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Abstract: Previous studies have successfully assessed the extent to which a kinetic model accurately
represents a specific reaction mechanism by comparing the kinetic parameters derived from the
kinetic model to those obtained using isoconversional methods. However, this approach remains
underdeveloped for the important steam gasification reaction of char. This study addresses this issue
by conducting a series of steam-assisted char gasification tests, using thermogravimetric analysis
at five different heating rates. The results indicate that the carbon conversion ratio of the char
gasification reaction increases with the increasing heating rate. The activation energies of the reaction
process are determined with different carbon conversion ratios using three isoconversional methods,
including the Flynn-Wall-Ozawa, Kissinger—Akahira-Sunose, and Starink methods. The gasification
mechanism is also analyzed using model-fitting methods with a wide variety of carbon conversion
models, and the accuracies of the models are evaluated, firstly, by comparing the obtained goodness
of fit values of the models with the experimental results, and, secondly, by comparing the obtained
activation energies with those derived using the isoconversional methods. The goodness of fit results
and the results of the comparisons between the activation energies obtained using the various models
with the isoconversional values demonstrate that the three-dimensional Avrami-Erofeev model best
represents the steam gasification char reaction, where the difference between the two activation
energy values is only 0.70 KJ.mol~!. The reliability of the proposed approach for evaluating the
applicability of a given kinetic model to the steam gasification reaction of char is tested by comparing
the results obtained for char samples derived from three different bituminous coal sources.

Keywords: steam gasification; activation energy; kinetic model; isoconversional method; model-fitting
method

1. Introduction

Coal gasification is a well-developed means of converting coal into a clean energy
source for heating and electricity generation purposes and for the production of chemical
feedstocks. Typically, coal gasification is a two-step process, involving reactions that are
categorized into pyrolysis, gasification, and gas-phase reaction mechanisms. The first
stage, the pyrolysis process, generates vaporous components by heating the coal at a
relatively low temperature (450-600 °C) in the absence of air. The separation of these
vaporous components leaves behind a residue of charcoal, which is converted, in a second
stage, the char gasification process, into carbon monoxide (CO) through reactions with
oxygen-bearing compounds at a relatively high temperature (700-1200 °C). Clearly, char
gasification represents the rate-limiting step of the coal gasification process, and numerous
methods have been developed for analyzing the reaction kinetics of char gasification [1-3]
in an effort to enhance the gasification rate at lower temperatures, which is crucial for
supporting efficient coal gasification applications. These analytical methods can be divided
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into two categories, including model-fitting methods and model-free, or isoconversional,
methods. [4-6].

The model-fitting method has been frequently used because it facilitates the direct
analysis of reaction kinetics [7,8]. Complex models can be developed with a large number
of kinetic parameters that lead to data with an improved fit with the experimental results,
where the goodness of fit is generally assessed based on calculations of the coefficient of
determination (R?). However, while these models may fit better with the experimental
data, the kinetic parameters obtained through fitting can be inconsistent, and thereby lead
to incorrect assessments of the reaction mechanism. Hence, an indication of good model
fitting, such as high R? values, alone is no longer considered as a valid basis for choosing
the best reaction kinetics model [9].

The above-discussed shortcomings of model-fitting methods have led to the increased
use of model-free methods, which require no assumptions regarding the char gasification
reaction process when determining the kinetic parameters. However, this absence of
model assumptions renders these methods incapable of facilitating a detailed analysis of
the reaction mechanisms. As such, only the kinetic parameter values themselves are of
substantial benefit.

The respective shortcomings of model-fitting and model-free methods have led re-
searchers to develop new criteria for determining whether a given kinetic model adequately
represents a specific reaction mechanism by comparing the kinetic parameters derived us-
ing a kinetic model with those obtained using model-free approaches [10,11]. For example,
Czerski et al. [12] compared the kinetic parameters calculated using two first-order models
and a combination of the model-free isoconversional method and model-dependent Coats—
Redfern method in order to investigate the impact of direct and indirect char gasification
processes conducted in CO, atmospheres on the activation energy of the reactions. Khaled
O. Sebakhy et al. [13] studied the transformation of cubic molybdenum carbide into hexago-
nal 3-Mo,C through an Avrami-Erofeev kinetic model. Other studies have also focused on
the kinetic parameters of char gasification reactions in CO, atmospheres [14,15]. However,
research focusing on the evaluation of the kinetic parameters of the steam gasification of
char is lacking.

