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Abstract The present study aims to explore the physico-chemical structure evolution characteristic during Yangchangwan

bituminous coal (YCW) gasification in the presence of iron-based waste catalyst (IWC). The catalytic gasification reac-

tivity of YCW was measured by thermogravimetric analyzer. Scanning electron microscope–energy dispersive system,

nitrogen adsorption analyzer and laser Raman spectroscopy were employed to analyze the char physico-chemical prop-

erties. The results show that the optimal IWC loading ratio was 5 wt% at 1000 �C. The distribution of IWC on char was

uneven and Fe catalyst concentrated on the surface of some chars. The specific surface area of YCW gasified semi-char

decreased significantly with the increase of gasification time. i.e., the specific surface area reduced from 382 m2/g (0 min)

to 192 m2/g (3 min), meanwhile, the number of micropores and mesopores decreased sharply at the late gasification stage.

The carbon microcrystalline structure of YCW gasified semi-char was gradually destroyed with the increase of gasification

time, and the microcrystalline structure with small size was gradually generated, resulting in the decreasing order degree of

carbon microcrystalline structure. IWC can catalyze YCW gasification which could provide theoretical guidance for

industrial solid waste recycling.
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1 Introduction

The catalyst is the core of F-T synthesis technology. The

iron-based waste catalyst (IWC) was discharged in the

form of slag and wax. A large amount of IWC is treated by

stacking, which not only results in a waste of resources, but

also pollutes the ecological environment seriously. Coal

gasification is considered as the cleanest form of coal

conversion (Zheng et al. 2019). If the recovered IWC could

be applied to coal gasification, the gasification reactivity

will be improved and the problem of industrial solid waste

pollution for enterprises will be solved.

As we all know, the evolution characteristics of coal

char structure will have a profound impact on catalytic

gasification reactivity (Tay et al. 2014; Huo et al. 2014; Li

et al. 2016; Wei et al. 2019; Liu et al. 2020). There are

many reports on the characteristics of coal char structure

during gasification in the presence of alkali metals and

alkaline earth metals (Li et al. 2006; Liu et al. 2017a; Gao

et al. 2017; Fan et al. 2019; Bai et al. 2019), but there are a

few studies on the characteristics of coal char structure

using iron-based catalysts, and most of the reports in the

literature are carried out by using commercially available

analytical reagents. Yu et al. (2006) selected FeCl3 as

catalyst and used SEM to study the changes of Fe in the

process of gasification. Zhang et al. (2015), Yu et al.

(2019), Zhang et al. (2017) and Li et al. (2017) used SEM–
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EDS to characterize the distribution of catalyst on coal char

surface during gasification. Xu et al. (2019) studied the

characteristic of coal char structure and gasification reac-

tivity under Na2CO3, FeCO3 and their composite catalysts

and found that the coal char adsorption curve increased

rapidly with 4 wt% FeCO3. Qi et al. (2014) researched the

effect of Fe(NO3)3 on structure characteristic and gasifi-

cation reactivity of coal char and concluded that Fe

increased the number of amorphous carbon structure. To

sum up, at present, the effect of the coal char structure

characteristics of loading iron-based catalyst on the gasi-

fication reactivity was reported based on analytical

reagents, however, the systematic study on the physico-

chemical characteristics of coal char with loaded IWC is

seldom reported.

In this work, Yangchangwan bituminous coal (YCW)

was selected as feedstock for gasification in the presence of

IWC. The catalytic gasification reactivity of YCW with

loaded IWC was studied by TGA. And the physical and

chemical structure properties of coal char with loaded IWC

were systematically characterized by SEM–EDS, nitrogen

adsorption analyzer and laser Raman spectroscopy,

respectively. The aim is to deepen the understanding of the

structure evolution mechanism of IWC as loading catalyst

on the YCW char structure during gasification.

2 Experimental

2.1 Samples preparation

YCW was used as the raw material in this study. After

crushing and sieving, the raw coal with particle size of

80–120 lm was selected to perform gasification. The

proximate and ultimate analysis of raw coal was measured

by Infra-Red Rapid Coal Analyzer (5E-MACi) and ele-

mental analyzer (Vario MACRO), respectively. The result

is shown in Table 1. The ash composition of raw coal was

analyzed by X-ray fluorescence spectrometer (Advant

XPX). The result is shown in Table 2.

The IWC comes from CHN Energy Ningxia Coal

Industry Co., Ltd. The alumina crucible loaded IWC was

put in the muffle furnace, and then the temperature was

heated up to 600 �C, remaining for an hour to remove

organic matter. The chemical analysis of IWC was carried

out by X-ray fluorescence spectrometer (Advant XPX).

