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A B S T R A C T

To promote the efficient and clean utilization of inferior coals such as lignite, this study investigated the impact 
of air equivalence ratios (ER) on the partial gasification performance and product characteristics of lignite in a 
self-constructed fluidized bed reactor. The three-phase products of char, syngas and tar were characterized using 
GC-MS, FTIR, Raman, BET and TG. Results indicated that as ER increased from 0.06 to 0.14, the reaction of 
Shaerhu coal (SC) transitioned from pyrolysis to gasification. The percentage content of combustible gas com
ponents (CGC) in the syngas initially increased and then decreased, while the CGC yield continued to rise. Syngas 
achieved a maximum lower heating value of 2.15 MJ/Nm3 at an ER of 0.08 and a maximum gasification effi
ciency of 24.09 % at an ER of 0.14. The yields of char and tar decreased as ER increased. The tar was dominated 
by phenolic compounds and monocyclic aromatic hydrocarbons and their derivatives, with heavier components 
(>C20) shifting towards lighter fractions (<C10). Char combustion characteristics decreased gradually with 
increasing ER. As ER increased from 0.06 to 0.1, the content of oxygen-containing functional groups in char 
increased to its peak and the char structure became most disordered. When ER exceeded 0.1, these functional 
groups were consumed, leading to a more ordered char structure.

1. Introduction

Coal continues to be the most significant non-renewable energy 
source in the world [1] currently and is essential to the energy structure 
of China [2]. Coal is a fossil fuel that is challenging to use cleanly and 
extensive use of it has seriously contaminated the environment [3]. 
Although China has abundant coal resources, low-quality low-rank coal, 
which includes lignite coal, accounts for 55.1 % of the total proven coal 
reserves [4]. Both efficient and clean use of lignite resources has become 
a major concern as a result of the increased focus on the development 
and clean use of lignite in recent years [5].

Coal gasification is an effective method for the clean and high- 
resource utilization of coal [6]. The coal gasification process is typi
cally divided into two stages [7,8]: pyrolysis and char gasification. 
Traditional gasification processes inevitably waste high-value compo
nents of coal [9] and necessitate a continuous external heat source and 
high-purity oxygen, leading to high costs. The oxidant is used in coal 
partial gasification to partially gasify the coal [10,11], turning the more 
reactive parts into coal gas and tar while burning the less reactive char to 

generate electricity [12]. This method does not aim for an excessively 
high carbon conversion rate and has lower requirements for reaction 
temperature and pressure. Additionally, since gasification is a highly 
exothermic process, it eliminates the need for a continuous external heat 
source which reduces costs [13]. Consequently, coal partial gasification 
technology presents a feasible approach for the efficient and clean uti
lization of lignite resources.

Scholars have conducted extensive research on coal partial gasifi
cation. They primarily focus on the production of high-value products, 
such as syngas with high hydrogen or methanol content [12,14], and the 
effects of different reaction conditions [15] (e.g., temperature, gasifi
cation agent) on the characteristics of partial gasification products. Ye 
et al. [12] proposed a methanol-electricity cogeneration system based 
on partial gasification, with experimental results demonstrating the 
promising application prospects of the system. Zhang [10] and Tok
murzin [16] also discovered that there were greater financial and 
ecological advantages when coal partial gasification technology was 
used to construct a coal gasification integrated power generation sys
tem. By investigating the migration and alteration of sulfur and nitrogen 
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elements during partial gasification, Middleton et al. [17] identified the 
distribution of coal quality, coal nitrogen, and coal sulfur between char 
and gas. Zhang et al.[18,19] performed partial coal gasification in a 
steam atmosphere, producing hydrogen-rich syngas and porous carbon 
with the addition of a K2CO3 catalyst. Zhou et al. [11] found that the 
ratio of gasifying agent to coal during partial gasification significantly 
influenced the properties of the product syngas. Ye et al.[20,21] con
ducted partial coal gasification experiments in CO2/O2 and H2O/O2 
atmospheres. The results showed experiments conducted in a CO2 at
mosphere enlarged the pores of the char, generated new 
oxygen-containing functional groups and increased the number of aro
matic rings, resulting in a more disordered structure of char. Conversely, 
partial gasification in a steam atmosphere made the structure of the char 
more ordered, leading to a decrease in its reactivity. Song et al. [13] 
discovered that increasing the equivalence ratio from 0.06 to 0.13 led to 
a higher partial gasification temperature, a decrease in char yield and an 
increase in tar yield. Huang et al. [22] found that high-rank bituminous 
coal had a greater combustible component content in the syngas that 
resulted from partial gasification than low-rank bituminous coal. 
Additionally, they noticed that the gasification rate could be greatly 
accelerated by compounds containing alkali which was consistent with 
the research results of Wang et al. [23] Zhang et al. [24] studied the 
influence of the time and proportion of secondary air distribution on 
NOx emissions and reduced the NOx emissions during partial gasifica
tion. Although scholars had conducted extensive research on coal partial 
gasification, most of the studies had been carried out at relatively high 
gasification temperatures exceeding 800 ◦C. Gasification at high tem
peratures not only required more external heat sources but also reduced 
the yield of tar [25] and caused slagging in the furnace. Furthermore, the 
majority of the coal utilized in the studies is bituminous coal or another 
type of premium coking coal with little research conducted on 
low-quality coal such as lignite. Researchers have primarily investigated 
the changes in product characteristics from the perspective of the gasi
fication atmosphere but gasification is also significantly influenced by 
the air equivalence ratio. In contrast to gasifiers like CO2 and H2O, air is 
cheap, plentiful and simple to obtain [26]. Therefore, investigating the 
utilization of air as a gasifier is equally crucial. To enhance the efficient 
and clean utilization of lignite, experimental research on the products 
obtained by partial gasification of lignite at different air equivalence 
ratios is of significant research value.

In this study, we employed air as gasification agents in a self-built 
fluidized bed to investigate the effects of different air equivalent ratios 
(ER) on the characteristics of lignite partial gasification products at low 
temperatures. The obtained syngas, tar, and char were analyzed using 
GC-MS, FTIR, XRD, BET and TG to determine the optimal ER of partial 
gasification. Based on the results of these characterization tests, the 
mechanism by which the ER affects the characteristics of the products 
was investigated. The findings of this study can offer theoretical direc
tion and a useful foundation to improve the effective and environmen
tally friendly use of lignite.

