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ABSTRACT: Electrochemical catalytic coal gasification experiments with
Fuxin (FX) coal under a CO2 atmosphere were conducted to evaluate the
effects of power and temperature on coal gasification and char structure
evolution during electrochemical catalytic gasification (ECG). When the
power was 400 W, with temperature increasing from 800 to 1000 °C, the CO
content in the gas products increased by 8.16%, the H2 content increased by
8.39%, and the CH4 concentration in the gas products initially increased and
then decreased. When the temperature is 900 °C, with power increasing from
0 to 400 W, the CO content in the gas products increased by 58.27%, the H2
content increased by 81.33%, and the CH4 concentration in the gas products
increased from 1.31 to 2.37%. The gasification reactivity and the concentration
of combustible gas generated during ECG were higher than those during common coal gasification. Thermal electrons play
important roles in ECG. These electrons could promote ring opening reactions and aromatic compound cracking and inhibit
aromatization reactions while increasing the number of oxygen-containing functional groups in char, consequently enhancing the
char gasification reactivity.

1. INTRODUCTION

The energy demand in China is continuously increasing
because of its rapidly developing economy. According to the
Statistical Review of World Energy 2020,1 coal consumption
by China accounted for 58.24% of the global energy
consumption recorded for 2018. Coal is still the primary
energy resource for China. Therefore, to adhere to interna-
tional requirements for energy conservation and emission
reduction, efficient coal conversion and the development of
clean and green processes based on coal are still essential.
Coal gasification is an important method for implementing

clean coal utilization;2 however, its efficiency requires
improvement. As an effective method for improving the
efficiency, catalytic gasification is a promising topic that could
decrease the thermochemical reaction temperature, enhance
the carbon conversion rate, reduce the investment cost, and
selectively create syngas needed for the production of
downstream products by altering the reaction pathway.3−5

Research on catalytic gasification primarily focuses on catalyst
development; the most commonly employed catalysts include
single catalysts containing alkali or alkali earth metals,
composite catalysts, and disposable catalysts (e.g., natural ore
and industrial waste). Catalysts with lithium and potassium
alkali metals are the most effective among the simple catalysts
because they efficiently promote coal gasification.6,7 However,
potassium and sodium evaporate during high-temperature
gasification, making it difficult to maintain catalytic perform-
ance. Alkaline earth metals such as calcium or group VIII

metals are commonly utilized,8−10 and their performance can
be maintained in gasified char. However, their catalytic activity
is considerably lower than the activity of catalysts with alkali
metals.8,11 Obviously, single catalysts cannot meet the catalytic
demands of the gasification process (i.e., high reactivity,
stability toward deactivation, and selectivity) due to the
complexity of the process. According to current studies,
composite catalysts are superior to single-component catalysts
in numerous characteristics.12−14 Furthermore, disposable
catalysts such as inexpensive and readily available ore (e.g.,
limestone,15 dolomite,16 low-grade iron ore,17 and limonite18)
as well as alkali liquor, alkali residue, and black liquor industrial
waste19−22 could promote gasification. However, the industrial-
scale development of all these catalysts is challenging because
of high operating and recovery costs, extensive equipment
corrosion, and secondary pollution to the environment.
Disposable catalysts have lower efficiency than conventional
composite catalysts. Thus, it is essential to design novel, cost-
effective catalyst gasification methods that improve coal
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gasification efficiency by operation at reasonable gasification
temperatures.
Electrons will flow through a metal wire when an alternating

current is passed through it, and the metal surface is left by
some of these electrons to create thermal electrons in the gas
phase. This process is known as thermal electron emission.23,24

Some Ca−Al−O materials can be used to store and emit X−

anions.25−31 When electricity is applied to these materials,
electrons are supplied to the material surface, where they
subsequently enter the body of the material. These electrons
can replace the anions lost by emission and keep the charge of
the material neutral.29,32 The consumed anions (X−) could
then be regenerated by the molecules reacting with the thermal
electrons.33 Based on these anionic emission material studies, a
technique to reform bio-oil with high energy efficiency,
electrochemical catalytic reforming, was established. In this
technique, using an electrified Ni−Cr wire, the catalyst is
heated and simultaneously provided with thermal elec-
trons.24,32,34−38 Thermal electrons improve the decomposition
and reforming of organic compounds in the bio-oil and reduce
Ni2+ in the catalyst while playing important roles in increasing
the carbon conversion rate and hydrogen yield. Relatively large
quantities of organic compounds exist in char and coal. By
supplying a current to coal, the gasification procedure may be
improved by the resulting thermal electrons. Thus, we propose
an electrochemical catalytic gasification (ECG) method for
coal.39 This new method is expected to mitigate the problems
commonly encountered with conventional catalysts during
industrial-scale development.
In prior research, we focused a lot on confirming the

