

M A V FC C H N St Odiff

SC 5.04 5.66 43.60 45.70 66.27 5.12 1.01 0.35 16.55 28.33

Note: (1) M: Moisture, A: Ash, V: Volatile, FC: Fixed carbon; (2) ad: Air dry basis, t: Total, diff: By difference.

Table 2 
XRF analysis data of RM.

Chemical components Fe2O3 Al2O3 SiO2 Na2O TiO2 CaO

Content (%) 35.73 24.7 18.33 14.09 4.93 2.22

Fig. 1. Schematic diagram of fluidized bed reactor system.

ER =
(mair/mcoal)exp

(mair/mcoal)stoic
=

Vair

Vcoal⋅
[

0.0889⋅(Cad + 0.375Sad) + 0.265⋅
(

Had −
Oad

8

)]
(1) 
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η =
Vgas⋅LHVgas

Mcoal⋅LHVcoal
⋅100% (6) 

where η (%) represents the gasification efficiency; LHVcoal (MJ/kg) 
represents the lower heating value of the raw coal. 

(3) Syngas flow rate and syngas conversion rate

The flow rate of syngas can be calculated based on the volume 
content of nitrogen in the syngas, as shown in Eq. (7): 

Vgas =
100⋅VN2

XN2
(7) 

where Vgas (L/min) represents the flow rate of the syngas; VN2 (L/min) 
represents the flow rate of nitrogen in the input gas; XN2 (%) represents 
the volume fraction of nitrogen in the syngas.

Once the reaction stabilized, gas products were collected for 2 min. 
The syngas conversion rate during the partial gasification process is 
defined as the ratio of the carbon content in the syngas to the carbon 
content in the coal, as shown in Eq. (8): 

αC =
Vgas⋅Cgas

Vcoal⋅Cad
⋅100 =

Vgas
∑ Xn

22.4
⋅12

Vcoal⋅Cad
⋅100% (8) 

where αC (%) represents the syngas conversion rate; Vgas (L/min) rep
resents the flow rate of gasified syngas; Xn (%) represents the volume 
fraction of 1 times CO, CO2, CH4, 2 times C2H4 and C2H6, and 3 times 
C3H6 and C3H8 in the syngas; Vcoal (g/min) represents the coal feeding 
rate; Cad (%) represents the carbon content of the coal; Cgas (%) repre
sents to the carbon content of the syngas.

2.3. Product and catalysts characterization

The main components of the syngas (CO, CO2, CH4, H2 and C1-C3 
alkanes) were quantified using a gas chromatograph (GC, Agilent 8860, 
USA). The organic functional groups of the char were characterized 
using Fourier-transform infrared spectroscopy (FTIR, Thermo Scientific 
Nicolet iS20, USA) with potassium bromide (KBr) pellet preparation in 
the 400-4000 cm− 1 wavenumber range. The results were further verified 
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, 
USA) using monochromatic Al Kα radiation (hv = 1486.6 eV). Raman 
spectroscopy (Raman, Horiba LabRAM HR Evolution, Japan) was used 
to analyze the internal crystallinity and order of the char in the 800- 
1800 cm− 1 spectral range. X-ray diffraction (XRD, Rigaku SmartLab SE, 

Japan) was performed using Ni-filtered Cu Kα radiation, with a 2θ range 
of 10◦–80◦ and a scan rate of 2◦/min, to further characterize the crys
tallinity of the char. The pore characteristics of the char were deter
mined using the N2 adsorption method on a fully automatic surface area 
and porosity analyzer (Micromeritics ASAP 2460, USA), with a degass
ing temperature of 300 ◦C and a degassing time of 7 h. The combustion 
reactivity of the char was tested using a simultaneous thermal analyzer 
(Mettler TGA/DSC 3+, Switzerland).

2.4. Simulation method

We have employed the Vienna Ab Initio Package (VASP) [30,31] to 
perform all the spin-polarized density functional theory (DFT) calcula
tions within the generalized gradient approximation (GGA) in the PBE 
[32] formulation. We have chosen the projected augmented wave 
(PAW) potentials [33,34]to describe the ionic cores and take valence 
electrons into account using a plane wave basis set with a kinetic energy 
cutoff of 500 eV. Partial occupancies of the Kohn− Sham orbitals were 
allowed using the Methfessel-Paxton smearing method and a width of 
0.05 eV. The electronic energy was considered self-consistent when the 
energy change was smaller than 10-5 eV. A geometry optimization was 
considered convergent when the residual forces were smaller than 0.03 
eV/Å. Finally, the adsorption energies (Eads) were calculated as Eq. (9): 

Eads = Etotal − Esub1 − Esub2 (9) 

where Etotal is the total energies of the binding structure, kJ/mol; Esub1 
and Esub2 are the two independent parts within the composite structure, 
kJ/mol. The Gibbs free energy of a gas phase molecule or an adsorbate 
on the surface was calculated by Eq. (10)

G = E + ZPE − TS (10) 

where E (kJ/mol) is the total energy; ZPE (kJ/mol) is the zero-point 
energy; T is the temperature in kelvin, 298.15 K; S (kJ/(mol⋅K)) is the 
entropy; Finally, transition states for elementary reaction steps were 
determined by a combination of the nudged elastic band (NEB) method 
and the dimer method. In the NEB method, the path between the reac
tant and product is discretized into a series of structural images. The 
image that is closest to a likely transition state structure was then 
employed as an initial guess structure for the dimer method.

3. Results and discussion

3.1. Effects of temperature and RM additives on gasification performance

3.1.1. Product distribution and gasification index
Fig. 2 illustrates the product distribution and gasification indexes of 

SC under various experimental conditions. Fig. 2(a) shows that, at a 
constant ER, temperature significantly influences the product distribu
tion during partial gasification. As the temperature increases, further 
gasification and macromolecular cracking are promoted, increasing 
syngas yield from 16.45 % to 30.46 %, with the yield of char and liquid 
products decreasing from 70.2 % to 60.2 % and from 13.35 % to 9.33 %, 
respectively. This phenomenon can be attributed to intensified heat and 
mass transfer at higher temperatures, which accelerates both the 
cracking process and the release of volatile components, as well as the 
participation of more fixed carbon in the gasification reactions. Addi
tionally, as shown in reactions R1-R7 [12,35], elevated temperatures 
enhance the Boudouard reaction, water-gas shift reaction (WGSR), 
complete and incomplete combustion of carbon, leading to greater gas 
production. The increased reaction rates intensify the gasification pro
cess and promote a more severe secondary reaction of the macromo
lecular structures in the char, leading to higher gas production [36]. 

C + CO2→2CO,Endothermic R1 

Table 3 
Experimental parameter settings.

Case Sample Preheating temperature (◦C) RM addition ratio (%)

1 SC 600 0
2 SC 650 0
3 SC 700 0
4 SC 750 0
5 SC 800 0
6 SC + RM 700 5
7 SC + RM 700 10
8 SC + RM 700 15
9 SC + RM 700 20
10 SC + RM 700 25
11 SC + RM 700 30

Table 4 
The lower heating value of commonly used combustible gases.