2. Materials and methods

2.1. Materials

The coal samples used in this study were Shaerhu coal (SC) from 
Xinjiang Province, which is a high-volatile lignite. Coal samples with 

particle sizes of 0.9–2 mm were selected as the experimental raw ma
terials after crushing and sieving. Before the experiment, the coal sam
ples were placed in an oven at 105 ◦C for 6 h to remove moisture. The 
proximate and ultimate analyses of the coal samples were conducted by 
the standards GB/T 212–2008 and GB/T 31,391-2015 with the specific 
results listed in Table 1. The particle size of the quartz sand used in this 
study was screened to 0.25–0.45 mm.

2.2. Coal partial gasification experiment

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. After going through a tar condensation device, the 
gas created during the experiment is collected in an airbag. The collected 
gas and tar are analyzed by GC1 and GC2, respectively. The char is 
collected through the hopper at the bottom of the fluidized bed and 
subsequently characterized. Each set of experiments was averaged three 
times to remove the effect of error.

To investigate the product characteristics of SC partial gasification at 
low temperatures, the fluidized bed was heated to 650 ◦C. For each 
experiment, 150 g of quartz sand was used as the heat carrier and 10 g of 
SC was added to the feeder with the feeding rate adjusted to achieve a 
coal feed rate of 0.289 kg/h. Each reaction lasted for 2 min, corre
sponding to the time it took for 10 g of coal to fall. To ensure the bed 
material remained fluidized without being blown out, the airflow and N2 
flow rates were adjusted to maintain a total flow rate of 4.2 L/min. The 
airflow rate at different air equivalent ratios (ER) was calculated using 
Eq. (1), with the specific experimental conditions detailed in Table 2.

2.3. Calculation of gasification index

After the experiment, the gasification indexes were calculated based 
on the analysis results of the products. The calculation methods are as 
follows.

2.3.1. Air equivalent ratio
The air equivalence ratio (ER) is defined as the ratio of the air sup

plied under experimental conditions to the air required under stoichio
metric conditions. As shown in Eq. (1): 

ER=
Airexp

Airstoic
=

Vair

Vcoal⋅
[

0.0889⋅(Cad + 0.375Sad) + 0.265⋅
(

Had −
Oad
8

)] (1) 

where ER represents the air equivalent ratio; Vcoal (g/min) represents the 
coal feed rate; Vair (L/min) represents the air supply rate.

2.3.2. The yield of partial gasification product
The yields of char, tar and syngas were calculated according to Eqs. 

(2)–(5): 

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.
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Ychar =
mchar

mcoal
⋅ 100% (2) 

Yliquid =
mliquid

mcoal
⋅ 100%=

m2 − m1

mcoal
⋅ 100% (3) 

Ytar =
mliquid − mwater

mcoal
⋅ 100% (4) 

Ygas =
(
1 − Yliquid − Ychar

)
⋅ 100% (5) 

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

2.3.3. Syngas lower heating value and gasification efficiency
The lower heating value (LHV) of syngas was calculated according to 

Eq. (6): 

LHVgas =
∑

ViLHVi (6) 

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 3.

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. (7): 

η= Vgas⋅LHVgas

Vcoal⋅LHVcoal
⋅ 100% (7) 

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

2.3.4. Syngas flow rate and syngas conversion rate
The flow rate of the syngas obtained by partial gasification is 

determined according to the nitrogen balance method [27]. The flow 
rate of syngas can be calculated based on the volume content of nitrogen 
in the syngas, as shown in Eq. (8): 

Vgas =
100⋅VN2

XN2
(8) 

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.

The reaction time for the partial gasification experiment is 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. (9): 

αC =
Vgas⋅Cgas

Vcoal⋅Cad
⋅ 100=

Vgas
∑ Xn

22.4⋅12
Vcoal⋅Cad

⋅ 100% (9) 

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.

2.4. Char characterization and data processing method

2.4.1. Combustion characteristics char
To investigate the effect of ER on the combustion characteristics and 

reactivity of char, this study utilized an automatic sampling synchronous 
thermal analysis system (Mettler TGA/DSC 3+, Switzerland) to deter
mine the combustion reactivity and characteristics of char[28–30]. Each 
measurement used a 6 mg char sample. The reactor was initially heated 
from room temperature to 105 ◦C at 10 ◦C/min under an N2 atmosphere, 
holding for 15 min to remove residual moisture. The sample was then 

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

Table 2 
The specific experimental conditions.

Case ER Air flow rate (L/min) N2 flow rate (L/min)

1 0.06 1.96 2.44
2 0.08 2.57 1.83
3 0.1 3.18 1.12
4 0.12 3.79 0.61
5 0.14 4.4 0

Table 3 
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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heated to 950 ◦C at 10 ◦C/min in an air atmosphere with a flow rate of 
60 mL/min. The temperature at which the carbon conversion rate of 
char reached 50 % (dry ash-free basis) was recorded as T0.5 to charac
terize the reactivity of the char. A higher T0.5 indicates lower combus
tion reactivity of the char. The combustion characteristic indicators of 
char were assessed by the standard GB/T 33,304-2016, including igni
tion temperature Ti (◦C), burnout temperature Tf (◦C), maximum 
burning rate temperature Tp (◦C), maximum burning rate (dw/dt) max 
(%/min) and average burning rate (dw/dt) average (%/min).

2.4.2. Chemical structure of char
To investigate the effect of ER on the chemical structure of char, a 

Raman spectrometer (Horiba LabRAM HR Evolution, Japan) was used to 
analyze the crystallinity and ordering of the internal structure of char 
[31]. The spectrometer employs an argon ion excitation light source 
(512 nm) to obtain spectra in the range of 4000–100 cm− 1 [32]. The 
first-order Raman spectrum (1800–800 cm⁻1) was fitted with ten 
Gaussian peaks using Peak Fit V4.12 software [33,34]. The properties of 
char samples can be evaluated based on the intensity or ratio of different 
characteristic peaks. According to a summary of Raman peak/band as
signments (Table S1), the G band represents aromatic ring vibration, 
while the D band corresponds to larger aromatic ring groups (ring 
number >6) in the char. The three bands between the G and D bands, 
including G (1540 cm− 1), VL (1465 cm− 1), and Vr (1380 cm− 1), mainly 
represented typical structures in amorphous carbon, especially small 
aromatic ring groups (ring number 3–5). Therefore, the area ratios, Itotal, 
I(Gr + VL + Vr)/ID and IG/ID, can be used to characterize the degree of 
disorder of char, the ratio of small aromatic ring groups to large aro
matic ring groups in char and the graphitization of char.