feasibility of ECG. However, the effects of temperature and
thermal electrons on gas production and the char structure
during the ECG process still need further research. It has
important guiding significance for the practical application of
this new method. Therefore, in this study, the effects of
temperature and power on the ECG of coal were studied. The
composition of combustible gases (CO, H2, and CH4)
produced by each process and their carbon conversion rates
were estimated. An explanation for ECG was also provided.

2. RESULTS AND DISCUSSION
2.1. Effects of Temperature. ECG carbon conversion was

investigated as a function of time at a fixed power of 400 W
with varying temperatures (Figure 1a), where the carbon
conversion was seen to gradually increase with increasing
temperature.

When the power was 400 W, the calculation results of R0.5
under different temperature conditions are shown in Figure 2.

The R0.5 increased from 0.00248 to 0.00338 min−1 with
increasing temperature; therefore, we concluded that higher
temperatures mean higher efficiency of the coal gasification
reaction during ECG because the overall reaction of coal
gasification is endothermic. Increasing the temperature is
beneficial to the consumption of C in coal, which leads to an
increase in carbon conversion at the same reaction time.
The main components of gas production were CO, CO2, H2,

and CH4, and their compositions during ECG at different
temperatures were analyzed (Figure 1b). As the temperature
increased, the CO and H2 concentrations increased, but the
CH4 concentration only initially increased and then steadily
decreased because the overall reaction of coal gasification is
endothermic. Increasing the temperature is beneficial to the
formation of CO and the consumption of CO2 and C in coal.
As the temperature increases, more organic compounds in the
coal decompose to give H2 and CH4, and the latter
subsequently reacts with CO2 and H2O to form CO and
more H2.

2.2. Effect of Power. The ECG carbon conversion was
also evaluated as a function of time at a fixed temperature of
900 °C with varying powers: 100, 200, 300, and 400 W (Figure
3a). When the power was 0 W, the coal was gasified in CCG.

Figure 1. Effects of temperature on (a) carbon conversion and (b) main combustible gas composition.

Figure 2. R0.5 under different temperature conditions.
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As shown in Figure 3a, the carbon conversion of coal during
ECG was higher than during CCG. As the power increased,
the carbon conversion also gradually increased during ECG.
When the temperature was 900 °C, the calculation results of

R0.5 under different power conditions are shown in Figure 4.

The R0.5 increased from 0.00156 to 0.00315 min−1 with
increasing power, demonstrating that the greater power given
to the Ni−Cr wire during this process promotes higher
gasification reactivity.
Moreover, the main combustible gas compositions during

ECG were determined at different powers (Figure 3b). When
the power was 0 W, coal was gasified in CCG. Increasing the
power during ECG was found to increase the concentrations of
CO, CH4, and H2. Overall, the combustible gas concentrations
generated during ECG were higher than those produced
during CCG.
2.3. Explanation for ECG. Figure 5 represents the degree

of carbon conversion under various circumstances in
comparative experiments. The conversion of carbon under
condition (b) was approximately similar to that under
condition (a). It can be seen that the Ni−Cr wire does not
seem to have much effect on the improvement of coal
gasification reaction during ECG. This requires in-depth
analysis in combination with other test results. The conversion
of carbon under condition (d) was slightly higher than that

under condition (b). By increasing the coalbed temperature,
the coal gasification efficiency was improved. However, the
conversion of carbon in ECG (condition c) was greater than
that in condition (d). Therefore, local heating did not improve
the performance in ECG; however, the performance improved
by the existence of thermal electrons, which played a key role
in ECG.
The gasification reactivity of coal is associated with its