Gas H2 CO CH4 C2H4 C2H6 C3H6 C3H8

LHV (MJ/Nm3) 10.79 12.64 35.88 59.44 64.35 87.61 93.18
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CO + H2O→H2 + CO2, Exothermic R2 

C + 0.5O2→CO,Exothermic R3 

C + O2→CO2,Exothermic R4 

C + 2H2→CH4, Exothermic R5 

CH4 + 2H2O→CO2 + 4H2,Endothermic R6 

CH4 + CO2→2CO + 2H2, Endothermic R7 

Fig. 2(b) illustrates that, at a constant gasification temperature, the 
addition of RM increases syngas yield and decreases char and liquid 
product yields. As the RM addition ratio rises from 5 % to 30 %, its 
catalytic effect becomes more pronounced, reducing char yield by 1.6 
%–7.4 % and increasing syngas yield by 0.51 %–5.07 %. These findings 
are consistent with those of Wang et al. [21]. On one hand, the presence 
of solid additives affects heat and mass transfer during gasification [37,
38], potentially altering the migration paths of radicals in the process. 
On the other hand, RM serves as a catalyst that accelerates the gasifi
cation reaction and increases the reaction rate. As noted by Zhou et al. 
[25], the primary catalytic component in RM is Fe2O3, which partici
pates in a series of reactions with the carbon in coal, as shown in re
actions R8-R11. The presence of RM facilitates greater carbon 
participation in these reactions, leading to a reduction in char yield and 
an increase in syngas production. Moreover, the unique structure of RM 
provides additional active sites [5], further promoting the reaction. This 
not only enhances coal conversion but may also result in the secondary 
cracking of tar, thereby decreasing the liquid product yield. 

3Fe2O3(s) + C(s)→2Fe3O4(s) + CO(g) R8 

Fe3O4(s) + C(s)→3FeO(s) + CO(g) R9 

FeO(s) + C(s)→Fe(s) + CO(g) R10 

Fe2O3(s) + 3C(s)→2Fe(s) + 3CO(g) R11 

The results in Fig. 2(c) and (d) demonstrate that gasification effi
ciency (η), lower heating value of syngas (LHVgas), and gas conversion 
rate (αC) exhibit high sensitivity to temperature increase. As the tem
perature rises, η, LHVgas, and αC increases continuously, with improve
ments of 14.90 %, 3.74 MJ/Nm3, and 14.02 %, respectively. This can be 
attributed to the enhanced release of volatile matter in coal and the 
intensification of gas-solid and gas-gas reactions (R1-R7) which raise 
the combustible gas components (CGC) such as H2, CO, and CH4 in the 
syngas. Although RM also contributes to improvements in gasification 
indexes, its effect is relatively less significant, with LHVgas reaching 4.36 
MJ/Nm3 at an RM addition ratio of 25 %. This is likely because key 
reactions in coal gasification, such as the Boudouard reaction, typically 
require elevated temperatures to proceed effectively. Both temperature 
and RM addition increase syngas flow, with the maximum flow reaching 
4.78 L/min at higher temperatures and 4.71 L/min at 30 % RM addition. 
These results suggest that RM has a limited catalytic effect on gasifica
tion efficiency compared to the temperature increase.

3.1.2. Gas composition
Fig. 3 shows the gas composition under different experimental con

ditions, which primarily consists of CO, CO2, H2, and C1-C3 alkanes. 
During coal thermal reactions, these non-condensable light gases are 

Fig. 2. Product distribution and gasification indexes at different temperatures (a, c) and RM addition ratios (b, d).
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mainly generated through the thermal cracking and oxidation of 
macromolecular structures and functional groups in coal [39]. CO and 
CO2 are produced through the thermal decomposition of 
oxygen-containing groups and carbon oxidation [40] while H2 generally 
arises from reactions such as aliphatic hydrocarbon cyclization, WGSR, 
and methane reforming(R2, R6, and R7) [21]. C1-C3 alkanes are formed 
through cleavage and hydrogenation of aliphatic side chains [41]. The 
composition of syngas is influenced by these processes, with further 
interconversion among different gas species occurring at higher 
temperatures.

As shown in Fig. 3, CGC yield increases significantly as temperature 
increases, rising from 81.68 ml/g to 416.49 ml/g. CO and H2 are the 
major contributors, rising by 124.24 ml/g and 186.52 ml/g, respec
tively. At 600 ◦C, the yield of H2 is relatively low at 12.62 ml/g, 
reflecting insufficient energy for endothermic reactions, such as the 
Boudouard reaction and methane reforming, which render CO2 rela
tively inert at low temperatures [42]. At elevated temperatures, the 
accelerated decomposition of macromolecular structures in coal pro
motes the release of more alkanes and enhances the production of H2 
and CO. The increase in CGC yield leads to higher gasification efficiency. 
Studies show that excess lattice oxygen at high temperatures leads to 
over-oxidation of CO to CO2 [5], but rising temperature can increase the 
consumption of CO2 and generate CO through the Boudouard reaction, 
thereby enhancing gasification performance [43]. Consequently, CO2 
yield exhibits a rise-and-fall trend, peaking at 225.73 ml/g at 650 ◦C.

With increased RM addition, CGC yield rises, peaking at 47.93 ml/g. 
Among the CGC, H2 shows the greatest increase, with a yield increase of 
27.39 ml/g, corresponding to a growth rate of 26.99 %. This 

enhancement can be attributed to two main factors. First, the unpaired 
electrons and unoccupied molecular orbitals of the Fe species in the Fe- 
based catalyst may induce the cleavage of covalent bonds in the coal, 
thereby promoting radical generation and the release of small-molecule 
gases [44]. Additionally, the metal oxides in RM exhibit catalytic ac
tivity [45], promoting aromatic ring condensation to produce H2. Sec
ond, as a reductive gas, H2 reacts with Fe2O3 in RM (R12-R15) [46], 
further enhancing H2 generation. In contrast, RM has little effect on CH4 
and C2-C3 alkanes, which have the highest LHVgas among the CGC, 
leading to limited changes in LHVgas despite RM addition. The yields of 
CO and CO2 also increase with RM addition, reaching maximum in
crements of 24.89 ml/g and 40.77 ml/g, respectively. Fe2O3 in RM re
acts with carbon in char through carbothermal reactions (R8-R11) and 
reduction reactions with CO (R16-R19) [47], promoting CO and CO2 
production. However, when RM exceeds 15 %, the growth rates of CO2 
and CO plateau, indicating the catalytic effect of RM approaches satu
ration. Notably, the addition of RM demonstrates a dual effect on syngas 
production characteristics. Compared to the maximum increase in CO2 
yield of 40.77 ml/g, the CGC yield increased by 47.93 ml/g, thereby 
enhancing the LHVgas of the gas. This indicates that although the addi
tion of RM promotes CO2 generation through enhanced gasification 
reactions, its enhancement effect on syngas quality is more pronounced. 
Crucially, achieving equivalent CGC enhancement through thermal 
means would require elevated reaction temperatures, which in indus
trial applications necessitates increasing the air equivalence ratio. 
However, our previous study [29] reveals that an increase in the air 
equivalence ratio shifts the dominant reaction in SC partial gasification 
from pyrolysis to gasification. This transition amplifies a higher CO2 

Fig. 3. Gas composition at different temperatures (a) and RM addition ratios (b).
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yield and a lower char yield, with the increase in CO2 yield significantly 
exceeding the reduction in CGC yield. Consequently, under equivalent 
syngas quality, RM addition effectively reduces the activation energy 
required for SC partial gasification, thereby indirectly lowering the re
action temperature. In this indirect way, CO2 emissions can be reduced 
while simultaneously increasing char yield and enhancing syngas 
quality. 