The result is shown in Table 3 and the main chemical

composition of IWC was Fe2O3.

2.2 Char preparation

The preparation of semi-char at different gasification time

was carried out in a horizontal tube furnace. The schematic

diagram of experimental device is shown in Fig. 1. Prior to

the experiment, the dried IWC and YCW were ground by

mortar and pestle with a ratio of 1:19, then about 2 g

samples were evenly spread in an alumina crucible. At the

beginning of gasification experiment, the flow rate of

100 mL/min N2 was introduced to the reactor so as to

remove the air. After the temperature was heated up to

1000 �C at a heating rate of 20 �C/min with 100 mL/

min N2, N2 was cut off then, and the gasification agent CO2

was injected at the rate of 100 mL/min into the reactor and

held for different time (0, 1, 1.5 and 3 min, respectively).

At the same time, the isothermal gasification was studied

and semi-chars with different gasification time was

produced.

2.3 Gasification reactivity test

The test of gasification reactivity was performed by TGA

(NETZSCH STA449 F3, Germany). About 10 mg samples

were placed in alumina crucible, and heated to the target

Table 1 Proximate and ultimate analyses of YCW

Analysis item Content (d, wt%)

VM 26.64

FC 56.81

Ash 16.55

C 64.42

H 3.63

N 0.67

S 1.14

O* 13.59

Note: VM volatile matter; FC fixed carbon; d dry basis

*Calculated by difference

Table 2 Ash chemical compositions of YCW

Component Content (wt%)

SiO2 41.59

Al2O3 18.28

Fe2O3 9.27

CaO 12.25

Na2O 2.19

K2O 1.51

MgO 4.77

SO3 8.90

TiO2 0.72

P2O5 0.06

Other 0.46
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gasification temperature at a heating rate of 20 �C/min

under 50 mL/min air flow. Then, the atmosphere was

switched to the gasification agent CO2 with a flow rate of

120 mL/min for isothermal gasification in order to elimi-

nate the effect of external diffusion on gasification (Zhang

et al. 2019).

The carbon conversion (X) and reactivity index R0.9 (Gil

et al. 2015) of coal char were calculated by the Eqs. (1) and

(2), respectively:

X ¼ w0 � wt

w0 � w1
ð1Þ

R0:9 ¼
0:9

t0:9
ð2Þ

In Eq. (1), w0, wt and w? represent the initial mass of

the sample, the mass of the sample at the gasification time t

and the final mass of the sample at full gasification,

respectively. In Eq. (2), t0.9 refers to the gasification

reaction time required when the conversion level of coal

char reaches 90%.

2.4 Char structure characterization

SEM (ZEISS EVO18, Germany) and EDS (BRUKER,

Germany) were applied to analyze the surface morphology

of coal char. At first, the sample holder covered with a little

char was placed in an ion sputtering apparatus to gold-

plate. And then the processed samples were put into sample

cell for measurement. The acceleration voltage was 15 kV.

The physical structure of coal char was characterized by

JW-BK100C-01 nitrogen adsorption analyzer (Jing-

weigaobo, Beijing). The experiment was conducted at

- 196 �C. Before each test, all gasified semi-chars were

degassed at 300 �C for 14 h. BET and BJH models were

used to calculate the specific surface area and the pore size

distribution of coal char.

The chemical structure of coal char was analyzed by

DXR laser Raman spectrometer (Thermo Fisher, US). The

laser power was 2 mW. The wavelength was 532 nm and

the wave number was 800–2000 cm-1. The Origin 9.0

software was used to fit the original Raman spectrogram.

3 Results and discussion

3.1 Coal char gasification reactivity

Figure 2 shows the influence of different IWC loading

ratios on YCW gasification reactivity. As seen in Fig. 2, at

900 �C, the carbon conversion level of YCW coal char

increased gradually with the increase of IWC loading ratio.

When the IWC loading ratio increased from 0 wt% to

5 wt%, the carbon conversion level increased significantly,

Table 3 Chemical analysis of IWC

Component Content (wt%)

SiO2 32.35

Al2O3 4.64

Fe2O3 54.34

CaO 0.59

Na2O 0.36

K2O 2.39

MgO 0.87

SO3 0.32

TiO2 0.06

P2O5 0.03

Other 4.05

Fig. 1 Schematic diagram of tube furnace
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however, when the ratio rised from 5 wt% to 30 wt%, the

carbon conversion showed a low increase degree, not as

obvious as previous.