structural features.40 To confirm this speculation, the
crystalline states of the char carbon structure and chemical
structures were characterized. The selected char samples at a
relative carbon conversion of nearly 50% were prepared during
the comparative experiments. The crystalline states of the char
carbon structures obtained from the comparative experiments
were investigated by XRD. Typical XRD spectra were collected
for the char obtained under conditions (a−d) (Figure 7).
The high background intensity shown in Figure 7 indicates

that some disordered substances in char are in the form of
amorphous carbon.41 Moreover, peaks clearly representing the
(002) and (100) planes at approximately 26 and 43°,
respectively, appeared in the diffraction patterns, indicating
that the char samples also contained some crystalline carbon.
All these observations suggest that turbostratic structures or
random layer lattice structures exist in the crystallites of all the
coals. In the diffraction profile, the (γ) band appearing at
approximately 23° was associated with a saturated structure
connected to the edge of the coal crystallite, such as an
aliphatic side chain.42,43 The (002) plane peak reflected the

Figure 3. Effects of power on (a) carbon conversion and (b) main combustible gas composition.

Figure 4. R0.5 under different power conditions.

Figure 5. Conversion of carbon under various circumstances in the
comparative experiment.
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spacing of the aromatic ring layers, and the (γ) band indicated
the packing distance of the saturated structures.
Curve fitting was performed on the diffractograms at

approximately 23, 26, and 43° using a Gaussian function.
The curve fittings of peaks for coal char obtained under (a−d)
conditions in 2θ ranges of 16−332 and 36−552° are shown in
Figure 6. The derived structural parameters were calculated,43

and the results are summarized in Table 1.
The Lc of char obtained under condition (b) was decreased

compared to that of char obtained under condition (a), and
the La of char obtained under condition (b) was increased
compared to that of char obtained under condition (a). The fa
of char obtained under condition (a) was higher than that of
char obtained under condition (b), while the crystallinity of
char obtained under condition (b) was higher than that of
condition (a). This suggested that adding the Ni−Cr alloy wire
induced carbon crystallization, such as graphite, to appear in
the char and produced char with a higher degree of ordered
carbon. It is because that Ni in the alloy wire can accelerate the
condensation of char, which leads to a higher degree of the
ordered carbon structure in char.43,44 The crystallinity of char

obtained under condition (d) was higher than that of char
provided under condition (b). This result indicates that the
char produced by ECG will exhibit more crystalline carbons
(e.g., graphite) and a higher degree of ordered carbon at higher
coalbed temperatures near the Ni−Cr alloy wire. Increasing
the temperature could promote crystallite growth.41

The Lc and La of char obtained under condition (c) were
lower than those of char produced under other conditions,
which means that the longitudinal and transverse dimensions
of char microcrystalline structural units decreased during ECG.
Moreover, the crystallinity and fa obtained under condition (c)
were lower than those achieved under other conditions. This
shows that the release of thermal electrons caused the lower
crystallinity and higher reactivity of the coal char as well as the
decreasing longitudinal and transverse sizes of its microcrystal-
line structure. To verify this result, the gasification reactivity of
coal char samples obtained under different conditions in
comparative experiments was measured using TGA
(NETZSCH STA 449, Germany). A char sample (8 mg)
was placed in an alumina crucible and heated at a 20 °C/min
rate in each test. Reactor heating was performed to 1000 °C in

Figure 6. Curve fitting of peaks for coal char obtained under (a−d) conditions in 2θ ranges of 16−32 and 36−52°.
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a high-purity N2 atmosphere (30 mL/min). For isothermal
gasification, reaching a temperature of 1000 °C, N2 was
changed to CO2 (30 mL/min). For overgasifying the CO2
char, a computer was used to continuously record the sample
weight. The conversion of carbon (X)45−47 was determined as
follows:

=
−

×X
w w

w
100%t0

0 (1)

where w0 is the char sample’s initial mass and wt represents the
instantaneous char sample mass at any time. The R0.5 is
calculated in eq 7.
Figure 8a shows the carbon conversion of coal char samples

obtained from comparative experiments during isothermal
gasification in TGA. As observed in Figure 8a, the carbon
conversion of char obtained under condition (c) was higher
than those of char obtained under other conditions. The
carbon conversion of char obtained under condition (d) was
lower than those of char obtained under other conditions. The
carbon conversions under conditions (a) and (b) were similar.
Figure 8b shows the reactivity index R0.5 calculation results
based on the data from Figure 8a. The R0.5 of char obtained
under condition (b) was slightly smaller than that of char
obtained under condition (a). This verified that adding the
Ni−Cr alloy wire promoted crystalline carbon production in
the char, which resulted in a decrease in gasification reactivity
to some extent. The R0.5 of char obtained under condition (d)