3Fe2O3(s) + H2(g)→2Fe3O4(s) + H2O(g) R12 

Fe3O4(s) + H2(g)→3FeO(s) + H2O(g) R13 

FeO(s) + H2(g)→Fe(s) + H2O(g) R14 

Fe2O3(s) + 3H2(g)→2Fe(s) + 3H2O(g) R15 

3Fe2O3(s) + CO(g)→2Fe3O4(s) + CO2(g) R16 

Fe3O4(s) + CO(g)→3FeO(s) + CO2(g) R17 

FeO(s) + CO(g)→Fe(s) + CO2(g) R18 

Fe2O3(s) + 3CO(g)→2Fe(s) + CO2(g) R19 

3.1.3. Sensitivity analysis
Gray relational analysis (GRA) was implemented to evaluate the 

sensitivity of temperature and RM addition ratio on four output pa
rameters: char yield, syngas yield, CGC yield, and CO2 yield, based on 
our previous study [48]. Since the data results were as large as possible, 
the data were normalized using the min-max normalization method 
[49]. The normalized data and the calculated gray relational coefficients 
(GRC) are presented in Table S1, while the gray relational grade (GRG) 
values for the two reaction conditions concerning the output parameters 
are summarized in Table 5. A higher GRG value indicates greater 
sensitivity of the reaction condition to the experimental outcome. 
Notably, while both reaction conditions exhibit comparable sensitivity 
on syngas yield (GRG difference <1 %), a 22.2 % disparity emerged in 
char yield sensitivity with a GRG of 0.486 for temperature and 0.594 for 
RM addition. This discrepancy arises from their distinct mechanisms in 
promoting SC partial gasification. While temperature accelerates the 
gasification reaction rate, RM addition introduces more active sites and 
releases extra lattice oxygen, thereby accelerating char consumption. 
Under fixed air equivalence ratios, the O2 content available for gasifi
cation remains unchanged. Consequently, catalytic decomposition 
generated by RM (R8-R11) demonstrates superior carbon consumption 
efficiency compared to thermally driven gasification. Similarly, RM 
addition enhances the reaction rates of R16-R19, making CO2 yield 
significantly more sensitive to RM addition than temperature. Consistent 
with previous interpretations, RM primarily catalyzes coal char struc
tural transformations to enhance H2 generation, whereas temperature 
elevation primarily drives gasification reactions such as the Boudouard 
reaction, which boosts CO and H2 production. However, the sensitivity 
difference between these two factors is minimal, with both exhibiting 
high GRG values exceeding 0.84. Moreover, the cost increase associated 
with temperature elevation is generally much higher than the RM 
addition, an industrial waste, in coal partial gasification. As described in 
this study, temperature elevation in practical applications is achieved by 
increasing the ER, which simultaneously raises CO2 yield. Consequently, 
compared to improving temperature, RM catalytic gasification not only 
repurposes RM waste to mitigate environmental concerns but also can 

enhance syngas quality at a lower cost.

3.2. Effects of temperature and RM additives on char properties

3.2.1. Carbon structure of char
In highly disordered carbon materials, such as lignite, the first-order 

Raman spectrum (800-1800 cm− 1) is commonly used to analyze the 
carbon framework structure [50]. In this study, the spectra in this range 
are deconvoluted into ten Gaussian peaks using Peakfit V4.12 software 
[51,52]. Fig. 4 (a) shows the fitting results for char prepared at 700 ◦C 
with an RM addition ratio of 0 %, achieving a regression coefficient (R) 
above 0.99, indicating an excellent fit. The microstructural character
istics of the carbon material are analyzed through the intensity or ratios 
of characteristic peaks, including the G, Gr, VL, Vr, D, and S bands [53]. 
The G band primarily corresponds to aromatic ring vibrations, while the 
D band is related to C-C bond vibrations in larger aromatic clusters (>6 
rings) [54]. The Gr (1540 cm− 1), VL (1465 cm− 1), and Vr (1380 cm− 1) 
bands represent small aromatic ring clusters (3–5 rings) typical of 
amorphous carbon. Detailed peak assignments of the Raman spectra are 
summarized in Table S2.

In Raman spectra, structural variations in coal may cause significant 
fluorescence interference [55]. The fluorescence intensity is closely 
related to the structural characteristics of coal and char. To investigate 
the relationship between fluorescence intensity and the active compo
nents in these materials, the drift coefficient α was defined to quantify 
fluorescence intensity, as shown in Eq. (11): 

α =
yB − yA

yD − yA
(11) 

where yA, yB, and yD represent the Raman intensities at 800 cm− 1, 1800 
cm− 1, and 1340 cm− 1, respectively. α quantifies the ratio of baseline 
drift intensity to the Raman intensity within the specified wavebands, as 
illustrated in Fig. 4 (b).

Fig. 4 (c) and (d) show the variations in Raman characteristic pa
rameters, including At, A(Gr + VL + Vr)/AD, AG/AD, AGr/AD, and α as 
functions of temperature and RM addition. At, defined as the sum of the 
fitted peak areas, characterizes the degree of disorder in the sample, 
with higher values reflecting greater disorder. Results indicate that At 
initially decreases and then increases with rising temperature. At is 
influenced by the light absorption of samples, Raman scattering effi
ciency, and the oxygen-containing components that induce resonance 
effects [51,52]. Oxygen-containing functional groups and electron-rich 
structures typically exhibit high Raman scattering efficiency.

Thus, the consumption and transformation of these groups suppress 
At. The observed decrease followed by an increase in At suggests that the 
oxygen-containing functional group content decreases initially and then 
increases with temperature, corresponding to a reduction followed by an 
intensification in the degree of structural disorder in the char. At low 
temperatures, highly reactive oxygen-containing functional groups are 
preferentially consumed. As the temperature rises, more significant re
actions occur, leading to the decomposition of large aromatic rings and 
the formation of small aromatic rings and oxygen-containing functional 
groups. Upon introducing RM as a catalyst, At increases, indicating that 
active sites on RM facilitate gasification reactions, generating more 
oxygen-containing groups. As RM addition increases, At initially de
creases and then gradually rises, reflecting a similar trend in the content 
of oxygen-containing groups in the char. At lower RM levels, RM facil
itates the decomposition of oxygen-containing groups, enhancing the 
formation of small molecule gases. With further increases in RM addi
tion, most of the reactive structures in the coal have already reacted with 
lattice oxygen provided by RM catalysis. RM then interacts with 
macromolecular structures in the coal, providing additional active sites 
that catalyze their decomposition, leading to the generation of more 
oxygen-containing groups and increases the structural disorder of char 
and At. Collectively, these effects produce a characteristic N-shaped 

Table 5 
Results of average GRG values.