In the present study, we addressed the above-mentioned issue by conducting a series
of steam gasification tests for three types of bituminous chars using thermogravimetry
analysis (TGA) and derivative thermogravimetry (DTG). The activation energy (E,) of
the steam gasification reaction of char was evaluated based on the experimental results,
using three isoconversional methods, including the Flynn-Wall-Ozawa (FWO), Kissinger—
Akahira-Sunose (KAS), and Starink methods, and it was also evaluated independently
using a wide variety of kinetic models. The goodness of fit of these kinetic models (i.e., R?
values) was applied as the first criterion for selecting the candidate models best representing
the steam gasification reaction process. Then, the difference between the E, values obtained
using the model-free and those obtained using the model-fitting methods was examined as
the second criterion for selecting the best possible kinetic model for this reaction process.
The reliability of the proposed approach for the evaluation of the applicability of a given
kinetic model to the steam gasification reaction of char was tested by comparing the results
obtained for char samples derived from three different bituminous coal sources.

2. Experiments and Theory
2.1. Coal Samples and Char Preparation

Coal samples were collected from the Ningdong (NX), Shaanxi (SX), and Xinjiang
(X]) coalfields in western China, which can be seen in Figure S1. The main reasons for
choosing these three places were their abundant coal reserves, distinctive characteristics,
and energy bases. The nature of the coal differed. The XRD and SEM-EDS of the NX,
SX, and X] coal can be seen in Figures S2 and S3. The CuFe,O, oxygen carriers were
characterized using a Japanese MiniFlex 600 X-ray diffraction (XRD) instrument with
a tube current and voltage of 15 mA and 40 kV, respectively. The morphology of the
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sample was established using a JEOL JSM-7900F scanning electron microscopy (SEM)
instrument (JEOL Ltd., Tokyo, Japan). The inorganic constituents mass fraction in coal
was analyzed by an X diffraction fluorescence (XRF), as shown in Table S1. The heavy
metal content of the initial coal samples was determined using ICP methods, which can be
seen Table S2. Measurements were conducted using an Agilent 7000 ICP-OES instrument.
The sample preparation process can be seen in the Supplementary Information, Section S3.
According to the solid waste identification standard GB 34330-2017 and the hazardous
waste identification standard for immersion toxicity, standard GB 5085.3-2007, the samples
were judged to be non-hazardous substances before and after coal gasification.

The char was prepared from coal placed in a packed column in an inert atmosphere
with a continuous nitrogen flow. It was heated at a rate of 10 K-min—! up to 850 °C, which
was maintained for 60 min so as to achieve full devolatilization. The generated chars had a
mean particle size of 75-150 pm. The detailed proximate and ultimate analyses of the coal
samples and their major ash constituents are listed in Table 1.

Table 1. Proximate and ultimate analyses of the coal samples.

Proximate Analysis (wW%) Ultimate Analysis (W%)
Moisture Ash Volatile Fixed C C H N S (0]
NX 10.14 5.40 27.03 67.57 79.18 4.40 1.50 0.60 9.00
SX 15.40 3.88 32.37 65.00 76.06 3.50 0.29 0.44 15.83
XJ 6.88 5.07 29.26 67.15 65.33 4.989 0.75 0.14 24.02

2.2. Steam Gasification

The steam gasification of the char samples was conducted in atmospheric pressure
using a thermogravimetric analyzer (NETZSCH STA 449F3, Eltmann, Germany). During
gasification, 10 mg of a given char sample was placed in an alumina (Al,O3) crucible with
a 12 mm internal diameter and heated from 373 K to 1173 K at five different rates of 4, 8, 12,
16, and 20 K-min~!, while gaseous H,O with a partial pressure of 50% and the remaining
partial pressure adjusted by argon (Ar) was introduced at a flow rate of 200 mL/min.
The weight loss of the sample was not maintained for 30 min so as to ensure complete
gasification. To avoid inter-particle diffusion and intra-pore diffusion, we used a sample
particle size of 100 pm [16,17].