was smaller than that of char obtained under condition (b).
This was because as the heat treatment temperature increased,
the graphitization degree of char increased,48,49 and the
amounts of C−O and C−H in char decreased,50 resulting in
poorer gasification reactivity of char obtained from condition
(d) than from condition (b). This indicated that the Ni−Cr
wire and higher local temperature in the ECG reduce the
gasification reactivity of char to varying degrees.
The R0.5 of char obtained under condition (c) is the largest

in comparison to those of char obtained under other
conditions. This indicated that thermal electrons can effectively
improve the gasification reactivity of char in ECG, which is
consistent with the XRD test results. These electrons might
enhance organic compound cracking and reduction,32,34,51

hinder the graphitization of coal char during gasification, and
finally improve the gasification reactivity of coal char.
This speculation was confirmed by characterizing the chars’

chemical structure acquired from the comparative tests via
FTIR measurements. The FTIR spectra of char obtained under
conditions (a−d) were collected (Figure 9), where the
absorbance at approximately 3431 cm−1 was associated with
the stretching vibration of −OH groups in phenols and other
alcohols or aliphatic compounds.52 Absorbances at approx-
imately 2974 and 2921 cm−1 were ascribed to the −CH2−
stretching vibrations of alicyclic and aliphatic hydrocarbons,
respectively, and the absorbance at approximately 2851 cm−1

was related to the −CH3 stretching vibrations of aliphatic
hydrocarbons.53 Absorbances at approximately 1751 and 1720
cm−1 were attributed to the CO stretching vibrations of
aliphatic and aromatic compounds, while the absorbance near
1590 cm−1 represented aromatic CC stretching
vibrations.53 The absorbance at approximately 1450 cm−1

was allocated to the C−H deformation vibration of alkyl
chain structures, and the bands near 1170 and 720 cm−1

represented the C−H and ring bending vibrations in aromatics.
The absorbance at approximately 1100 cm−1 was ascribed to
the Si−O−(Si/C) stretching vibrations of silicon compounds
within char carbon frame structures.52

To analyze the FTIR spectral data more extensively, the
hydrogen-enrichment (IH), aliphatic-structural (IAL), aromati-
zation degree (IAR), and oxygen-enrichment degree (IO2)
parameters were calculated from these spectra. The IH
parameter was used to characterize the aliphatic hydrocarbon
content and hydrocarbon generation potential, while the IAL
parameter assessed the chain length and chain branching
degree. The IAR parameter characterized the aliphatic
structures on aromatic nuclei and indicated the degree of
char thermal evolution, and the IO2 parameter was used to
assess the number of oxygen-containing functional groups in
the char. The specific calculation method for these parameters
is as follows:54

= + =I A A A( )/H V(CH ) V(CH ) V(C C)2 3 (2)

Figure 7. XRD spectra for the char obtained under different
conditions in a comparative experiment: (a) 800 °C, no wire; (b)
800 °C, 0 W; (c) 800 °C, 400 W; (d) 852 °C, 0 W.

Table 1. Derived Structure Parameters after the Curve Fitting of Diffractograms

samples La (Å) Lc (Å) d002 (Å) La/Lc n crystallinity (%) fa

char (a) 0.715 6.840 3.330 0.105 2.054 41.140 0.582
char (b) 0.821 6.808 3.328 0.121 2.045 41.620 0.570
char (c) 0.703 6.729 3.329 0.104 2.022 36.900 0.488
char (d) 0.840 6.856 3.329 0.123 2.060 42.380 0.604

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04135
ACS Omega 2021, 6, 31026−31036

31030

https://pubs.acs.org/doi/10.1021/acsomega.1c04135?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04135?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04135?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04135?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


=I A A/AL V(CH ) V(CH )2 3 (3)

= + =I A A/ VAr V(CH CH ) (C C)2 3 (4)

= = =I A A/O V(C O) V(C C)2 (5)