To further investigate surface functional groups and validate the 
Raman results, Fourier transform infrared spectroscopy (FTIR) was 
conducted using a Thermo Scientific Nicolet iS20 spectrometer (USA) 
with a 4000–400 cm⁻1 wavelength range. The potassium bromide (KBr) 
tablet method was applied, with a mixing ratio of 1:200 between the 
experimental sample and KBr powder and a total sample mass of 160 mg 
[35]. According to the band assignments of the FTIR spectra (Table S2), 
the characteristic peaks can be categorized into hydroxyl groups 
(3600-3000 cm− 1), aliphatic hydrocarbons (3000-2700 cm− 1), oxygen 
functional groups (1800-1000 cm− 1) and aromatic hydrocarbons 
(900-700 cm− 1) [36,37]. These bands were fitted to the peaks by the 
Peak fit V4.12 software. The integrated area of the fitted peaks was 
employed for semi-quantitative calculations of the content of each 
functional group, as outlined in Eq. (10)-Eq. (12) [36,38]. 

A− OH

A− O−

=
I3550− 3250cm− 1

I1300− 1000cm− 1
(10) 

where Ix− ycm− 1 represents the integral areas of the individual charac
teristic peaks obtained by peak fitting from x cm− 1 to y cm− 1; 
A− OH/A− O− represents the relative contribution of the hydroxyl 
stretching band to the ether group, i.e., the conversion of the unstable 
reactive oxygen-containing functional group to the stabilizing group 
during pyrolysis. A larger ratio implies a decrease in ether groups and an 
increase in hydroxyl groups. 

AC=O

A− ar
=

I1770− 1660cm− 1

I1660− 1580cm− 1
(11) 

AC=O/A− ar represents the relative contribution of carbonyl or 
carboxyl groups to the aromatic groups, i.e., dissociation and loss of 
reactive oxygen-containing groups. A larger ratio implies a larger 
amount of reactive oxygenated groups in the char. 

A− CH2

A− CH3

=
I2935− 2910cm− 1

I2975− 2950cm− 1
(12) 

A− CH2/A− CH3 represents to the aliphatic chain length and the degree 
of branching of aliphatic side groups in the char. A larger ratio implies 

the presence of long-chain carbon structures in the char. 

A− al

A− ar
=

I3000− 2785cm− 1

I1605− 1570cm− 1
(13) 

A− al/A− ar represents the relative contribution of the aliphatic 
stretching bands to the aromatic out-of-plane bending mode, i.e., the 
aromaticity of the char. A larger ratio implies lower aromaticity.

2.4.3. Physical characteristics of char
To investigate the pore characteristics of char, a fully automatic 

specific surface and porosity analyzer (Micromeritics ASAP 2460, USA) 
was used to measure char. The pore structure characteristics of char 
were measured using the N2 adsorption method. The degassing tem
perature for the test was 300 ◦C and the degassing time was 7 h.

2.5. Major gasification reaction equations

In the process of coal partial gasification, two distinct types of re
actions occur: gas-solid reactions and gas-gas reactions. The specific 
reaction equations are shown in Eqs. R1-R12 [39,40]:

Gas-solid reactions: 

C+0.5O2 =CO,ΔH= − 110.6 kJ /mol R1 

C+O2 =CO2,ΔH= − 393.6 kJ /mol R2 

C+H2O=H2 +CO,ΔH=131.3 kJ /mol R3 

C+CO2 =2CO,ΔH= 172.5 kJ /mol R4 

C+2H2 =CH4,ΔH= − 74.9 kJ /mol R5 

gas-gas reactions: 

H2 +0.5O2 =H2O,ΔH= − 241.9 kJ /mol R6 

CO+ 0.5O2 =CO2,ΔH= − 283 kJ /mol R7 

CO+H2O=H2 +CO2,ΔH= − 41.2 kJ /mol R8 

CO+3H2 =CH4 +H2O,ΔH= − 206.2 kJ /mol R9 

2CO+2H2 =CH4 +CO2,ΔH= − 203.3 kJ /mol R10 

CO2 +4H2 =CH4 +2H2O,ΔH= − 208.9 kJ /mol R11 

CH4 +2O2 =CO2 +2H2O,ΔH= − 866.9 kJ /mol R12 

2CnHm +(2n+m /2)O2 =2nCO2 +mH2O, exothermic R13 

CnHm + nH2O= nCO+(n+m /2)H2, endothermic R14 

3. Results and discussions

3.1. Effect of air equivalence ratio on gasification performance

3.1.1. Effect of air equivalence ratio on partial gasification product yield 
and gas composition

To investigate the effect of ER on the syngas composition obtained 
after SC partial gasification, a gas chromatograph (GC, Agilent 7890B, 
USA) was utilized for quantitative analysis of the main components in 
the syngas. The gas chromatograph is equipped with two thermal con
ductivity detectors (TCDs) and a hydrogen flame ionization detector 
(FID). The TCDs can be used to detect CO, CO2, CH4, O2, N2 and H2, 
while the FID can be used to detect CH4, C2H4, C2H6, C3H6, and C3H8.

The composition and yields of the syngas obtained from SC partial 
gasification at different ER are depicted in Fig. 2. As shown in the figure, 
the yields (ml/g) of almost all different gas components in syngas 
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increased with the rising air equivalence ratio (ER). This can be attrib
uted to the increased oxygen availability for the partial gasification re
action, which leads to greater consumption of fixed carbon in the SC and 
the increasing gas yield. Notably, the yields of CH4 and C1-C3 alkanes 
initially decreased and then increased as ER increased. This indicates 
that when the ER exceeds 0.1, the formation rate of CH4 is lower than its 
consumption rate. C1-C3 alkanes primarily originate from the cleavage 
and hydrogenation of macromolecular aliphatic side chains with high 
activity in the coal [41], a process that predominantly occurs during 
pyrolysis. As ER increases, the percentage content (%) of CH4 initially 
rises and then decreases. This is similar to the changing trend of the 
yields of C1-C3 alkanes. When ER exceeds 0.08, gasification takes a 
dominant position, leading to a decline in CH4 content in the syngas 
which indicates that CH4 is sensitive to the presence of O2. Simulta
neously, the reaction rate of R10 increases with temperature. When ER is 
too high, the reaction equilibrium of R12 shifts positively, resulting in 
the consumption of CH4. Due to changes in the synthesis and combustion 
rates of CH4, its content first increases and then decreases. The content 
of hydrocarbon CnHm also shows a trend of initial increase followed by a 
decrease as ER increases. CnHm primarily originates from coal pyrolysis. 
With an increase in ER, the gasification reaction intensifies, raising the 
temperature and increasing CnHm content. However, when ER exceeds 
0.08, excessive oxygen involvement shifts the reaction equilibrium of 
the combustion reaction R13 and the steam reforming reaction R14 to 
the positive direction. This increases the decomposition rate of CnHm, 
leading to a decrease in its content. When ER continues to increase, the 
tar and straight-chain hydrocarbons produced by gasification undergo 
secondary cracking so that more hydrocarbon C2 is generated [42]. This 
causes the rate of decrease in CnHm to slow after ER exceeds 0.1.