2.3. Kinetics Analysis
2.3.1. Activation Energy Calculation

The degree of conversion (X) obtained at any point in time ¢ during the char gasification
reaction process:
Wo — Wi
Wy — Weo

X= 1)
where wy is the initial char sample weight (i.e., 10 mg), w; is the char sample weight at
time t (mg), and we is the final char sample weight (mg). This variable, along with E;, the
heating rate 8 (K-min~—1), the gas constant R = 8.314462 J]-K~!-mol~!, and temperature T,
represent the core variables employed when using the FWO, KAS, and Starink methods,
each of which produces a straight line with a slope of E,. These straight lines were plotted
and fitted based on the appropriate pairs of data points obtained for 5 values of X in the
range of 0.1-0.9 at each of the five heating rates.
The FWO method establishes the following relationship:

AE, Ea
In B :1n<RG(X)) —5.3305—1.052<RT> @)
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where A is the rate constant of the reaction (min~!) and G(X) is an integral function, which
is defined in the following subsection. Here, the associated fitting is conducted based on the
InB and 1000/T data point pairs. The KAS method establishes the following relationship:

(£)w(che) b

Here, the associated fitting is conducted based on the In(8/T?) and 1000/ T data point
pairs. The Starink method establishes the following relationship:

B\ _ Ea
ln<T1‘92 = —1.008 RT + const 4)

Here, the associated fitting is conducted based on the In(8/ T192) and 1000/T data
point pairs.

2.3.2. Kinetic Model Analysis Methodology

According to Equations (2)-(4), the value of E,, as the slope of the plotted lines,
is unaffected by any of the terms in the given intercepts of the relationships. As such,
E, is independent of the reaction mechanism, while all the terms reflecting the reaction
mechanism itself are contained within the intercepts. The kinetic model, reflecting the
reaction mechanism, was determined using the methodology established by the ICTAC
Kinetics Committee [18], and this method was employed to calculate G(X) [19]:

AE, Ea
In[G(X)] = ln< Rp > —2315— 0'4567ﬁ 5)

This represents a model-fitting approach for determining E, based on the slope of a
linear plot of In[G(X)] versus 1000/ T, obtained using a series of common candidate G(X)
functions, including the power law (X*), first-order Mampel (—In(1 — X)), Avrami-Erofeev
([-In(1 — X)]*), contracting sphere (1 — (1 — X)*), one-dimensional (1D) diffusion (X?), two-
dimensional (2D) diffusion ((1 — X)In(1 — X) + X), and three-dimensional (3D) diffusion
1—(1—-X)"30r1—2/3X — (1 — X)*?) functions, where various exponent values of « are
employed, suchas 1/4,1/3,1/2,and 3/2. The R? values obtained from the fitting results
with the various candidate functions G(X) can then be employed in order to determine the
best-fitting model for describing the reaction process. If several linear relations between
In[G(X)] and 1000/ T were obtained, the model with the smallest difference between the
E, values obtained from the specific kinetic model and the model-free isoconversional
methods was chosen as the best-fitting model.

2.3.3. Pre-Exponential Factor Calculation

The pre-exponential factor A was determined using the intercept of Equation (5) for
the best-fitting kinetic model, obtained according to the methodology discussed in the
preceding subsection [20].