In order to verify the effect of main metal oxide com-

ponent (Fe2O3) of IWC on YCW catalytic gasification,

commercially available analytical reagent Fe2O3 catalyst

was selected as the reference sample. The impact of IWC

and analytical reagent Fe2O3 catalyst on YCW gasification

reactivity were analyzed by TGA. Figure 3 shows the

comparative analysis results of the influence of two cata-

lysts on YCW gasification reactivity at 1000 �C. Obvi-

ously, the difference between carbon conversion curve of

5 wt% IWC and Fe2O3 loaded on YCW is very small and

the difference of R0.9 is 0.01. This indicates that the gasi-

fication reactivity of YCW with IWC and Fe2O3 loaded has

a little difference. And as can be seen from the chemical

composition analysis of IWC in Table 3, the metal oxide of

catalyzing YCW gasification is Fe2O3 in IWC.

In order to further investigate the influence of IWC

loading ratio on gasification reactivity at high tempera-

tures, the effect of different loading ratios on YCW gasi-

fication reactivity was investigated at 1000 �C. The result

is shown in Fig. 4. There is little difference between the

carbon conversion curves of YCW with 5 wt% and 10 wt%

IWC loaded. The difference of R0.9 value between them

was 0.02. This indicates that when IWC loading ratio

reached 10 wt%, the impact of loading ratio on YCW

catalytic gasification reaction was slight. Thus, the optimal

loading ratio of IWC was 5 wt%.

3.2 Char physical structure evolution

The surface morphology and Fe catalyst distribution of

semi-char from YCW gasification with 5 wt% IWC loaded

at 1000 �C is shown in Fig. 5. Apparently, the surface of

YCW char with different gasification time is rough and the

distribution of Fe catalyst on coal char particle is not uni-

form, mainly concentrated on some coal char particles. In

Fig. 5b, there are many small pits on the coal char particle

surface, and the distribution of Fe catalyst on coal char

particle is more uniform than that of 0 min. In Fig. 5c, the

agglomeration of Fe catalyst on coal char particle is

observed. It can be seen from Fig. 5d that Fe catalyst has

entered into the interior pore.

Table 4 shows the specific surface area of YCW gasified

semi-char with 5 wt% IWC loaded at 1000 �C. The results
show that the specific surface area of semi-char gradually

decreases with the increase of time. The order of specific

surface area of semi-char is (YCW ? 5 wt% IWC)-

1000 �C-0 min[ (YCW ? 5 wt% IWC)-1000 �C-
1 min[ (YCW ? 5 wt% IWC)-1000 �C-1.5 min[ (

YCW ? 5 wt% IWC)-1000 �C-3 min and the specific

surface area of (YCW ? 5 wt% IWC)-1000 �C-0 min is

1.99 times higher than that of (YCW ? 5 wt% IWC)-

1000 �C-3 min. This indicates that the specific surface area

of semi-char gradually decreases during gasification. For a

phenomenon like this, Ding et al. (2015), Chang et al.

(2020) also conducted similar studies and found that the

specific surface area gradually decreased with the increase

of gasification time because the generated ash blocked the

pore structure.
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Fig. 5 Surface morphology and Fe catalyst distribution of semi-char from YCW gasification with 5 wt% IWC loaded at 1000 �C
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Figure 6 presents the nitrogen adsorption/desorption

isotherms and pore size distribution of semi-char from

YCW gasification with 5 wt% IWC loaded at 1000 �C.
Figure 6a shows that the gas adsorption capacity increases

rapidly in the region of low relative pressure, which is

attributed to the filling of micropore. The adsorption vol-

ume increases continuously with the increase of relative

pressure, and this is due to multilayer adsorption in the

pore. In addition, the nitrogen adsorption/desorption iso-

therm also shows that the desorption volume is signifi-

cantly larger than the adsorption volume. When P/P0

exceeds to 0.4, hysteresis loops appear, indicating that

there are mesopores in different gasification semi-chars.

According to the analysis of nitrogen adsorption/desorption

isotherm in Fig. 6a, YCW gasified semi-char loaded with

5 wt% IWC has a continuous pore structure. The specific

pore size distribution result is shown in Fig. 6b. It can be

seen that the pore structure of different YCW gasified

semi-chars is mainly composed of micropore less than

2 nm and mesopore between 2–10 nm. The number of

micropores and mesopores are essentially unchanged at

1 min and 1.5 min, however, their number decreases

sharply at 3 min. This is also consistent with the specific

surface area analysis results in Table 4. For such a phe-

nomenon, Li et al. (2019) found that the reduction of

specific surface area was caused by the melting and sin-

tering of pores in the gasification process.