Meanwhile, the content of combustible gas components (CGC) such 
as H2, CO and C1-C3 alkanes in the syngas ranges between 12.6 % and 
14.5 %. With an increase in ER, it first rises and then falls. The high 
percentage content of CGC, 14.4 % and 14.5 %, occurs at ER of 0.08 and 
0.1, respectively. This is due to the transition of the reaction from being 
dominated by pyrolysis to being dominated by gasification as ER in
creases which leads to CGC in the syngas increases. However, further 
increases in ER lead CGC to combust with oxygen, resulting in a decrease 
in the percentage content of CGC. In the early stages of ER increase, the 
percentage content of CO rises. However, when ER reaches 0.1, the in
crease in CO content becomes less pronounced. CO primarily results 
from reaction R1 [39]. As ER increases, the involvement of O2 rises 
which elevates the temperature and accelerates the rate of R1. Overall, 
the CO content increases initially before stabilizing. This slightly de
viates from the conclusion of Chen et al. [43] who reported that the CO 
yield decreases with an increase in the oxygen-coal ratio. This discrep
ancy is likely since O2 not only reacts with carbon in coal to form CO but 
also facilitates the conversion of CO to CO2 via reaction R7 as the re
action rate of R1 reaches a certain threshold at ER 0.1. As ER increases 
further, CO2 content first increases, then decreases and finally rises 

again. The downward trend in CO2 content occurs because pyrolysis 
dominates this stage [39] and the heat provided by partial gasification 
also accelerates the pyrolysis reaction.

As ER increases, the content of H2 initially rises and then decreases. 
On the one hand, because of the increased ER, the temperature con
tinues to rise while accelerating the gasification. This enhances the re
action rate of R14 and shifts the reaction equilibrium in the positive 
direction, thereby promoting the increase in the content of H2. On the 
other hand, the involvement of O2 in the reaction combusts with the H2 
produced during the process, reducing the content of H2 and generating 
more water. Consequently, the content of H2 exhibits an initial increase 
followed by a decrease.

Fig. 3 illustrates the trend of syngas, char and tar yields with 
increasing ER in the partial gasification experiment. It can be seen that 
both char and tar yields decrease as ER increases. This decrease can be 
attributed to the acceleration of the coal gasification reaction, leading to 
the rapid release of volatile matter from the coal and enhancing the 
reaction rates of R1, R2, and R4. Moreover, higher ER can promote 
secondary reactions. As ER increases, it facilitates the secondary 
cracking and oxidation of tar, reducing the tar yield from 9.41 % to 6.87 
%. Due to the intensification of coal gasification and the secondary 
cracking of tar, the syngas yield increases with ER increase. This is 
consistent with the observed trend of increasing yields of different gas 
components in the syngas, as analyzed earlier.

Fig. 2. Gas composition and yield of syngas from coal partial gasification under different ER.

Fig. 3. Partial gasification product yield from coal partial gasification under 
different ER.
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3.1.2. Effect of air equivalence ratio on LHVgas, η, Vgas and αC
Fig. 4 shows partial gasification indexes of coal partial gasification 

under different ER. The results indicate that the syngas conversion rate 
is highly sensitive to ER. As ER increases, the syngas conversion rate 
rises from an initial 9.22 % to a maximum of 24.09 %. This increase is 
attributed to the shift in the gasification process of SC from being 
dominated by pyrolysis at the beginning to being dominated by gasifi
cation at higher ER. This shift leads to a more complete volatile analysis 
and secondary cracking of the tar produced by the reaction, thereby 
enhancing the syngas yield and syngas conversion rate αC. As shown in 
Fig. 4(a), the LHVgas initially increases and then decreases with rising 
ER. This trend is consistent with the percentage content of CGC in syngas 
discussed in Section 3.1.1. The CGC in the syngas initially increases and 
then decreases with ER, leading to changes in LHVgas. At an ER of 0.08, 
the LHVgas reaches its peak at 2.15 MJ/Nm3.

As shown in Fig. 4(b), with increasing ER, both gasification effi
ciency η and syngas flow rate Vgas exhibit a continuous upward trend. At 
an equivalence ratio of 0.14, these two gasification parameters peak at 
50.77 % and 5.11 L/min, respectively. This increase is primarily due to 
the elevated ER promoting higher reaction temperatures and the com
bustion of fixed carbon, facilitating the complete release of volatiles 
from SC and the conversion of fixed carbon into syngas. As ER rises, 
more oxygen participates in the oxidation reactions of coal, tar, and 
syngas. Although this results in a decrease in syngas calorific value, the 
yield of syngas increases which finally leads to η. The increased partic
ipation of O2 in these reactions also results in an upward trend in the 
syngas flow rate Vgas observed in the partial gasification experiments.

3.2. Effect of air equivalence ratio on the characteristics of tar

To investigate the effect of the ER on the characteristics of tar ob
tained from partial gasification, a GC-MS (Agilent 7890B, USA) was used 
to analyze tar. The gas chromatographic column used was an HP-5ms 
capillary column, with high-purity helium flowing at 1.14 mL/min as 
the carrier gas. The tar detection data were qualitatively analyzed using 
the NIST-2017 database [44]. The matching factors of all detected 
components of tar were above 90 %. The relative content of each 
component was calculated by area normalization.

Fig. 5 shows the GC-MS spectrum of tar from coal partial gasification 
under different ER. To quantitatively analyze the changes in tar com
ponents, the peak areas of different characteristic peaks in the total 
spectrum are typically used to represent the relative contents of various 
major components in tar [45]. Using the NIST database system, com
pounds with the highest probability of matching characteristic chro
matographic peaks were identified and the main compounds in tar were 
categorized into five groups: polycyclic aromatic hydrocarbons, mono
cyclic aromatic hydrocarbons and derivatives, aliphatic hydrocarbons, 
aliphatic hydrocarbon derivatives and phenols. As shown in Fig. 5, 
different numbers and colors denote the categories of various major 
components, with their relative contents quantitatively calculated based 

on peak areas. The identified main compounds and their contents are 
listed in Table S3. Additionally, the compounds are classified into four 
categories based on the number of carbon atoms (C) present in the main 
compounds in tar: C1-C10, C11-C15, C16-C20 and >C20.