3. Results and Discussion
3.1. Effect of the Heating Rate on the Char Conversion

The TGA and DTG results obtained for the char sample derived from the NX coal
source during steam gasification at different values of § are presented in Figure 1, and the
characteristic parameters of the gasification processes, including the temperature, corre-
sponding to the weight loss peak (T'max), the ultimate weight loss during char gasification
(M;), and the maximum rate of the weight loss (Rmax), are listed in Table 2. The results
demonstrate that the heating rate had obvious positive effects on the rate of the carbon
conversion. Here, the value of T,y increased from 850 °C to 908 °C as f§ increased from
4 to 20 K-min—!. We also noted that the value of Rmax correspondingly increased from
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3.48 to 15.69 wt% min~!. However, the value of M, increased only slightly with increasing
B. These findings reveal that increasing heating rates led to increasingly rapid reaction
processes with short reaction times, but it did not alter the reaction mechanism itself. Specif-
ically, the values of the weight loss of the char in the steam atmosphere were relatively
similar at different heating rates, while the value of X increased with increasing f. There-
fore, increased values of Rmax Were attained by increasing . Nevertheless, the transfer
of thermal energy from the external environment to the particle interiors is impeded at
high heating rates, which is expected to result in a large temperature gradient within the
particles. Consequently, this leads to thermal hysteresis patterns, and the value of Tmax
tends to shift toward higher temperatures at higher heating rates.

—e—4K/min (b)
0 L -~

—— 8K/min =
——12K/mif £ 5| —— 4K/min
——16K/mi| 3 | —— SK/min
E0F __ 12K/min
%_15 I 16K/min
——20K/min

—e—20K/min

1 0 1 1 1 1 1
100 150 200 250 300 200 400 600 800 1000
Time(min) Temperature(°C)

Figure 1. Thermal analyses of the gasification of the char sample derived from the NX coal source at
different heating rates: (a) TGA; (b) DTG.

Table 2. Characteristic parameters of the steam gasification of char derived from Figure 1 at different
heating rates . The parameters include the temperature, corresponding to the weight loss peak (Tmax),
the ultimate weight loss during char gasification (M;), and the maximum rate of weight loss (Rmax).

B (K-min—1) Tmax (°C) M, (wWt%) Rmax (Wt% -min—1)
20 908 23.05 15.69
16 900 22.81 12.71
12 889 22.71 9.95
8 872 22.47 7.00
4 850 22.46 3.48

3.2. Activation Energy Values Obtained Using Isoconversional Methods

The plots and fitted lines obtained from the TGA data in Figure 1, which are based
on the three isoconversional methods at the carbon conversion ratios X in the range of
0.1-0.9, are presented in Figure 2. In addition, the E, values and corresponding values
of R? obtained from the fitting results are listed in Table 3 for each value of X. We note
that the values of R? obtained using all three methods were generally greater than 0.9. In
addition, the values of E, nearly always increased monotonically with increasing X. From
the initially low values of E, at X = 0.1, the values of E, increased more slowly from 135.28
to 176.19 KJ.mol~! (FWO), 114.74 to 152.13 KJ.mol ! (KAS), and 115.39 to 152.87 K].mol !
(Starink) with increasing X in the range of 0.2-0.9.The relatively low values of E, obtained
at X = 0.1 may be attributable to changes in the surfaces of the char particles in this early
stage of gasification, affecting various factors such as the gas adsorption behavior of the
active components, mineral catalysis [21,22], and pore structure [23]. In addition, we note
from the average values of E; (Eave) derived from the FWO, KAS, and Starink methods for
0.2 < X < 0.8 that the value of Eaye obtained using the FWO method is somewhat greater
than those obtained using the KAS and Starink methods, while the values of E,ye obtained
using the KAS and Starink methods are in good agreement and differ by less than 0.1%,
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indicating that these E,ye values have a high degree of confidence. Therefore, we employed
the Eave value obtained using the Starink method (Eg,yink) as the standard value for the
comparison with the E,y. values obtained using the kinetic models.

35 105
(a) FOW = (.1 '10.8 | s 01
3-0 B e 02 11 0 o (.2
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2.5 = v 04 '11.3 I v 04
& 051 115 05
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Figure 2. Plots of the isoconversional methods for the carbon conversion ratios X in the range of
0.1-0.9: (@) FWO method (Equation (2)); (b) KAS method (Equation (3)); (c) Starink method (Equation (4)).

Table 3. Activation energies E, (KJ.mol 1) of the steam gasification reaction of the char obtained
at different values of X using the FWO, KAS, and Starink methods. The average value of E; (Eave)
obtained for 0.2 < X < 0.8 is also presented.