The calculation results are listed in Table 2. The IH, IAL, IAR,
and IO2 parameters of char obtained under condition (b) were

lower than those of char produced under condition (a). The
Ni−Cr wire promoted the aromatization of the coal char itself,
causing it to undergo substantial thermal evolution. Ni in the
wire could promote the cracking of macromolecular aliphatic
groups in coal char and the precipitation of relatively small

molecular aliphatic hydrocarbons;44 however, the Ni−Cr wire
could not prevent the further thermal growth of coal char
observed in this study. The IH, IAL, IAR, and IO2 parameters of
char obtained under condition (d) were lower than those of
char produced under condition (b). The chain length of the
aliphatic hydrocarbons in coal char did not significantly change
between conditions (b) and (d). However, because of the
higher maximal temperature gradients of the coalbeds during
ECG, the thermal evolution degree of coal char deepened, and
the aromatization reaction intensified, which led to an increase
in the proportion of stable aromatic carbons in organic
compounds of coal char.
The IH, IAL, IAR, and IO2 parameters of char obtained under

condition (c) were higher than those of char produced under
other circumstances. This indicates that the degree of
aromatization and thermal evolution of coal char obtained
under condition (c) is the lowest compared to coal char
obtained under other conditions. This is because the ring
opening and cracking of aromatic compounds were promoted
to a certain extent by thermal electrons,32,34,51 and further
chain aliphatic compounds were created. Organic compound
dissociation (e.g., alcohols and carboxylic acids) may form
anionic hydrocarbon fragments (CxHy

−). These compounds
were depolymerized from coal with thermal electrons (i.e.,
e−(s) + CxHyOH(s)/CxHy = CmHn

− + ...) and by the cracking
of aromatic compounds.34,35 Such fragments may then be
integrated with coal char via condensation reactions, which
give further aliphatic hydrocarbons to the coal char and hinder
its deeper thermal evolution and aromatization during ECG.
In addition, by comparison of the IO2 of the samples from

comparative experiments, it is observed that the char obtained
under condition (c) (ECG) also has more oxygen-comprising
functional groups than char obtained under other circum-
stances. This is because CO2 electroreduction could occur
close to the Ni−Cr wire, reaching the reduced CO2

− anion
radicals over the Ni−Cr surface and producing oxalate ions.51

Oxalate ions may be reduced to give glyoxylate and glycolate
anions. Afterward, the coal char may combine with these
carboxyl products to increase the number of oxygen-containing
functional groups, which would consequently enhance its
gasification reactivity,55 thereby leading to an increase in
carbon conversion and combustible gas concentration during
ECG.

Figure 8. Carbon conversion and reactivity index of char isothermal gasification at 1000 °C determined with TGA: (a) carbon conversion; (b)
reactivity index.

Figure 9. FTIR spectra for the char obtained from the comparative
experiment: (a) 800 °C, no wire; (b) 800 °C, 0 W; (c) 800 °C, 400
W; (d) 852 °C, 0 W.

Table 2. Parameter and Indexes of FTIR Spectra

char a b c d

hydrogen enrichment parameter
IH

2.577 2.291 2.911 2.076

aliphatic structural parameter IAL 2.715 2.640 3.830 2.641
aromatization degree parameter
IAr

1.049 0.862 1.074 0.732

oxygen enrichment degree
parameter IO2

13.518 10.639 14.164 8.714
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3. CONCLUSIONS
The reactivity of coal increased with increasing temperature
and power during ECG. As these parameters increased, the
concentrations of H2 and CO also increased. However, while
the CH4 concentration increased with power, it only initially
increased with increasing temperature and then steadily
decreased. The gasification reactivity and concentrations of
combustible components produced during gas generation of
the ECG process were higher than those of the CCG process.
In ECG, by adjusting the power, the efficient gasification of
coal can be realized at a relatively low reaction temperature.
The application of this method could avoid the problems
commonly encountered with conventional catalysts during
industrial-scale development, such as extensive equipment
corrosion and secondary pollution to the environment.
Thermal electron release is the main reason for the higher

effectiveness of ECGs. Thermal electrons could promote ring
opening reactions and cracking of aromatic compounds. This
electron release could also inhibit aromatization reactions and
increase the number of oxygen-containing functional groups in
char, which could consequently improve the char gasification
reactivity. However, the underlying mechanism still requires
further work and understanding.