Phases Syngas yield Char yield CGC yield CO2 yield

Temperature 0.858 0.486 0.954 0.508
RM additive ratio 0.866 0.594 0.849 0.91
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trend, an initial decrease followed by a subsequent increase in the 
content of oxygen-containing groups with increasing RM addition.

The ratios of Raman band areas, A(Gr + VL + Vr)/AD and AGr/AD, reflect 
the relative proportions of small (3–5 rings) to large (>6 rings) aromatic 
structures in char [50,56]. As shown in Fig. 4, these two ratios decrease 
with increasing temperature, indicating that small aromatic ring struc
tures are gradually decomposed into oxygen-containing functional 
groups or polymerized into larger aromatic rings during gasification. 
The decrease in A(Gr + VL + Vr)/AD is slightly more pronounced than in 
AGr/AD, as Gr represents small aromatic rings, while VL and Vr bands are 
linked to methylene or methyl groups which are reactive and prefer
entially consumed at higher temperatures. With increasing RM addition, 
both ratios initially decrease and then increase, reaching a minimum at 
an RM addition level of 20 %. At lower RM levels, active sites on RM 
preferentially adsorb small aromatic ring structures with high reactivity, 
promoting their decomposition and the formation of oxygen-containing 
groups. RM also enhances CO2 production, which participates in cross
linking reactions on the coal and char surfaces. As RM content increases, 
the yield of CO2 rises, leading to CO2 adsorption on the coal and char 
surface and expanding micropores and mesopores [57]. This expansion 

increases active site vacancies, further promoting the formation of 
oxygen-containing groups, which are more likely to desorb via C-C bond 
cleavage and generate smaller aromatic rings and long-chain aliphatic 
structures. The formation of long-chain aliphatic structures introduces 
steric hindrance, suppressing small aromatic ring polymerization [58], 
resulting in an increase in small rings and a corresponding decrease in 
large ones. Simultaneously, higher RM content also leads to more active 
sites and the release of lattice oxygen, intensifying the decomposition of 
large aromatic ring structures, which are rich in free π electrons. These 
combined effects cause the values of A(Gr + VL + Vr)/AD and AGr/AD to 
increase gradually.

The ratio of the peak areas of the D band to the G band (AG/AD) can 
reflect the degree of graphitization in char [54]. Generally, higher 
values correspond to lower graphitization. As shown in Fig. 4, AG/AD 
decreases with temperature, suggesting enhanced graphitization at 
elevated reaction temperatures. With increasing RM addition, AG/AD 
initially decreases but then increases, aligning with the earlier obser
vation of changes in small aromatic ring structures. While RM acceler
ates the consumption of active groups like small aromatic rings, it also 
promotes the decomposition of large aromatic structures with relatively 

Fig. 4. Raman and XRD analysis of the samples: (a) Raman peak fitting example; (b) drift coefficient example; (c)–(d) Raman parameters of the samples; (e) XRD 
fitting example; (f)–(g) crystal parameters of the samples; (h)–(i) carbon distribution of the samples.
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high reactivity, reducing graphitization. Notably, AG/AD stabilizes 
under both experimental conditions due to the broad D band observed in 
the Raman spectra of low-rank char. Despite the presence of stable mi
crostructures in the char, such as condensed large aromatic rings, these 
structures are insufficient to form graphite crystals at low temperatures 
[54]. The large aromatic ring structures exhibit Raman activity in the D 
band, and the reduction of defect structures leads to a decrease in the 
relative Raman intensity of D band. Consequently, AG/AD exhibits only 
slight variations in the later stages as temperature or RM addition 
increases.

Aromatization of the char structure reduces fluorescence interfer
ence and suppresses baseline drift, as shown in Fig. 4(c) and (d). α de
creases steadily with temperature, but initially decreases and then 
increases with RM addition. Coal and char contain substituent groups 
attached to aromatic ring structures, as well as functional groups con
taining oxygen, sulfur and nitrogen. These groups are readily consumed 
during the reaction. Unsaturated olefins and low-condensation aromatic 
rings, rich in free π-electrons, exhibit a high probability of fluorescence 
radiation induction [55]. A reduction in α reflects a decrease in polar 
groups such as oxygen-containing functional groups and weakly 
condensed aromatic rings. Consequently, α and At generally exhibit 
similar trends. However, at 700 ◦C, while At reaches its minimum, α 
continues to decline. This behavior likely stems from the significant 
consumption of aromatic rings rich in free π-electrons at this tempera
ture. Although oxygen-containing functional groups increase, their in
fluence on α is less pronounced than the consumption of aromatic rings. 
The reduced rate of α decline with increasing RM addition supports this 
interpretation.

XRD analysis is performed on samples to further investigate changes 

in the internal carbon structure and crystallinity of the char. Two 
diffraction peaks are observed in the 20–30◦ and 40–50◦ ranges, corre
sponding to the 002 and 100 planes of carbon, respectively [59]. 
Deconvolution of the 002 peak allows for the differentiation of amor
phous carbon (A-carbon) and turbostratic carbon (T-carbon) in the 
samples [60]. The 002 peak was fitted using Peakfit 4.12 software, with a 
fitting example shown in Fig. 4 (e). The interlayer spacing (d002), lateral 
size (La) and the stacking height of the crystalline (Lc) are calculated 
using the Bragg [61] and Scherrer [62] equations, as defined in Eqs. 
(12)–(14): 

Lc =
0.89λ

β002 cos θ002
(12) 

La =
1.84λ

β100 cos θ100
(13) 

d002 =
λ

2 sin θ002
(14) 

where θ002 and θ100 present the diffraction angles corresponding to the 
002 peak and 100 peak planes, respectively; β002 and β100 present the 
full widths at half maximum (FWHM) of the 002 peak and 100 peak, 
respectively; λ presents the wavelength of the incident X-ray (0.15406 
nm)

Fig. 4 (f) and (g) show Lc, La, and d002 for different samples. The 
results reveal a decrease in d002 with increasing temperature, indicating 
a reduction in interlayer spacing and increased ordering of the carbon 
layers. As the RM addition ratio increases, d002 decreases and then sta
bilizes, with a more significant reduction in interlayer spacing compared 

Fig. 5. FTIR spectrum of char samples under different temperatures (a) and RM addition ratios (b).
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to temperature increases, suggesting that RM promotes more ordered 
carbon layer arrangements. Notably, d002 remains larger than the 
theoretical interlayer spacing of graphite (0.34 nm) [63], indicating that 
the carbon structure in the char is still amorphous and has not fully 
graphitized. The decrease in Lc and increase in La with rising tempera
ture reflect the promotion of lateral growth while hindering longitudinal 
development. High temperatures induce restructuring and cracking re
actions that disrupt carbon layers along the c-axis, decreasing Lc while 
promoting condensation of small aromatic rings and the formation of 
larger aromatic structures, which enhance the lateral growth of carbon 
layers, thereby increasing La. As the RM addition increases, Lc decreases 
consistently, while La initially decreases and then increases. This phe
nomenon is attributed to the promotion of further consumption of small 
aromatic rings and polar groups by RM, which restricts the longitudinal 
development of carbon layers and reduces Lc. The initial decrease in La 
is linked to the rearrangement and ordering of the carbon structure 
induced by RM during gasification, coupled with the consumption of 
high-activity surface structures. However, with higher RM content, 
additional active sites on RM facilitate the decomposition of large aro
matic rings, rich in π-electrons, into smaller aromatic rings. These 
smaller rings may undergo condensation, leading to lateral expansion of 
the aromatic structure and an increase in the planar size of the carbon 
layers. In summary, both temperature and RM addition ratio promote 
the lateral growth of aromatic layers in the char.