Degree of FOW Method KAS Method Starink Method

Conversion (X) E, R2 E, R2 E, R2
0.1 109.54 0.9948 90.66 0.9918 91.27 0.9933
0.2 135.28 0.9974 114.74 0.9959 115.39 0.9861
0.3 144.96 0.9982 123.66 0.9978 124.33 0.9881
0.4 158.07 0.9981 135.94 0.9961 136.62 0.9899
0.5 159.94 0.9974 137.54 0.9933 138.23 0.9880
0.6 159.44 0.9998 140.89 0.9999 141.59 0.9901
0.7 166.98 0.9986 143.90 0.9970 144.61 0.9896
0.8 169.07 0.9984 145.69 0.9972 146.40 0.9887
0.9 176.19 0.9978 152.13 0.9888 152.87 0.9743
Eave 156.25 £ 20 134.62 £ 20 135.31 £ 20

3.3. Analysis of Kinetic Models

The values of R? obtained by fitting the results to In[G(X)] with respect to 1000/T
in Equation (5) for 0.2 < X < 0.8 at various heating rates and integral functions G(X) are
listed in Table 4. The results indicate that all the models considered provided gradually
decreasing values of R? with increasing B. In addition, aside from the 3D diffusion models,
which provided the poorest agreement with Equation (5) due to the small R? values of less
than 0.90, the power law, contacting sphere, and contacting cylinder models also yielded
smaller values of R? at each heating rate considered compared to all models involving
G(X) = [-In(1 — X)]* for the a values of 1/4,1/3,1/2, and 1. Considering these factors,
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the first-order Mampel model, also denoted as the 1D Avrami-Erofeev model (« = 1), and
the 2D (« = 1/2), 3D (« = 1/3), and 4D (a« = 1/4) Avrami-Erofeev models exhibited the
best linear correlation between In[G(X)] and 1000/T, indicating that these models may
potentially represent accurate depictions of the steam gasification reaction of char.

Table 4. Linear coefficient of determination R? values obtained with respect to In[G(X)] and 1000/ T
using Equation (5) for 0.2 < X < 0.8 at various heating rates 8 (K-min~!) and integral functions G(X).

Reaction Model G(X) p=4 p=8 p=12 p=16 B=20
1 Power law Xx1/4 0.992 0.973 0.972 0.961 0.964
2 Power law x1/3 0.995 0.981 0.980 0.971 0.973
3 Power law x1/2 0.990 0.969 0.968 0.957 0.960
4 Power law X5/2 0.968 0.931 0.929 0.912 0.918
5 Mampel (first order) —In(1 — X) 0.998 0.993 0.992 0.986 0.987
6 Avrami-FErofeev [—In(1 — X)]*/2 0.998 0.993 0.992 0.986 0.987
7 Avrami-Erofeev [—In(1 — X)]*/3 0.998 0.993 0.992 0.986 0.987
8 Avrami-Erofeev [—In(1 — X)]M/4 0.998 0.993 0.992 0.986 0.987
9 Contracting sphere 1-@1-Xx)713 0.995 0.981 0.980 0.971 0.973
10 Contracting cylinder 1—(1-Xx)1/2 0.992 0.973 0.972 0.961 0.964
11  One-dimensional diffusion X2 0.995 0.981 0.980 0.971 0.973
12 Two-dimensional diffusion 1-X)In(1-X)+X 0.992 0.973 0.972 0.961 0.964
13 Three-dimensional diffusion 1—(1-Xx)3 0.899 0.868 0.865 0.843 0.851
14  Three-dimensional diffusion 1 —2/3X — (1 — X)3/2 0.864 0.794 0.791 0.764 0.774

The plots and fitted lines obtained from the TGA data in Figure 1 at the carbon
conversion ratios X in the range of 0.2-0.8 are presented in Figure 3 for the 1D, 2D, 3D, and
4D Avrami-Erofeev models. In addition, the E, values obtained from the fitting results
corresponding to each heating rate and the E,ye values for each model are listed in Table 5,
and the table also includes Eg;,ink and the differences between Eg;,rini and the E,ye values
obtained using the kinetic models. The results in Table 5 indicate that the 3D Avrami-
Erofeev model provides the best agreement with Egy,,in- Hence, the 3D Avrami-Erofeev
model was selected as the best kinetic model for describing the steam gasification of char
in the subsequent investigation.