4. EXPERIMENTAL SECTION
4.1. Sample Preparation and Characterization. Fuxin

(FX) coal (Fuxin City, Liaoning Province), a low-grade lignite,
was used to prepare the samples under normal laboratory
conditions. Samples were ground after drying and sieved to
reach an average particle size of approximately 165 μm.
Proximate analysis was performed through thermogravimet-

ric analysis (TGA) conducted using an automatic proximate
analyzer (5E-MAG6700, Changsha Kaiyuan Instruments,
China). A CHNS/O elemental analyzer (Vario EL III,
Elementar, Germany) was used for ultimate analysis. The
inorganic chemical composition of the coal was determined
using X-ray fluorescence spectrometry (XRF). The test results
of these analyses are shown in Table 3.

4.2. Reaction System and Operating Procedure. The
ECG system (Figure 10) primarily contained a feeding system,
reaction system, and analysis system for gas production.
Among them, the feeding system mainly includes a gas cylinder
and coal feeder that were mainly used to provide coal and
gasification agents to the reaction system. The reaction system
is a fixed bed reactor with a Ni−Cr wire inside. By inserting a
ceramic column within the reactor, the coalbed’s height was

raised to increase the contact area between the resistance wire
and coal. The ceramic support and silica sand were used to fix
the bed at the center of the reactor. The analysis system for gas
production mainly includes a wash bottle, condensing plant,
drying column, gas analyzer, and computer. The wash bottle
was used for remove the solid impurities in produced gas. The
condensing plant and drying column were used to remove
water in produced gas.
All gasification experiments were performed at atmospheric

pressure using this ECG system. Coal samples were introduced
into the reactor via the top inlet, after which CO2 (gasification
agent) and N2 (carrier gas) gases were fed into the reactor at
controlled flow rates. Thermocouples were used to measure
the temperature distribution of the coalbed.
Both common coal gasification (CCG) and ECG experi-

ments were conducted, where the latter employed an annular
Ni−Cr wire surrounding a ceramic column that was mounted
in the reactor’s center. This wire, while electrified, was used to
provide thermal electrons and part of the heat to the coal
simultaneously. When the reactor temperature for ECG
reached the experimental temperature, N2 was employed to
feed FX coal (6 g) and CO2 into the reactor through its top
inlet. Coal was evenly embedded around the Ni−Cr alloy wire
between the outer wall of the ceramic column and the inner
wall of the reactor. To achieve a definite reaction temperature,
the coalbed was also heated by an external auxiliary furnace.
Within the CCG experiment, the structure of the system was
similar to that of ECG, except for the lack of an annular Ni−Cr
wire mounted in the reactor center, and the coal was heated
with only an external auxiliary furnace.
The produced gas passes through the gas washing cylinder,

condenser, and dryer in turn and finally enters the gas analyzer.
4.3. Characterization. An online nondispersive infrared

(NDIR) gas analyzer (GASBOARD-3100P, China) was used
to analyze the compositions of the gas products obtained from
the CCG and ECG experiments. The parameters of sensors for
the different gases were as follows: CO2 range, 25%, resolution,
0.01%, and precision, ≤2%; CO range, 50%, resolution, 0.01%,
and precision, ≤2%; H2 range, 25%, resolution, 0.01%, and
precision, ≤2%; and CH4 range, 25%, resolution, 0.01%, and
precision, ≤2%. The data were obtained by repeating the
measurements three times.

Table 3. Test Results of Coal Samplesa

proximate analysisad (mass %)

moisture volatile matter fixed carbon ash

3.13 32.77 49.80 14.30
ultimate analysisdaf (mass %)

C H O* N S

63.30 5.09 28.82 1.32 1.47
inorganic chemical compositiond (mass %)

SiO2 SO3 Al2O3 Fe2O3 K2O CaO TiO2 Na2O MgO

6.58 3.03 2.51 1.16 0.72 0.30 0.22 0.14 0.13
aad, air-dried basis; d, dry basis; daf, dry ash free basis; *, by
difference.