Fig. 6 shows the relative content of different organic matter in tar. As 
shown in Fig. 6(a), the phenols and monocyclic aromatic hydrocarbons 
and their derivatives dominate the main components of the tar obtained 
after partial gasification, accounting for 38.23%–45.52 % and 28.37%– 
32.39 %, respectively. This differs from the dominance of aromatic hy
drocarbons and aromatic hydrocarbon derivatives in the pyrolysis pro
cess. This is because the presence of oxygen in the gasification process 
introduces free hydroxyl and carbonyl groups, promoting reactions with 
hydroxyl radicals in the coal, which leads to the formation of phenolic 
compounds. Additionally, the introduction of oxygen accelerates the 
cracking of large aromatic ring compounds, resulting in an increased 
generation of phenolic compounds.

The content of phenolic compounds in the tar decreases and then 
increases with increasing ER. At lower ER, phenolic compounds are 
generated in larger quantities during pyrolysis. However, as the oxygen 
content increases, oxidation reactions occur, forming phenolic alde
hydes, phenolic ketones, and other products, leading to a decrease in 
phenolic content. As ER increases further, the decomposition of SC and 
its tar generates volatile compounds containing active oxygen groups, 
which react with aromatic ring side chains and bridges to form more 
phenolic compounds [46]. Additionally, aromatic compounds undergo 
rearrangement or cracking at higher ER, resulting in increased phenolic 
concentrations, such as phenol. At this stage, the formation of phenolic 
compounds exceeds their oxidation rate, causing an increase in the 
subsequent phenolic compound content.

As shown in Fig. 6(a), the overall content of aliphatic hydrocarbons 
and their derivatives decreases as the decomposition of heavier products 
with higher reactivity, such as long-chain aliphatic hydrocarbons, ac
celerates with increased oxygen content. This breakdown promotes the 
formation of smaller molecular gases and other compounds. During the 
transformation of aliphatic hydrocarbons and their derivatives, the 
decrease in the content of aliphatic hydrocarbon derivatives is more 
pronounced, with a maximum reduction of 2.79 %. This can be attrib
uted to the poor structural stability of hydrocarbon derivatives con
taining heteroatom structures [47] which decompose more readily at 
high temperatures. The content of polycyclic aromatic hydrocarbons 
and monocyclic aromatic hydrocarbons and derivatives follows a trend 
of first increasing and then decreasing, reaching maximum levels at ER 
values of 0.08 and 0.1, respectively. Initially, at low ER, the concen
tration of polycyclic aromatic hydrocarbons increases. This may be 
partly due to the polymerization of highly reactive monocyclic aromatic 
hydrocarbons and their derivatives, which form polycyclic aromatic 
hydrocarbons. Additionally, some free radical fragments from the 
oxidation of aliphatic hydrocarbons and their derivatives may promote 
the polymerization reaction, forming polycyclic aromatic hydrocarbons. 
At higher ER, polycyclic aromatic hydrocarbons undergo oxidation and 

Fig. 4. Partial gasification indexes of coal partial gasification under different ER.

B. Zhang et al.                                                                                                                                                                                                                                   Journal of the Energy Institute 119 (2025) 102008 

6 



cracking, resulting in the formation of monocyclic aromatic hydrocar
bons and a decrease in the content of polycyclic aromatic hydrocarbons. 
At this stage, the content of phenolic compounds decreases, with phenol 
and similar substances likely undergoing oxidation to form monocyclic 
aromatic compounds. Consequently, the concentration of monocyclic 
aromatic hydrocarbons increases initially as the ER rises, peaking at an 
ER of 0.1. Notably, at an ER of 0.1, the content of phenolic compounds 
reaches its lowest point, indicating that a portion of these compounds 
has been converted into monocyclic aromatic compounds. With a 
further increase in ER, the concentration of monocyclic aromatic hy
drocarbons and their derivatives decreases and stabilizes but remains 
higher than at an ER of 0.06. This phenomenon can be explained by the 
continued decomposition of polycyclic aromatic hydrocarbons into 
monocyclic aromatic hydrocarbons and derivatives which then undergo 
rearrangement to phenolic compounds and other compounds. These two 
reasons ultimately lead to a decrease in the content of monocyclic aro
matic hydrocarbons and derivatives, which then stabilizes.

As shown in Fig. 6(b), the main compounds below C10 in the tar 
obtained from the partial gasification occupy a dominant position, ac
counting for 72.13 %–79.92 %. This proves that the introduction of 
oxygen can cause the decomposition of long-chain structures and poly
cyclic aromatic hydrocarbon structures into short-chain structures and 
monocyclic aromatic hydrocarbon compounds during the gasification 
process. There is a rising trend in the major compound content below C10 
and in the C16–C20 range as ER increases. Concurrently, the content of 
main compounds above C20 in the tar shows a significant downward 
trend, with the largest decrease being 3.95 %. In contrast, the content of 
main compounds in the C11-C15 range initially increases and then de
creases. It primarily consists of polycyclic aromatic hydrocarbons (such 
as C11H10, C12H12, C13H14) and a phenolic compound (C14H22O). As 
previously mentioned, polycyclic aromatic hydrocarbons decrease with 
increasing ER, while phenolic compounds first decrease and then in
crease. Therefore, the content of C11-C15 compounds in the tar shows a 
decreasing trend.

Fig. 5. GC-MS spectrum of tar from coal partial gasification under different ER.
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3.3. Effect of air equivalence ratio on the characteristics of char

3.3.1. Combustion characteristic
Fig. 7 shows the TG curves of char from coal partial gasification 

under different ER, along with the values of T0.5. The results indicate 
that with an increase in ER, the T0.5 of the char increases, suggesting a 
decline in the combustion reactivity of the char. T0.5 rose from 424.5 ◦C 
at an ER of 0.06–439.9 ◦C at an ER of 0.14. This trend can be attributed 
to the gasification process during which the volatiles remaining in the 
char are burned and the combustion of fixed carbon. As shown in 
Table 4, the results of the proximate, ultimate and calorific value anal
ysis of char samples indicate that with the increase in ER, the residual 
volatile matter and fixed carbon content in the char samples decrease, 
leading to worsened combustion performance. However, the extent of 
the change in T0.5 is not significant, possibly because the gasification 
reaction increases the pore volume of the char which enhances its spe
cific surface area and creates more active sites on the coal surface. 
Elemental analysis reveals that the proportions of C, H, and O in the char 
decrease with increasing ER, suggesting that the partial gasification of 
SC is a process of dehydrogenation, deoxygenation, and carbon 

enrichment. The reduction in these three elements and the volatile 
matter content of the char leads to a decrease in the lower heating value 
as ER increases with the highest heating value of 27.34 MJ/kg when ER 
is 0.06.