Fig. 4 (h) and (i) present the carbon distribution of samples. T-carbon 
represents crystalline carbon [64], while A-carbon refers to amorphous 
carbon in coal that has not yet crystallized. As the temperature and RM 
addition ratio increase, A-carbon gradually transforms into T-carbon 
with its percentage decreasing from 53.38 % to 48.89 %. This trend 
aligns with the changes in d002 and AG/AD, indicating that A-carbon can 
reflect the degree of disorder in the char. As discussed in Raman anal
ysis, the transformation of A-carbon into T-carbon is attributed to the 
conversion of highly active aliphatic groups into aromatic ring struc
tures, which undergo condensation reactions, leading to molecular 
rearrangements and the formation of T-carbon.

3.2.2. Changes in functional groups of char
To further investigate the effects of reaction conditions on the 

functional groups and chemical bonds in char, FTIR is performed on the 
samples as shown in Fig. 5. The FTIR spectra of the samples can be 
divided into four main regions [65,66]: Hydroxyl (3600-3000 cm− 1), 
Aliphatic hydrocarbons (3000-2700 cm− 1), Oxygen-containing func
tional groups (1800-1000 cm− 1), and Aromatic hydrocarbons (900-700 
cm− 1). Compared to char, raw coal shows significantly stronger peaks in 
the hydroxyl, aliphatic hydrocarbon, and oxygen-containing functional 
group regions. In the range of 3600-3000 cm− 1, a broad peak around 
3440-3433 cm− 1 is observed in all samples, indicating the presence of 
pronounced hydroxyl vibrations in each sample, which may result from 
phenolic, alcohol groups, or water formed during the reaction process 
[67]. The characteristic peaks in the 1800-1000 cm− 1 range are attrib
uted to the vibrations of oxygen-containing functional groups such as 
carbonyls, with variations in peak positions across samples indicating 
different consumption or interconversion rates of these groups under 
different conditions. For instance, in reaction R20, hydroxyl or carbonyl 
groups may further react to form relatively thermally stable ether 
groups, resulting in changes in the characteristic peaks in the 
1800-1000 cm− 1 range. As temperature and RM addition increase, the 
intensities of peaks in the 3600–3000 cm− 1 and 1800–1000 cm− 1 ranges 
initially decrease and then increase, following the trend observed in the 
At of the samples. This suggests that at low temperatures, 
oxygen-containing functional groups are consumed preferentially, while 
at high temperatures, large aromatic structures with

free π-electron configurations undergo pyrolysis, generating new 
oxygen-containing groups. The addition of RM accelerates the con
sumption of these functional groups, and at higher RM levels, it cata
lyzes the decomposition of highly active aromatic structures, resulting in 

an increased formation of oxygen-containing groups. A similar trend is 
observed in the 3000-2700 cm− 1 range. The decomposition of long- 
chain aliphatic hydrocarbons weakens methyl group vibrations at 
lower temperatures and RM ratios, as shown in reaction R21. At higher 
temperatures and RM ratios, the decomposition of large aromatic rings 
and the degradation of oxygen-containing functional groups, such as 
carboxyl in R22, generate small molecular gases and enhance methyl 
group vibrations, leading to an increase in peak intensity. This dynamic 
change indicates that the decomposition of aliphatic groups not only 
generates small molecular gases (e.g., H2 and CnHm) [68] but also trig
gers new structural evolution. In the 900-700 cm− 1 range, the number of 
peaks decreases with increasing temperature and RM addition ratio due 
to the consumption of small aromatic rings and a reduction in the variety 
of aromatic structures. However, as indicated in R23, the condensation 
of small aromatic rings into larger structures promotes aromatization 
and graphitization of the char, which in turn increases the peak 
intensities. 

R − COOH + Rʹ − OH→R − COO − Rʹ + H2O R20 

R − [CH2]CH3→R − CH3 + CnHm R21 

R − C(CH3)2 − COOH → R − CH(CH3)2 + CO2 R22 

XPS analysis of the C 1s and O 1s spectra is performed to investigate 
the transformation patterns of oxygen-containing functional groups in 
the coal during the reaction [69]. Energy calibration is conducted using 
the C 1s peak at 284.8 eV, and the C 1s and O 1s spectra are deconvo
luted using Avantage software. Based on the specific assignments of these 
characteristic peaks summarized in Table S3, the C 1s spectrum and O 1s 
spectra can be respectively divided into five and three characteristic 
peaks. The fitting examples are shown in Fig. 6(a) and (b). Fig. 6(c)–(f) 
show the distribution of C-containing and O-containing functional 
groups in the different samples.

The five characteristic peaks observed in the C 1s spectrum corre
sponding to graphitized carbon (C=C, 284.69 ± 0.3 eV), aliphatic car
bon (C-C and C-H, 285.32 ± 0.3 eV), carbon-oxygen single bonds in 
phenolic, alcoholic, and ether groups (C-O, 286.11 ± 0.3), carbon- 
oxygen double bonds in carbonyl groups (C=O, 287.54 ± 0.3 eV), and

carboxyl groups (O-C=O, 289.04 ± 0.3 eV). The primary carbon 
forms in the char were graphitized and aliphatic carbon, accounting for 
over 72 % of the total carbon content. As the temperature increased, 
graphitized carbon increased and aliphatic carbon decreased due to the 
poor thermal stability of aliphatic hydrocarbons, with similar trends 
observed for RM addition. The C-O content first decreases and then in
creases, reaching a maximum of 14.95 %. This is primarily due to the 
oxidation of alcohol groups to carboxyl groups (O-C=O) at high tem
peratures and the conversion of some hydroxyl groups to thermally 
stable ether groups(C-O-C), increasing C-O bonds. The changes in the 
relative content of C-O bonds with increasing RM addition can be 
attributed to similar reasons. The relative content of C=O groups 
increased with temperature and RM addition, then decreased, likely due 
to the differing decomposition rates of carbonyl groups and the forma
tion rates of thermally stable ketones. As noted previously, excessive RM 
significantly catalyzes the decomposition of these groups, reducing their 
relative content. In summary, the changes in the relative content of these 
functional groups in the C 1s spectra are consistent with the FTIR results.