0.4 0.2 7
02 GX=n(1-X) | o [® X)=[-In(1-X)]
0.0 0.0F
g-o.z [ ! §-0.1 [~=—4K/min
L —— SK/min
E-04 i F-02F_. 12K/min
0.6 i 0.3 [~ 16K/min
0 8 1 i 1 L L L 0 4 .+201|</min 1 1 1 L
100 105 110 115 120 125  1.00 105 110 115 120 125
1000/T 03 1000/T
02 () X" g2l @ ~[n(1-x)| 1/4
i 1 o1}
0.0} 1 _ 0o}
2 | =—4K/min { Z-0.1} = 4K/min
g-o.z [ —— 8K/min { T 02} —~ 8K/min
= | —— 12K/min | E 03[ = 12K/min
0.4 |~ 16Kmin 04L —— 16K/min
04r . 20K/min 1  -05) —<20K/min

1.00 1.05 1.10 ) 115 . 1.20 . 1.25 100 1.05 110 115 120 125
1000/T 1000/T

Figure 3. Plots of Equation (5) with G(X) given by the different kinetic models in the form [—In(1 — X)]*
for X values in the range of 0.2-0.8: (a) 1D Avrami-Erofeev model (« = 1); (b) 2D Avrami-Erofeev
model (« = 1/2); (c) 3D Avrami-Erofeev model (« = 1/3); (d) 4D Avrami-Erofeev model (« = 1/4).
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Table 5. Activation energies E, and average E, values E,y. of the steam gasification reaction of char
obtained using the various Avrami-Erofeev models at different heating rates (K-min™1). The Eaye
value obtained using the Starink method is also given as Egpink-

E, (KJ.mol—1)

Kinetic Model Eave EStarink Eave — EStarink
B=4 B=8 B=12 =16 B =20
1D Avrami-Erofeev 7239 92.91 9228 95.30 96.46 89.87 45.44
2D Avrami-Frofeev  96.52 123.88 123.05 127.06 128.61 119.82 15.49
3D Avrami-Erofeev 13465  133.92 134.79 137.49 139.22 136.01 135.31 0.70
4D Avrami-Frofeev 18119  185.82 18457 190.60 192.91 187.02 51.71

The value of the pre-exponential factor A was determined for the fitted line in Figure 3c,
as obtained under each heating rate, based on the discussion presented in Section 2.3.3. The
results indicate that the value of A increased with increasing 5, which further demonstrates
that the kinetic parameters correlated with the heating rates. This issue is discussed further
in the following subsection.

3.4. Application and Analysis

The E, values obtained by the FWO, KAS, and Starink methods from the TGA results
of the char samples derived from the NX, XJ, and NM coal sources (i.e., NX char, X]J char,
and NM char) are presented in Figure 4 as a function of X. As observed previously, the
E, values increased with increasing X for all the char samples. The fact that the energetic
feasibility of the steam gasification reaction decreased (i.e., E, increases) with increasing
X can be explained by the decreasing availability of active components as the degree of
the carbon conversion increased. In addition, the minerals in the char act as a barrier for
the diffusion of gaseous components, and the ash layer becomes thicker with increasing X,
leading to enhanced gas diffusion resistance and increasing E, values.

™
2180 . KAS
160 [-—o— Stari

W_NM
e e DY

02 04 06 08 1.0
Carbon conversion ratio(%bo)

Activation energy
jud k)
g R0 S N K
R —

1

Figure 4. Activation energy E, values obtained using the FWO, KAS, and Starink methods as a
function of X from the TGA results of the char samples derived from the NX, X]J, and NM coal sources
(i.e., NX char, XJ char, and NM char).