Fig. 8 shows the TG and DTG curves of char under different ER and 
combustion indicators. The DTG graph reveals two main weight loss 
peaks within the temperature range of 50–950 ◦C. The first peak occurs 
at 420.9–439.2 ◦C, which corresponds to the maximum combustion rate 
temperature (Tp). This peak can be attributed to the

Gasification reaction of char, complete volatilization of gases and the 
oxidation of fixed carbon. The second peak appears at 640–650 ◦C, 
attributed to the secondary reaction of char gasification. Some relatively 
stable macromolecular substances, such as ethers, remain in the char 
and require higher temperatures and sufficient oxygen to decompose 
and be consumed. As ER increases, both weight loss peaks of char shift 
towards higher temperatures. The three combustion characteristic 
temperatures also show an increasing trend, with the maximum change 
observed in Tp which rises from 420.9 ◦C to 439.2 ◦C. The maximum 
combustion rate (dw/dt)max remains relatively constant within the 
range of 10–11.2 %/min. The average combustion rate (dw/dt)average 
shows a downward trend from 8.1 %/min to 7.2 %/min. This behavior is 
consistent with the earlier observations, as an increased ER results in 
more volatile matter and fixed carbon in the partially gasified char being 
precipitated and oxidized, thereby increasing the ignition temperature 
and slowing the combustion rate post-ignition.

3.3.2. Chemical structure
As shown in Fig. 9(a), the fitting of the Raman spectrum curve for 

char prepared at an ER of 0.1 exhibited an excellent result, with the 
fitting regression coefficient (R2) exceeding 0.99. The total peak in
tensity Itotal of the Raman spectrum from 1800 cm− 1 to 800 cm− 1 is 
calculated by summing the fitting areas of the 10 Raman peaks. This 
parameter characterizes the degree of disorder in the sample: the larger 
the Itotal, the higher the degree of disorder. The specific results of the 
three characteristic parameters: total Raman peak intensity Itotal, Raman 
band area ratio I(Gr + VL + Vr)/ID and IG/ID for each char sample are 
calculated based on the area parameters of each Gaussian peak obtained 
by fitting, as shown in Fig. 9(b). The results indicate that with increasing 
ER and gasification temperature, the total peak intensity Itotal of char 
initially rises and then falls, peaking at an ER of 0.1. The value of Itotal is 
predominantly influenced by the light absorption capability of the 
sample, Raman scattering ability and the presence of oxygen-containing 
components which can induce resonance effects [33,34]. Electron-rich 
structures, such as oxygen-containing functional groups, generally 
exhibit higher Raman scattering ability. Therefore, if the reaction 

Fig. 6. Relative content of different organic matter in tar 
Note: Tar-1 to Tar-5 represent the tar prepared at air equivalent ratios of 0.06–0.14, respectively; The horizontal axes 1, 2, 3, 4, and 5 in Figure (a) represent 
polycyclic aromatic hydrocarbons, monocyclic aromatic hydrocarbons and their derivatives, phenols, aliphatic hydrocarbons, and aliphatic hydrocarbon derivatives, 
respectively.

Fig. 7. TG curves and combustion reactivity of char from coal partial gasifi
cation under different ER 
Note: Char-1 to Char-5 represent the char prepared at air equivalent ratios of 
0.06–0.14, respectively.
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Table 4 
Proximate, ultimate and calorific value analysis of char samples.

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

M A V FC C H N St Odiff

Char-1 3.19 13.09 11.69 72.03 70.12 2.00 0.85 0.25 10.50 27.34
Char-2 3.11 14.31 11.40 71.18 68.60 1.97 0.81 0.21 10.99 26.27
Char-3 3.06 16.41 10.93 69.60 68.93 1.96 0.96 0.17 8.52 25.51
Char-4 2.72 18.62 9.23 69.43 67.84 1.75 0.81 0.16 8.11 25.48
Char-5 2.52 20.98 9.17 67.33 65.86 1.62 0.82 0.19 8.01 24.49

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

Fig. 8. TG, DTG curves and combustion characteristic indicators of char from coal partial gasification under different ER.
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consumes more oxygen-containing functional groups, the Itotal value 
decreases. This indicates that in the ER range of 0.06–0.1, increasing the 
ER enhances the oxygen-containing functional groups in the char, 
thereby increasing the degree of disorder and the Itotal value. If the ER 
increases further, some of the more active oxygen-containing functional 
groups in the char, such as hydroxyl and carbonyl, will be further 
consumed, leading to increased order and a reduction in the Itotal value.

The ratio of the Raman band areas of the (Gr + VL + Vr) band to the D 
band, I(Gr + VL + Vr)/ID, can reflect the ratio of small aromatic ring groups 
(ring number 3–5) to large aromatic ring groups (ring number >6) in 
char [29]. As shown in Fig. 9 (b), I(Gr + VL + Vr)/ID exhibits a trend of first 
increasing and then decreasing. At low ER, the pyrolysis reaction pre
dominates, causing the large aromatic ring structure to decompose and 
generate more small aromatic ring structures, leading to a slight increase 
in the I(Gr + VL + Vr)/ID value. As ER continues to increase, the char 
selectively consumes smaller aromatic ring structures, decomposing 
them into products such as oxygen-containing functional groups or 
condensing them into large aromatic ring structures which make the 
residual char more condensed [30]. As the gasification reaction becomes 
more complete and the number of small aromatic ring groups decreases, 
resulting in a decrease in the I(Gr + VL + Vr)/ID value. Additionally, with 
an increase in ER, the amount of CO2 generated by partial gasification 
also increases. On the one hand, CO2 participates in cross-linking re
actions on the surface of char, attaches to coal and expands the pore size 
of the micropores and mesopores of char [48]. This increases the active 
sites on the surface of coal and leads to the formation of more 
oxygen-containing functional groups. These functional groups are more 
likely to desorb through the breaking of C-C bonds, thereby generating 
smaller aromatic ring structures and long-chain aliphatic structures. On 
the other hand, long-chain aliphatic structures produce steric groups 
that inhibit the condensation of small aromatic ring structures [49], 
resulting in an increase in small aromatic ring structures and an indirect 
decrease in large aromatic ring structures. Hence, the I(Gr + VL + Vr)/ID 
value decreases slowly at first.