In the O 1s spectrum, the C=O group (carbonyl, carboxyl, lactone) 
appeared at 531.8 ± 0.5 eV, the epoxy group (C-O) at 532.6 ± 0.5 eV, 
and the ether (C-O-C) and hydroxyl (-OH) groups at 533.7 ± 0.5 eV [70]. 
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The relative content of the epoxy group first decreases and then in
creases with changes in both experimental conditions, mirroring the 
same reasons and trend observed in the C 1s spectrum analysis. The 
relative content of hydroxyl and ether groups remains constant initially, 
then increases with temperature. It is hypothesized that during the 
low-temperature stage, ether groups with better thermal stability are 
formed from the conversion of partial hydroxyl groups, which leads to 
the relative content of -OH and C-O-C remaining constant. At higher 
temperatures, the dynamic equilibrium shifts toward the generation of 
hydroxyl due to the oxidation of aromatic structures and aliphatic 

carbon chains, leading to an increase in the relative content of -OH and 
C-O-C bonds. The content of carbonyl, carboxyl, and lactone groups 
decreases after an initial stable phase with increasing temperature and 
RM addition, possibly due to the decomposition of lactone groups 
attached to aliphatic hydrocarbons and aromatic ring structures at high 
temperatures or with higher RM addition.

3.2.3. Pore characteristics and reactivity of char
The pore characteristic parameters of the char samples are presented 

in Table 6. The result shows that, under a constant equivalence ratio, the 

Fig. 6. XPS fitting examples and results of the samples: a–c: C 1s spectra; d–f: O 1s spectra.
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pore characteristic parameters first increase and then decrease with 
rising temperature, peaking at 750 ◦C. This can be attributed to the 
enhanced release of volatiles and oxidation reactions at lower temper
atures, which promote micropore formation and increase the specific 
surface area. At higher temperatures, intensified polycondensation re
actions within the char lead to pore collapse and structural densification, 
resulting in a reduced surface area. Notably, a significant increase in BET 
surface area is observed between 600 ◦C and 650 ◦C. Combined with CO2 
yield analysis, this may be due to CO2 participating in cross-linking re
actions on the char surface [57], further expanding the pore network. At 
800 ◦C, a sharp decline in specific surface area occurs, likely due to the 
combined effects of CO2 conversion to CO and intensified char poly
condensation at elevated temperatures. With increasing RM addition, 
the pore characteristic parameters of char also exhibit a rise-then-fall 
pattern. Moderate RM promotes gasification and pyrolysis of coal 
char, enhancing micropore development and surface area. Excessive RM 
leads to over-catalysis, causing structural breakdown and pore collapse 
or blockage, thereby reducing surface area. Notably, the variation of 
pore parameters deviates from the CO2 yield trend at this temperature, 
indicating that excessive RM catalytic activity plays a dominant role in 
pore structure evolution.

According to our previous studies [48,71], the reactivity of char can 
be assessed using thermogravimetric analysis (TGA). The char reactivity 
coefficient(R) is calculated, with a higher R value indicating stronger 
combustion reactivity. As shown in Fig. 7, cbar reactivity decreases with 
increasing reaction temperature. This trend is attributed to the accel
eration of volatile matter release and fixed carbon reactions at elevated 
temperatures, which promote the structural ordering of char and 

consequently reduce its reactivity. With increasing RM addition, the 
char reactivity exhibits a non-monotonic “N-type” trend, similar to the 
pattern observed in Raman structural parameters. Conversely, this 
behavior is inconsistent with the variation in BET surface area under the 
same conditions, which indicates that the reactivity of char may not 
have a strong correlation with the specific surface area of BET.

To further investigate the relationship between coke reactivity and 
its physicochemical structure, Pearson correlation coefficients (r) were 
calculated using SPSS software according to Eq. (15). The correlation 
coefficient ranges from − 1 to +1, indicating negative or positive cor
relation, respectively. A significance threshold of P < 0.05 was adopted 
to assess statistical relevance [72]. 

r =
∑

(X − X)(Y − Y)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(X − X)2
√

⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(Y − Y)2
√ (15) 

where X and Y represent the values of the two variables; X and Y 
represent their respective mean values.

The calculation results are shown in Table 7. The results show that 
char reactivity exhibits a strong positive correlation with both I(Gr + VL +

Vr)/ID and α, with a statistically significant value of P below 0.05. In 
contrast, other structural parameters, including BET surface area and 
crystallographic features, show weaker correlations with reactivity. 
These findings suggest that the combustion reactivity of char is primarily 
governed by its chemical structure, particularly by highly reactive small 
aromatic ring structures and oxygen-containing functional groups. The 
more condensed the chemical structure becomes, the lower the char 
reactivity. Additionally, the development of pore structure and crystal
linity shows a limited or even negative correlation with reactivity. This 
discrepancy can be explained by the fact that BET surface area reflects 
only the physical porosity, but does not account for all reactive sites, 
which can dominate the reactivity of char [73]. These reactive sites are 

Table 6 
Specific surface area and pore characteristic parameters of char samples.

Cases Sbet(m2/g) Smic(m2/g) Vtotal(cm3/g) Vmic(cm3/g)

1 225.187 196.937 0.1055 0.0734
2 241.027 205.951 0.1143 0.0818
3 245.087 214.782 0.1119 0.0853
4 247.759 218.066 0.1181 0.0873
5 213.778 187.057 0.1014 0.0684
6 254.549 221.485 0.1182 0.0880
7 265.557 226.555 0.1227 0.0900
8 302.251 260.031 0.1398 0.1034
9 308.397 267.669 0.1380 0.1062
10 236.490 205.130 0.1080 0.0815
11 230.646 197.901 0.1070 0.0786

Note: Sbet is the BET specific surface area; Smic is the micropore specific surface 
area; Vtotal is the total pore volume; Vmic is the micropore volume.

Fig. 7. TG curves and reactivity coefficients of char samples under different temperatures (a) and RM addition ratios (b).

Table 7 
Pearson correlation analysis results.

Parameters r P

Sbet − 0.3858 0.2413
Smic − 0.4077 0.2133
I(Gr + VL + Vr)/ID 0.8771 0.0004
Itotal 0.0220 0.9488
α 0.7732 0.0053
d002 0.2924 0.3829
Lc 0.4350 0.1811
La − 0.5717 0.0661
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likely concentrated at edge defects, amorphous carbon zones, or 
heteroatom-doped regions, which are not fully captured by surface area 
measurements alone. Similarly, although the crystallographic parame
ters provide an indication of carbon structure ordering, the presence of 
local defects or potential reactive sites may cause deviations between 
char reactivity and crystallographic parameter trends [74].