3.3 Char chemical structure evolution

The effect of IWC on char chemical structure was analyzed

by Raman spectroscopy. Figure 7 shows the original

Raman spectra of YCW gasified semi-char with 5 wt%

IWC loaded at 1000 �C. The results show that each original

Raman spectrum has a D band at about 1350 cm-1 and a G

band approximately at 1580 cm-1. The D band represents

the carbon structure with a defective structure in coal char,

and it mainly represents the C–C bonds between the larger

aromatic ring (not less than 6 fused rings) and the fused

ring in the coal char. The G band is considered as graphite

peak.

External factors have a great influence on the peak

intensity and other information of the original spectrum,

and because the D and G band overlaps, using only the D

band and G band of the original Raman spectrum leads to

the loss or neglect of the characteristic information of

highly disordered carbonaceous materials (Li et al. 2006).

Hence, the quantitative correlation between Raman spectra

and structural parameters cannot be realized. It is necessary

Table 4 Specific surface area of different gasified semi-chars

Sample SBET(m
2/g)

(YCW ? 5 wt% IWC)-1000 �C-0 min 382

(YCW ? 5 wt% IWC)-1000 �C-1 min 324

(YCW ? 5 wt% IWC)-1000 �C-1.5 min 292

(YCW ? 5 wt% IWC)-1000 �C-3 min 192
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to further fit the original Raman spectra of coal char and

obtain the hidden information of skeleton carbon structure

in the overlapping region. In order to get more information

about the structural change of coal char in the process of

gasification reaction, it is essential to carry out fractional

peak fitting on the original spectrum (Sheng 2007; Smith

et al. 2016). The Origin 9.0 software is used to perform

peak fitting on the original Raman spectrogram in this

study. According to the chemical structure characteristics

of coal char (Mosqueda et al. 2019; Wei et al. 2018), the

original Raman spectrum was fitted into five bands, namely

Lorenzian bands (G, D1, D2 and D4) and Gaussian band

(D3). Figure 8 shows the peak fitting diagram of Raman

spectra of semi-char from YCW gasification with 5 wt%

IWC loaded at 1000 �C. The D1 band is about 1350 cm-1

and usually refers to as the defect peak, mainly the plane

defect of the carbon structure. The peak position of D2 is

around 1620 cm-1, which usually appears as the acromion

of G band, mainly as disordered graphite lattice. The D3

band is located near 1500 cm-1 and represents sp2 hybrid

amorphous carbon structure, including small organic

molecules and fragmented functional groups. The attribu-

tion of the D4 band is still controversial, and its peak is

usually around 1200 cm-1, but it is generally to be con-

sidered as the sp2–sp3 hybrid bond consisting of C–C and

C=C stretching vibrations.

The integral area ratio of peak is often used as a

parameter to characterize the chemical structure of coal

char. ID1/IG is often used to quantitatively analyze the order

degree of carbon structure. Namely, the higher the ID1/IG
ratio, the lower the order degree of carbon structure. Fig-

ure 9 shows the relationship between ID1/IG and catalytic

reactivity of different semi-chars from YCW gasification

with 5 wt% IWC loaded at 1000 �C. It can be seen that the

integral area ratio of ID1/IG increases with the increase of

gasification time. This indicates that the carbon

microcrystalline structure is gradually destroyed and the

microcrystalline structure of small size was gradually

generated. Therefore, the order degree of carbon structure

decreased at high carbon conversion level. At the same

time, as seen in Fig. 9, the ID1/IG value was consistent with

catalytic activity trend of semi-char with different con-

version levels. This reveals that the catalytic reactivity of

IWC on semi-char at different conversion levels is a pos-

itive relationship to the order degree of carbon structure of

semi-char.

4 Conclusions

The desirable loading ratio of IWC at 1000 �C was 5 wt%.

The distribution of Fe catalyst on coal char was uneven and

Fe catalyst was concentrated on the surface of some chars.

The specific surface area of YCW gasified semi-char

decreased significantly with the increase of gasification

time. i.e., the specific surface area reduced from

381.981 m2/g (0 min) to 191.724 m2/g (3 min), simulta-

neously, the number of micropores and mesopores

decreased sharply at the late gasification stage. The carbon

microcrystalline structure of YCW gasified semi-char was

gradually destroyed with the increase of gasification time,

and the microcrystalline structure of small size was grad-

ually generated, resulting in the decreasing order degree of

carbon microcrystalline structure. IWC can be adopted to

catalyze YCW gasification which could provide theoretical

guidance for industrial solid waste recycling.
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