Figure 10. Schematic of the ECG system.
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The ECG performance of FX coal was studied via the main
combustible gas composition and carbon conversion. The
carbon conversion is the percentage of the total molar carbon
in the syngas products (excluding trace components such as
ethane) to molar carbon in the feed coal, which is calculated
using the following equation (eq 6):3

η =
+ + −

×
n n n n

n

( )
100%c

CO CH CO out CO in

coal

4 2 2

(6)

where nCO, nCH4, and nCO2out are the moles of CO, CH4, and
CO2, respectively, in the syngas emitted from the gas outlet of
the system. Additionally, nCO2in represents the moles of carbon
in the CO2 gasification agent, and ncoal is the moles of carbon
in the feed coal. The reactivity index (R0.5) can be considered a
good indicator of char reactivity during gasification. The R0.5
value was determined as the reciprocal of twice the time
required for 50% carbon conversion, which is calculated using
the following equation (eq 7):56

τ
=R

0.5
0.5

0.5 (7)

where τ0.5 corresponds to the time (min) required for 50%
carbon conversion.
The structural change in the char obtained from CCG and

ECG experiments was investigated using XRD. To record the
XRD patterns of char samples, an X’pert Pro Philips
diffractometer was used (Bruker-axs D8 Advance, Germany)
with Cu-Kα radiation. A nickel Kβ filter was used to eliminate
Kβ radiation, and the 2θ value ranged from 10 to 85°. Jade 6
software was used to fit the diffractograms in the 2θ regions at
approximately 16−33 and 36−53°. Two peaks at approx-
imately 23 and 26° were the (γ) band and (002) plane band,
respectively. The peak positions, intensities, widths, and areas
were determined.
Structural parameters, such as the average stacking height

(Lc) and the average diameter of the layer structure (La), were
calculated by conventional Scherrer equations43

λ
β φ

=L
1.84
cosa

a a (8)

λ
β φ

=L
1.84
cos c

c
c (9)

where λ is the radiation wavelength; βa and βc are the full
widths at half-maximum (FWHMs) of the (100) and (002)
peaks, respectively; and φa and φc are the peak positions of the
(100) and (002) peaks, respectively. The aromaticity ( fa) is the
ratio of aromatic carbon atoms in coal, which was defined as
follows:57

=
+

f
A

A Aa
002

002 r (10)

where A002 and Ar are the integrated areas under the 002 peak
and γ peak, respectively. The interlayer spacing (d002) was
calculated by the Bragg equation57

λ= φd
n

2sin
002

2
c

(11)

where n is the order of reflection, n = 1.
The functional groups of char samples obtained from the

CCG and ECG experiments were identified by Fourier

transform infrared (FTIR) spectroscopy conducted on an
FTIR spectrometer (Nicolet Magna760, USA). The spectral
range was 400−4000 cm−1, the resolution was 4 cm−1, and the
scanning time was 32 s−1.

4.4. Comparative Experiment. In the prior research,39 it
is verified that ECG is indeed superior to CCG. However,
compared with CCG, ECG employs a Ni−Cr alloy wire in the
coalbed, and nickel and its compounds were shown to
influence the release of volatiles during gasification.44 The
temperature distributions of the coalbeds for ECG and CCG
were completely different. As shown in Figure 2, thermocou-
ples were arranged at the corresponding positions of the bed to
measure the temperature distribution of the coalbed. The
coalbed temperature distribution results are shown in Table 4.
By electrifying the Ni−Cr wire, the coalbed’s temperature close
to the Ni−Cr wire became higher than at any other spot of the
coalbed.

According to Table 4, the temperature deviation between
the average coalbed temperature and the coalbed temperature
close to the Ni−Cr wire was 44 °C for a heating power of 400
W. Moreover, thermal electrons were released from the Ni−Cr
wires during ECG. Thermal electrons were created over the
electrified Ni−Cr wires. This observation was found by the
anionic time-of-flight mass spectrometry by Yuan et al.35

Thermal electrons contribute to promoting organic matter
decomposition and reformation. Thus, the Ni−Cr wire,
thermal electron emission, and coalbed temperature difference
may be responsible for the higher carbon conversion and
higher combustible gas composition concentration in ECG
than in CCG.

Table 4. Temperature Distributions in the Coalbed for CCG
and ECG Modes

TECG

Texp (°C) P (x, y)a TCCG (°C) P = 400 W

800 (8.25, 15) 801 808
(8.25, 0) 802 812
(8.25, 30) 798 806
(6, 15) 799 810
(10.5, 15) 801 804
Taverage 800.25 808

Tsurface 852
aCoordinates in the ECG coalbed and in the CCG coalbed are
represented in Figure 11. The coordinates (8.25, 15) represent the
center of the bed, and the unit is mm. TECG was measured in ECG
mode with a power of 400 W, and the unit is °C.