3.3. DFT calculation of RM catalytic gasification

3.3.1. Model building and simulation of adsorption morphology
This study employs Density Functional Theory (DFT) to investigate 

the catalytic pathways of RM-catalyzed gasification. As shown in 
Table S4, studies by many scholars have demonstrated that Fe2O3 is 
identified as the primary catalytic component in RM for lignite partial 
gasification. And the catalytic activity of Fe2O3 surpasses that of other 

main components such as Al2O3 and SiO2, which exhibit limited or in
direct effects on gasification under the studied conditions. Conse
quently, hematite (α-Fe2O3), the primary form of Fe2O3 in RM, is 
selected for DFT calculation. While the structure of actual coal char is 
highly complex, DFT calculations encounter huge difficulties in accu
rately simulating large multi-atomic systems while ensuring computa
tional feasibility [75]. Lignite-derived aromatics primarily contain 1-3 
condensed rings [76], and during coal-to-char conversion, single ben
zene ring clusters tend to grow into small polycyclic aromatic hydro
carbons (PAHs) [77]. Meanwhile, previous studies on gasification [78,
79] have demonstrated that PAH models with 4–7 benzene rings can 
effectively represent coal char, with the number of graphite rings having 
no bearing. Thus, as shown in Fig. 8 (a) and (b), a model with five 
benzene rings (denoted MSC) is chosen, and oxygen-containing func
tional groups and aliphatic hydrocarbons are added to simulate the 

Fig. 8. a: Schematic of MSC structure; b: α-Fe2O3; c: MSC@Fe-O-C; d: MSC@Fe-C; e: Free energy diagram for two adsorption configurations; f: Adsorption energies of 
the two configurations.
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typical functional group distribution characteristics in coal char.
This study primarily investigates the adsorption process between the 

hematite and MSC model, as well as the reaction with oxygen after 
adsorption. Research by Nelson Y. Dzade et al. [80] suggests that the 
parallel adsorption geometry of benzene molecules on the hematite 
surface is more stable than vertical adsorption, primarily due to π-bond 
interactions between the benzene and hematite. The exposed Fe or O 
atoms on the α-Fe2O3 surface can serve as active adsorption sites for the 
benzene rings in the MSC model. Two types of coordination adsorption, 
Fe-C and Fe-O-C, are analyzed. The two structures are denoted as 
MSC@Fe-O-C and MSC@Fe-C, as shown in Fig. 8(c) and (d). The cal
culations show that the C-C bond length in the MSC model is 1.540 Å, 
while adsorption induces bending and deformation which causes the C-C 
bond length of the MSC to vary from 1.469 Å to 1.842 Å. In the 
MSC@Fe-C structure, the Fe-C bond length is 1.909 Å, while in the 
MSC@Fe-O-C structure, the Fe-O and O-C bond lengths are 1.602 Å and 
1.598 Å, respectively. These results indicate that the O atom, acting as a 
bridge, shortens the coordination bond lengths between α-Fe2O3 and 
MSC. Shorter bond lengths generally correspond to higher bond en
ergies, which enhance the stability of the adsorption structure.

Fig. 8 (e) and (f) show the energy barrier and adsorption energy data 
for both adsorption modes. The energy barrier for transition state (TS) 
formation via Fe-O-C coordination is lower, with the final energy barrier 
for the MSC@Fe-O-C structure is also lower than that for the MSC@Fe-C 
structure. This suggests that the Fe-O-C coordination bond adsorption 
mode is more favorable than the Fe-C coordination bond mode. The 
adsorption energies of MSC@Fe-C and MSC@Fe-O-C are − 0.59 eV and 
− 1.79 eV, respectively, which indicate that both are exothermic 

processes. The difference in adsorption energy can be attributed to the 
physicochemical properties of α-Fe2O3. As a typical transition metal 
oxide, the coordination-unsaturated Fe atoms on its surface exhibit 
strong Lewis acidity [81], capable of accepting electron pairs. The free 
π-electron cloud on the benzene ring is a good electron donor. In the 
Fe-C coordination, the interaction between Fe and the π-electron cloud 
lowers the free energy of the system and releases heat, resulting in a 
negative adsorption energy. For Fe-O-C coordination, the O atom on 
α-Fe2O3 enhances the Fe-C interaction with its lone pair electrons, 
forming a covalent bond with the C atom in the benzene ring. This 
multi-interaction makes Fe-O-C stronger, increasing adsorption energy. 
Additionally, the O atom serves as a “bridge,” shortening the coordi
nation bond, increasing bond energy, and providing a more flexible 
geometric arrangement, which helps reduce local stress during the co
ordination process. Therefore, for subsequent calculations, 
MSC@Fe-O-C with MSC was selected for DFT analysis in the partial 
gasification process with O2.

3.3.2. Analysis of RM catalytic pathway
To reveal the reaction mechanisms of coal char during SC gasifica

tion, this study systematically simulated O2 adsorption and subsequent 
micro-reaction pathways on both pristine MSC and Fe2O3-modified 
MSC@Fe-O-C systems. The computed reaction pathways and energy 
barrier diagrams are illustrated in Fig. 9. Both systems exhibit three- 
stage reaction sequences: (1) adsorption of O2, (2) cleavage of the C-C 
bond in the benzene ring, and (3) O2 diffusion. In Stage 1, O2 molecules 
adsorbed on carbon atoms in MSC and iron atoms in MSC@Fe-O-C, with 
adsorption energies of − 0.32 eV and − 0.54 eV, respectively. This 

Fig. 9. a: Reaction pathway of the MSC system; b: Reaction pathway of the MSC@Fe-O-C system; c: Free energy profiles of the reactions in both systems.
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indicates that Fe2O3 can enhance O2 adsorption on coal char.
As shown in Fig. 9 (a), for the MSC system, post-adsorption thermal 

effects induce benzene ring distortion into the transition state TS1. 
During this process, C-C bonds in the benzene ring where C1 and C2 
atoms are located exhibit length variations ranging from 1.454 Å to 
1.996 Å. Subsequent C1-C2 bond cleavage generates radicals on both 
carbon atoms (denoted as IM1). Unbound O atoms in O2, which are not 
connected to the carbon atoms, electrostatically attracted hydrogen 
atoms from methyl groups and the original benzene ring, forming hy
droxyl groups. O-O bond dissociation then produces two free hydroxyl 
groups that adsorb on C1 and C4 atoms, forming the IM2. Concurrently, 
a carboxyl group formed at C2. Attraction between O and H atoms 
caused the H atom on C4 to become a radical, bonding with residual O 
on C1 to form another hydroxyl group, while C4 transforms into an 
aldehyde group (IM4). This evolution demonstrates that O2 participa
tion disrupts aromatic clusters in the coal char while increasing oxygen- 
containing functionalities like hydroxyl groups.