The ratio of the Raman band areas of the G band to the D band, IG/ID, 
can reflect the degree of graphitization of the carbon structure in char 
[32]. A higher value of IG/ID indicates a lower degree of graphitization 
in the char. The trend of the IG/ID value with changing ER is similar to 
that of I(Gr + VL + Vr)/ID, both showing an initial increase followed by a 
decrease. This indicates that with increasing ER, the graphitization de
gree of the char first decreases and then increases. In the beginning, the 
increase in the IG/ID value is small. As described above, although more 
oxygen-containing functional groups and large aromatic ring structures 
are generated during the initial increase in ER, many new small aromatic 
ring structures are decomposed which increases the disorder of the char 
and reduces its graphitization degree. In this process, due to the intro
duction of oxygen, more active structures also undergo oxidation re
actions, producing gases such as CH4 and CO which corresponds to the 
conclusion in Section 3.1.1. When the ER continues to increase, the IG/ID 

value decreases, but the downward trend slows. This is because most of 
the oxygen-containing functional groups have been consumed during 
the reaction and the small aromatic ring structures have begun to 
condense to form larger aromatic ring structures. The width of the D 
band in the char is very broad, indicating that while there are many sizes 
of aromatic ring structures, they are insufficient to form graphite crystals 
[32]. Since these large aromatic ring structures have Raman activity in 
the D band, the reduction of “defective” structures leads to a relatively 
low Raman intensity of the D band. Therefore, the subsequent decrease 
in the IG/ID value is relatively small.

Fig. 10 (a) shows the FTIR spectra of different char samples. As 
shown in the figure, in the wavenumber range of 3600–3000 cm⁻1, each 
char sample exhibits a broad and strong characteristic peak around 
3430 cm⁻1, indicating relatively strong hydroxyl vibrations in all sam
ples. This indicates that the presence of phenol, alcohol or water was 
generated during the reaction process [50]. Notably, all samples exhibit 
two characteristic peaks with low intensity at 2923 cm− 1 and 2870 cm− 1 

in the 3000-2700 cm− 1 range, attributed to the stretching vibrations of 
methyl groups. These peaks indicate a low content of long-chain 
aliphatic hydrocarbons in the samples [38]. In the 1800-1000 cm− 1 

region, all samples display several strong and prominent peaks, sug
gesting the presence of abundant oxygen-containing functional groups 
in the char. However, variations in peak intensity and number among 
the samples imply different degrees of decomposition of these groups 
during the reaction. Additionally, two characteristic peaks at 880 cm− 1 

and 770 cm− 1 are observed in all samples, assigned to the aromatic ring 
structures in the char.

Since the characteristic peaks appearing in each spectrum are 
composed of different functional groups, the information obtained from 
the total FTIR spectra is only for approximate variations and is not ac
curate. As shown in Fig. 10(c)–(f), the FTIR curves across different 
wavenumber ranges are performed through peak fitting and semi- 
quantitative analysis in this study. The semi-quantitative FTIR ratios 
are shown in Fig. 10(b). Both A− OH/A− O− and AC=O/A− ar increase and 
then decrease with increasing ER, reaching their maximum values at an 
ER of 0.1. This indicates that at low ER, pyrolysis dominates the process. 
The involvement of oxygen leads to an increase in hydroxyl and other 
oxygen-containing functional groups in the char which enhances the 
disorder in its internal structure. This result is consistent with the Raman 
analysis. As ER increases, O2 selectively consumes high-reactivity oxy
gen-containing functional groups through the following mechanisms 
[51,52]: (1) gasification of small molecules connected by carbonyl 
groups; (2) decomposition of ether groups producing CO; (3) oxidation 
of carbonyl, aldehyde, and carboxyl groups producing CO2; (4) cracking 
of aliphatic groups. These processes ultimately result in a decrease in the 
content of these functional groups and the generation of small molecular 
gases. However, it is observed that at ER of 0.12 and 0.14, the 
A− OH/A− O− values are nearly identical. This is because A− OH/A− O− is 
influenced not only by the content of hydroxyl but also by the content of 

Fig. 9. (a) Peak fitting examples of Raman spectra; (b) Raman characteristic parameters of char.
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ether which is thermally stable. Moreover, high-reactivity groups like 
alcohols, phenols and carboxylic acids can convert to ether groups [36] 
which decompose at a much slower rate than hydroxyl groups. Thus, the 
consumption rate of ether groups is lower than that of hydroxyl groups, 
resulting in similar A− OH/A− O− values at ERs of 0.12 and 0.14.

As ER increases, the value of A− CH2/A− CH3 continuously decreases. 
The increase in ER leads to a higher concentration of O2 participating in 

the reaction and an elevated reaction temperature. And the concentra
tion of free radicals in the reaction process also increases [53]. There
fore, long-chain aliphatic hydrocarbons with poor thermal stability are 
consumed at a higher rate, generating small molecules such as H2, CnHm, 
and COx [54], leading to a decrease in the A− CH2/A− CH3 value. The value 
of A− al/A− ar initially increases and then decreases with increasing ER, 
following a trend similar to that observed in I(Gr + VL + Vr)/ID and IG/ID. 

Fig. 10. FTIR analysis of char samples: (a) FTIR curve of char samples; (b) FTIR characteristic parameters of char samples; (c)–(f): Peak fitting examples of FTIR 
spectra in different wavenumber ranges.
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This suggests that the aromaticity of the char first decreases and then 
increases with increasing ER. This is consistent with the change in 
graphitization degree reflected by IG/ID. The notion that pyrolysis pre
dominates at low ER is further supported by this. At this stage, the 
decomposition rate of large aromatic ring structures is faster than the 
consumption rate of small aromatic rings. However, as ER increases 
further, small aromatic ring structures are preferentially oxidized and 
consumed or undergo polymerization into large aromatic ring struc
tures, resulting in their consumption rate exceeding the generating rate, 
which ultimately leads to the aromaticity of the char decreasing again.

3.3.3. Physical structure
Fig. 11 shows the nitrogen adsorption and desorption isotherms of 

char produced at different ER. The hysteresis phenomenon observed in 
the low-temperature nitrogen adsorption isotherm is typically related to 
capillary condensation in the pore structure. Generally, different 
adsorbent types and adsorption environments (temperature and pres
sure) cause hysteresis loops of different shapes [55]. As shown in Fig. 11, 
the isothermal adsorption-desorption curves of char exhibit H4-type 
hysteresis loops, indicating that the pore structure inside the char 
comprises blind pores with one end closed, parallel plate slit pores, 
narrow crack pores or ink-bottle pores [56]. Additionally, the adsorption 
isotherms of the char belong to type II isotherms [55]. The reversible 
type II isotherm is typical for non-porous or macroporous adsorbents, 
consistent with the fact that the char obtained in this experiment is more 
dominated by macropores in the pore size distribution curve (see 
Fig. 11).