Once again, we note that the E, values obtained using the FWO method are some-
what greater than those obtained using the KAS and Starink methods, and that the KAS
and Starink methods yield very similar values of E,, which range from approximately
115-153 KJ.mol ! for the NX char, 70-78 KJ.mol ! for the XJ char, and 103-110 KJ.mol !
for the NM char. Accordingly, the values of E, obtained for these coal chars decreases in
the order of NX char > NM char > X]J char.
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The ranges of E; obtained using the KAS and Starink methods can be compared
with the values reported for steam gasification char reactions in the literature, such as
E, = 255 KJ.mol ! for chars derived from low-rank Samhwa coal [24], 105.48-169.10 KJ.mol ~*
for chars derived from Shenmu Chinese bituminous coal [25], and 282 KJ.mol ! for chars
derived from Australian bituminous coal [26,27]. We note that the resulting E, values
obtained here are not in good agreement with these previously reported findings. This can
be attributed to variations in the experimental char gasification conditions, which can be
affected by many factors, such as the parent coal properties [28], charring conditions [24],
and mineral catalytic effects [22].

The values of the pre-exponential factors A were determined for the NX, NM, and X]
chars based on the discussion presented in Section 2.3.3, and the results are presented in
Figure 5. Interestingly, the values of A obtained for these coal chars decrease in the same
order, i.e., NX char > NM char > X]J char, as that obtained for E, above. As discussed above,
in regard to the NX char sample, the results indicate that the value of A increased with
increasing f for all the char samples. This phenomenon is consistent with the results of
previous findings and is probably due to the high heating rates applied during the char
gasification reactions [29-32]. However, this effect can be limited by the heat and mass
transfer. Limitations in the heat transfer can delay the sample heating process, and, thus,
the internal temperature of the char particles is always less than the ambient temperature.
However, the obtained data were quite similar across gradually increases in the temperature.
These results essentially demonstrate that the effects of the heat and mass transfer on the
reaction are less significant than those on the TGA.

Pre-exponential factor A(min;
_— N W A W
(=]
=~

—— NX-char
| —e— XJ-char
A -char

2233
~ s~ ~
1

S &
~
T T
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Heating rate(K/min)

—]

Figure 5. Pre-exponential factors A obtained for the chars derived from the NX, XJ, and NM coal
sources as a function of the heating rate.

4. Conclusions

This study addressed the lack of development of the methods for assessing the fitness
of kinetic models in representing the important steam gasification reaction of char based on
comparisons with kinetic parameters obtained using isoconversional methods. To this end,
we conducted a series of steam-assisted char gasification tests using TGA and DTG at five
different heating rates. We determined the values of E, based on the FWO, KAS, and Starink
isoconversional methods with different values of X for the NX char sample. Then, we
evaluated the degree of fit of a wide variety of kinetic models with the experimental results
and compared the average values of E, obtained using these models with the optimal
value obtained using the isoconversional methods. Finally, the reliability of the proposed
approach for evaluating the applicability of a given kinetic model to the steam gasification
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reaction of char was tested by comparing the results obtained for char samples derived
from three different bituminous coal sources. The results yielded the following conclusions:

e  The weight loss of the char samples in the steam atmosphere was relatively similar at
different heating rates, while the value of X increased with the increasing heating rate.

e The FWO method provided somewhat greater values of E, than the KAS and Starink
methods, while the latter two methods provided consistent E, values for all the values of
X. The average value of E, obtained by the Starink method (Egaink) Was deemed optimal.

e  The 3D Avrami-Erofeev model provided the best fit with the data, while the 3D
Avrami-Erofeev model yielded a value of E,ye closest to Egiyrink- The two values
differed by only 0.70 KJ.mol 1.

e  The values of E, obtained from the fitted 3D Avrami-Erofeev model for chars derived
from the three coal sources decreased in the order of NX char (115-153 KJ.mol 1) >
NM char (103-110 KJ.mol~1) > XJ char (70-78 KJ.mol~!). The pre-exponential factor A
followed an order of decreasing values consistent with that obtained for E,.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13091480/s1, Table S1. Inorganic constituents mass fraction
in coal; Table S2. the heavy metal content of initial coal samples;Figure S1. Coal samples were collected
from the Ningdong (NX), Shenxi (SX), and Xinjiang (X]) coalfields in western China; Figure S2. XRD
of the Ningdong (NX), Shenxi (SX), and Xinjiang (X]) coal.; Figure S3. SEM-EDS of the Ningdong
(NX), Shenxi (SX), and Xinjiang (X]) coal.
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