Figure 11. Coordinates of the reactor.
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To further analyze how the power in the ECG affects the
coal gasification process, the effects of three various factors
(Ni−Cr wire, thermal electron emission, and coalbed temper-
ature difference) were differentiated through a comparative
experiment. The comparative experimental conditions were set
to (a) CCG (without the Ni−Cr alloy wire inserted into the
coalbed), gasification conditions: T = 800 °C; (b) CCG, with
the Ni−Cr alloy wire inserted into the coalbed but not
energized, gasification conditions: T = 800 °C; (c) ECG (with
the Ni−Cr alloy wire inserted into the coalbed), gasification
conditions: T = 800 °C, power = 400 W; and (d) CCG, with
the Ni−Cr alloy wire inserted into the coalbed but not
energized, gasification conditions: T = 852 °C.
The reaction system and operating procedure are the same

as before. When the ceramic support was pushed to the
bottom of the reactor (cooling zone), the heating and
gasification process simultaneously ceased. Then, the residual
char were cooled to room temperature by flushing with N2. At
the end of each experiment, residues were collected for
analysis.
For studying the evolution of the char structure in ECG

compared to CCG, a char sample with a certain conversion
degree must be obtained. However, a different reaction time
means different conversion. Because of the limitation of
reaction conditions, the collapse of the coal pore structure and
the thickening of the ash layer during gasification will affect the
contact between the gasification agent and coal char and then
inhibit the further reaction of coal char. All of the above
reasons will lead to the incomplete reaction of coal under some
reaction conditions, that is, there is a maximum carbon
conversion. However, under different reaction conditions, the
maximum carbon conversion is different. If we want to
compare the structural parameters of coal char under different
conditions, then the selection of coal char is very important.
Under the same conditions, the same carbon conversion means
the same extent of reaction; under different conditions, the
same carbon conversion cannot represent the same extent of
reaction. If coal char with the same carbon conversion is
selected, then the extent of the reaction of coal char is different
under different conditions. If coal char with the same heating
time is selected, then the extent of the reaction of coal char is
also different under different conditions. After careful
consideration, we decided that it is more reasonable to select
coal char with the same extent of reaction under different
conditions for comparison.
To compare the char structure evolution during ECG and

CCG, a char sample with a certain extent of reaction must be
obtained. Since different reaction times induce different levels
of conversion, char samples that correspond to the same extent
of reaction can be obtained by halting gasification after a
certain time under different conditions. To better describe the
extent of the reaction, we define the relative carbon conversion
as follows:

η
η

η
= × 100%r

c

max (12)

where ηr is the relative carbon conversion, ηc is the actual
carbon conversion, and ηmax is the maximum carbon
conversion under specific conditions. Thus, even under
different reaction conditions, the extent of reaction of coal
char with the same relative carbon conversion is the same. The
char collected was then further characterized.

When the coal was gasified under condition (a), the coal was
gasified in CCG mode. When the coal was gasified under
condition (c), the coal was gasified in ECG mode. Compared
to condition (a), there was a Ni−Cr alloy wire in the coalbed
without a current when the coal was gasified under condition
(b). By comparing the char obtained under conditions (a) and
(b), we can draw a conclusion about how the Ni−Cr alloy wire
affects the structure of the char during the ECG process. Table
4 shows that the highest temperature of the bed was 852 °C
near the resistance wire under ECG with a power of 400 W.
Therefore, compared to condition (b), the temperature of the
coalbed was 852 °C when the coal was gasified under
condition (d). By comparing the char obtained under
conditions (b) and (d), we can draw a conclusion about
how changes in the coalbed temperature affect the structure of
the char during the ECG process. Similar to condition (d),
there is also a Ni−Cr alloy wire in the coalbed, and the
maximum temperature of the coalbed was 852 °C when the
coal was gasified under condition (c). However, compared to
condition (d), the Ni−Cr alloy wire in the coalbed was
energized when the coal was gasified under condition (c). By
comparing the char obtained under conditions (c) with (d)
and other conditions, we can draw a conclusion about how
thermal electron emissions affect the structure of char during
the ECG process.
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