The changes in the specific surface area, micropore specific surface 
area, pore volume and micropore specific surface area of char obtained 
by partial gasification at different ER are shown in Table 5. As shown 
from the table, with the increase in ER, the specific surface area and 
micropore specific surface area of char initially increase and then 
decrease, while the pore volume and micropore volume show an upward 
trend. This indicates that with the increase in ER, more oxygen can enter 
the char to participate in the gasification reaction, making the trend of 
the specific surface area of char similar to the trend of char disorder with 
ER. The specific surface area of char reaches a maximum value of 
249.904 m2/g at an ER of 0.1. This suggests that the highly active groups 
in the char facilitate reactions, thereby accelerating the development of 
char pores. However, when ER increases from 0.12 to 0.14, the specific 
surface area and micropore specific surface area of char increase 

slightly. This may be due to the char gradually undergoing combustion 
reactions during this process, producing more CO2 which also partici
pates in the cross-linking reaction within the char, expanding the pore 
size and specific surface area of the char [48].

3.4. Effect mechanism of air equivalent ratio on partial gasification 
products

Experimental results show that changes in ER significantly affect the 
generation and decomposition of oxygen-containing functional groups 
in char, thereby altering its internal structure and degree of disorder. 
Fig. 12 shows a schematic diagram of the mechanism by which ER in
fluences the partial gasification products of SC. The figure illustrates that 
ER impacts the three primary products of partial gasification: syngas, tar 
and char. As ER increases, a greater amount of oxygen participates in the 
partial gasification reaction. The reaction gradually shifts from being 
dominated by initial pyrolysis to being dominated by gasification. 
Initially, the content of CGC increases. This is because the increase in 
oxygen promotes reactions R1, R3, R4 and R14, thereby enhancing coal 
pyrolysis and leading to a rise in CGC content in the syngas. When the O2 
reaches a certain level, the reaction shifts predominantly towards gasi
fication. This promotes the progress of reactions R2, R6 and R13, 
resulting in a reduction of CGC content in the syngas and an increase in 
CO2.

The macromolecular substances (such as polycyclic aromatic hy
drocarbons) and unstable structures (such as aliphatic hydrocarbons and 
their derivatives) in tar undergo cracking reactions due to the gradual 
increase in oxygen. These reactions generate short-chain structures, 
monocyclic aromatic hydrocarbons and derivatives and gases such as CO 
and CH4. Simultaneously, the cracking of macromolecular substances 
produces highly active oxygen-containing functional groups, such as 
free hydroxyl and carbonyl groups, which elevate the content of 
phenolic compounds. Phenolic compounds are oxidized to form 
phenolic aldehydes, phenolic ketones or other oxidation products. When 
O2 continues to increase, the oxidation rate of phenolic compounds 
becomes slower than the cracking rate of macromolecular substances 
like polycyclic aromatic hydrocarbons, resulting in a trend where 
phenolic compounds initially decrease and then increase. Tar undergoes 
secondary cracking reactions at this stage, and the deepening gasifica
tion reaction with char increases the yield of syngas to a certain extent. 
The heavy components (>C20) in tar shift to lighter components 
(<C10).

As the ER increases, the combustion reactivity of char decreases. The 
weight loss peak of char shifts toward higher temperatures, the ignition 
temperature of char increases and the combustion rate decreases after 
ignition. However, the combustion characteristics of char change 
slightly. This may be due to the gasification reaction expanding the pore 
volume of char, increasing the specific surface area of char and creating 
more vacancy active sites on the coal surface. This causes its combustion 
reactivity to decrease slowly. Although increasing the ER initially in
creases the oxygen-containing functional groups and disorder degree 
inside the char when pyrolysis dominates, during gasification, the more 
active oxygen-containing functional groups inside the char undergo the 
following reactions: (1) gasification of small molecules connected by Fig. 11. Adsorption and desorption isothermal hysteresis curves of char.

Table 5 
Specific surface area and pore characteristic parameters of coke produced under 
different ER.

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

0.06 209.642 188.896 0.0947 0.074
0.08 246.456 212.291 0.111 0.084
0.1 249.904 205.255 0.1186 0.082
0.12 240.638 193.145 0.1188 0.085
0.14 245.205 202.139 0.1277 0.087

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.

B. Zhang et al.                                                                                                                                                                                                                                   Journal of the Energy Institute 119 (2025) 102008 

12 



carbonyl groups; (2) decomposition of ether groups to produce CO; (3) 
decomposition of carbonyl, aldehyde, and carboxyl groups to produce 
CO2; (4) decomposition of aliphatic groups. This results in the char 
becoming more ordered and improves partial gasification efficiency.

4. Conclusion

In this study, a series of partial gasification experiments were con
ducted using lignite in a self-built fluidized bed, with air serving as the 
gasifying agent. The effects and mechanisms of the air equivalence ratio 
(ER) on partial gasification indexes and products were investigated. The 
main conclusions are as follows. 

(1) As the ER increased from 0.06 to 0.14, the dominant reaction of 
SC shifted from pyrolysis to gasification. The percentage content 
of CGC such as CnHm, H2 and CO initially increased and then 
decreased, reaching higher levels at ER of 0.08 and 0.1. Syngas 
achieved a maximum lower heating value of 2.15 MJ/Nm3 at an 
ER of 0.08 and a maximum gasification efficiency of 24.09 % at 
an ER of 0.14.

(2) With increasing ER, tar yield decreased. Higher ER facilitated the 
cracking of macromolecules like polycyclic aromatic hydrocar
bons, leading to the formation of free hydroxyl and carbonyl 
groups. These reactions promoted the formation of phenolic 
compounds, causing phenolic compounds and monocyclic aro
matic hydrocarbons and derivatives to dominate. The decompo
sition of long-chain and polycyclic aromatic hydrocarbons into 
smaller compounds reduced the content of polycyclic aromatic 
hydrocarbons and aliphatic hydrocarbons, shifting the tar 
composition from heavier (>C20) to lighter (<C10) components.

(3) With increasing ER, char yield decreased from 76.1 % to 53.3 %. 
The higher O2 concentration intensified oxidation reactions 
during partial gasification, reducing the combustion reactivity of 
char. TG analysis showed that the two weight loss peaks of char 
shifted to higher temperatures with higher ER, though the 
changes were moderate. This could be attributed to the gasifi
cation reaction expanding the pore volume of char which 
increased its specific surface area and created more vacancy 
active sites on its surface. This slowed the decrease in combustion 
reactivity.

(4) ER significantly influenced the formation and decomposition of 
oxygen-containing functional groups in char, altering its internal 

structure and degree of disorder. At an ER of 0.1, the content of 
oxygen-containing functional groups in char was at its highest 
and the char exhibited the greatest disorder. Beyond an ER of 0.1, 
additional oxygen participated in combustion reactions. The 
values of Itotal and I(Gr + VL + Vr)/ID first increase and then 
decrease. Semi-quantitative analysis of FTIR spectra aligned with 
Raman spectroscopy, showing a consistent trend in oxygen- 
containing functional groups and char disorder.
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