As shown in Fig. 9 (b), for the MSC@Fe-O-C system, the adsorption of 
O2 is facilitated by the Fe2O3 bridge, which induces changes in the C-C 
bond lengths of the MSC structure. The bond length stretches to a 
maximum of 1.996 Å and contracts to a minimum of 1.454 Å. Therefore, 
it is hypothesized that the energy required to break the C-C bonds in 
MSC@Fe-O-C is lower compared to MSC alone. The Fe-adsorbed O2 
forms covalent bonds with adjacent C atoms (IM1). Subsequent O-O 
bond cleavage at the Fe site generates hydroxyl groups through 
hydrogen abstraction from C4. Simultaneous thermal cleavage of C1-C2 
bonds facilitates O-H formation at C2 (IM2).In the next step, the Fe- 
bound hydroxyl groups migrate to the C4 and C2 atoms(IM3). Ulti
mately, as in the MSC pathway, a carboxyl group forms on C2, while C4 
transforms into an aldehyde group, forming the IM4 structure. The free 
energy diagram reveals lower energy states throughout the MSC@Fe-O- 
C reaction compared to MSC are illustrated in Fig. 9(c). The respective 
highest-energy barriers of 0.82 eV (MSC@Fe-O-C) and 0.93 eV (MSC) 
confirm that Fe2O3 reduces reaction barriers, facilitating the gasification 
reaction between O2 and the coal char, which is consistent with exper
imental observations.

3.4. Reaction mechanism analysis

The combined characterization and DFT calculations reveal the 
mechanistic effects of temperature and RM on the partial gasification of 
SC with O2 (Fig. 10). Under a fixed equivalence ratio, with the increase 
in temperature, gasification reactions such as the Boudouard reaction 
are intensified which accelerates the cracking of macromolecular 
structures in SC into smaller fragments, thereby increasing the produc
tion of combustible gas components (CGC). At low-temperature stages, 
the highly reactive oxygen-containing functional groups and small ar
omatic clusters in SC are preferentially consumed, with their con
sumption rate exceeding the generation rate, leading to a decrease in 
oxygenated group content in the char. However, as the temperature rises 
to the high-temperature stage, the thermal decomposition of large aro
matic ring structures generates new small aromatic clusters. Simulta
neously, the enhanced reaction rate of gasification at elevated 
temperatures promotes oxidative reactions with aromatic structures, 
producing additional oxygen-containing functional groups. In this 
regime, the formation rate of oxygenated groups surpasses their con
sumption rate, resulting in an increase in their content within the char. 
This process is accompanied by the structural disordering of char.

Regarding the catalytic mechanism of RM, the main active compo
nent in RM, hematite (α-Fe2O3), adsorbs onto the MSC structure through 
spontaneous Fe-O-C coordination. DFT calculations demonstrate that 
α-Fe2O3 reduces the energy barrier for partial gasification by 11.83 % 
compared to non-catalytic conditions, confirming its role in catalyzing 
the partial gasification of SC. As a result, with the addition of RM, the 
gasification of SC is enhanced, the decomposition of macromolecular 
structures in SC is promoted, and more small molecules are released, 
ultimately increasing the CGC yield. Due to the same reason, under the 
catalytic effect of RM, the large molecular structures in SC undergo 
catalytic decomposition, generating more oxygen-containing functional 
groups. With the increase in RM, more active sites are provided, and 
these oxygen functional groups are consumed during the reaction. 
However, as the proportion of RM increases further, more active sites 
and lattice oxygen are provided, leading to the decomposition of large 
aromatic ring structures (MAC) in SC into small aromatic ring structures, 
accompanied by the generation of oxygenated functional groups. Ulti
mately, oxygenated group concentration exhibits a characteristic N- 

Fig. 10. Reaction mechanism diagrams of SC partial gasification and RM catalytic partial gasification.
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shaped trend versus RM addition ratio.

3.5. Limitations of this study

This work combined experiments and DFT calculations to reveal the 
effects and mechanisms of RM addition and temperature on lignite 
partial gasification, offering insights into char structure evolution and 
catalytic pathways. However, several limitations should be acknowl
edged. As follows. 

(1) Although RM has demonstrated its potential to lower the reaction 
temperature, its contribution to CO2 emission reduction has only 
been demonstrated indirectly, without a theoretical calculation 
model for direct quantification in this work;

(2) The data samples are limited due to time constraints may affect 
the reliability of the correlations between char reactivity and 
other parameters;

(3) Owing to limitations in computational power, the DFT calcula
tions were restricted to the PAH model, which may not fully 
represent the complexity of real coal char structures.

To address the aforementioned limitations and further refine this 
research, future studies should incorporate larger datasets, structurally 
representative models, and comprehensive life cycle assessments of CO2 
emissions.

4. Conclusions

In this study, partial gasification experiments of SC were conducted 
under varying temperatures and RM addition ratios. Combined with 
quantum chemical calculations, the effects of the temperature and RM 
addition ratio on the properties of char and syngas and the underlying 
mechanisms were investigated. The main conclusions are as follows. 

(1) Increasing temperature and RM addition significantly enhanced 
the syngas yield and reduced the char yield, with the syngas yield 
rising by 13.99 % and 5.07 %, respectively. Elevated tempera
tures promoted CO and H2 formation, whereas RM additives 
primarily facilitated H2 generation. Consequently, the CGC yields 
increased by 416.49 mL/g and 47.93 mL/g under varying tem
peratures and RM addition ratios. Compared with the increased 
CO2 emissions caused by raising the ER to elevate reaction tem
perature in industrial applications, the addition of RM lowers the 
reaction temperature while maintaining syngas quality, thereby 
indirectly reducing CO2 emissions.

(2) Both temperature and RM addition influenced the structural 
evolution of char. Elevated temperatures enhanced the graphiti
zation and lateral growth of char. As the temperature rose, 
oxygen-containing groups in the char first decreased and then 
increased. Initially, elevated temperatures decomposed small 
aromatic clusters and oxygen-containing groups. At higher tem
peratures, large aromatic systems broke down, regenerating these 
oxygen-containing groups. The addition of RM contributed to the 
lateral growth of char by providing active sites and releasing 
lattice oxygen, thereby promoting the breakdown of carbon 
structures. At low RM levels, oxygen-containing groups 
increased, but more RM led to their consumption and later 
regeneration because of the increase in active sites until exces
sive. These mechanisms together resulted in an N-shaped trend in 
the oxygen-containing group content in char as a function of RM 
addition.

(3) The BET surface area and pore parameters of char showed non- 
monotonic variations with temperature, initially increasing 
through volatile release and the oxidation reactions, then 
decreasing for polycondensation reactions of carbon structures. 
Pore characteristics also followed a rise-then-fall trend with 

increasing RM addition. Moderate RM similarly induced peak 
pore development, while excess RM caused structural failure. 
Although char reactivity declined with temperature because of 
the graphitization of carbon structure, it exhibited an N-shaped 
trend with increasing RM. This discrepancy indicated that the 
reactivity of char was primarily influenced by its chemical 
structure, while BET surface area and crystal structure did not 
fully reflect the number of reactive sites in char, thus showing 
weak correlation with combustion reactivity.

(4) DFT calculation revealed the catalytic mechanisms of the key 
component in RM, α-Fe2O3. α-Fe2O3 forms Fe-O-C coordination 
bonds with SC, causing deformation of the benzene ring struc
tures in the char and lowering their bond dissociation energy. 
α-Fe2O3 acts as a bridge to adsorb O2, reducing the adsorption 
energy of O2 from − 0.32 eV to − 0.54 eV. This catalytic bridge 
effect lowered the activation barrier for gasification reactions 
through efficient O2 transfer from α-Fe2O3 to coal char.
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