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Abstract The diffusion of oxygen (O,) plays an important
role in the heterogeneous oxidation of coal and biomass,
but is inadequately understood. This work aims to study the
influence of intra-, inter-particle and external O, diffusions
on the high-temperature heterogeneous oxidation using the
TG-FTIR technique and two bituminous coals as example.
Results show that coal sample of higher reactivity and
smaller pore surface area is more sensitive to the O, dif-
fusion. Specifically, increasing the size of particle, the
reduced intra-particle (Knudsen) diffusion can reduce the
conversion rate by 10-50%. While increasing the size of
sample, the effective inter-particle diffusion shows a linear
decrease. Comparatively, the influences of inter-particle
and external diffusion in the TG scale (<5 mm) are weaker.
For large TG samples (>10 mg) and low heating rates
(2 K min~ "), the influence of thermal diffusion is strong
enough to cause a thermal leap for the oxidation. Kinetic
analysis using nth-order model-fitting method predicts the
apparent activation energy (E£) decreases with increasing
reactivity. However, both model-free and Kissinger’s
methods show FE increases with increasing reactivity,
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against the physical definition of E. This work may help
understand the diffusion—kinetics interaction in the fuel
conversion and smoldering fire of coal and biomass.
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Introduction

The diffusion of oxygen (O,) plays an important role in
heterogeneous reaction because it drives O, from the
ambient into the surface of solid particles where chemical
reaction takes place [1, 2]. For a typical heterogeneous
reaction, three diffusive transport processes are involved:
(1) external diffusion from the ambient to the external fuel
surface, (2) inter-particle diffusion within the porous fuel
bed and (3) intra-particle (pore) diffusion inside individual
fuel particle. These diffusion processes can affect the
chemical reaction, burning rate and pollutant emission. The
interaction between surface chemical reaction and oxidizer
diffusion can be categorized into three reaction regimes:
kinetic control, reaction—diffusion control and diffusion
control [3-6]. However, those regimes have not been
quantitatively determined partly because of the complex
interaction between heterogeneous reactions and O,
transport.

In the literature, the diffusion of O,, CO, and H,O on the
heterogeneous reaction of fossil fuels are mainly studied, e.g.
low-temperature coal oxidation [4, 5, 7-9], char gasifica-
tion/combustion [6, 10-15] and biomass smoldering
[16, 17]. Low-temperature (T < 500 K) coal oxidation is
responsible for the self-ignition and is an important fire
safety issue [18]. Carpenter and Giddings [7] reported that
the rate of O, consumption was limited by the rate of O,
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diffusion within the coal pore. Krishnaswamy et al. [4]
reported that in situ moisture significantly retarded the low-
temperature coal oxidation as the moisture blocked the dif-
fusion pathway. Wang et al. [5] concluded that the impor-
tance of diffusional and kinetic effects was associated with
coal reactivity. Hull et al. [19, 20] modeled the role of O,
diffusion in the ignition of a confined coal stockpile and
showed that O, diffusion can lead to a maximum temperature
rise of ~2150 K [6]. Zhang et al. [21] found for low-tem-
perature coal oxidation in confined spaces, the O, con-
sumption rate decreases with the size of coal particle.
However, the retardance of O, diffusion for the fast oxida-
tion at a higher temperature (7" > 800 K) is still unknown,
which may be more manifest and similar to high-temperature
gasification process.

Driven by the clean coal technologies, diffusion in gasi-
fication become a hot research topic because of the devel-
opment in char gasification. For example, Ollero et al. [14]
proposed three standard sets of thermogravimetric (TG)
experiments to assess the intrinsic gasification reactivity of
char and the resistances of external and internal diffusions.
Gomez-Barea et al. [10, 11] investigated the diffusion pro-
cesses in the gasification of single biomass char particles in
CO,. Mani et al. [13] used the effective diffusivity, effec-
tiveness factor and Thiele modulus to evaluate the diffu-
sional effect on the gasification of biomass char in CO, and
found diffusion was prominent at high temperature and for
large particles. Similarly, Everson et al. [22] found the intra-
particle diffusion controlled the rate of char combustion at
high temperature. Gomez-Barea et al. [11] developed a
simple methodology to assess fluid-dynamic and mass
transport effects during kinetic experiments in a fluidized
bed and established a 2-D non-isothermal and non-equimolar
reaction—diffusion model to assess the diffusional effects on
CO, gasification of a biomass char [23]. Diffusion in CO,
gasification of torrefied and pyrolyzed flax straw chars [15],
coke and coal char gasification with CO, [12] and steam [6]
were studied in detail.

To meet environment-friendly demand, the techniques
of fluidized bed combustion (FBC) [24-27], oxy-fuel
combustion (OFC) [28-30] and underground coal gasifi-
cation (UCG) [31-33] have been developed. Fundamen-
tally, the chemical conversion of solid fuels into thermal
energy or synthesis gas by the advanced techniques is the
heterogeneous reaction, in which oxidizer diffusion could
be expected to affect the conversion rate and kinetics.
However, the literature review above indicates that very
few studies have examined such hypothesis or the detailed
role of O, diffusion in high-temperature heterogeneous
oxidation. This paper aims to investigate the effects of
intra-, inter-particle and external O, diffusions on high-
temperature heterogeneous oxidation in TG scale and using
coal as an example.
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Experimental
Coal samples

Two bituminous coal samples were collected from
Changchun (CC) and Xin’an (XA) Coal Mines in Henan
Province, China. Fresh coal samples were maintained in
well-sealed stainless steel cylindrical containers to prevent
weathering. Coal samples were pulverized into five diam-
eters (<74, 86.5, 111, 160.5 and 550 um). Proximate and
ultimate analyses of both bituminous coal samples are
presented in Table 1. Also, the surface areas and average
pore size shown in Fig. 1a were measured by the Autosorb-1
analyzer (Quantachrome Instruments), showing that pore
surface area of CC coal sample is smaller than that of XA
coal sample. The TESNSOR27 FTIR (Fourier Transform
Infrared Spectroscopy) spectrometer (Bruker Optics, German)
was used to examine the functional groups and the reactivity
of raw coal samples, as presented in Fig. 1b.

TG-FTIR experiments

TG-FTIR experiments are the most widely used technique
to study solid-phase kinetics as it provides a relatively
well-controlled heating environment. In this work,
STA449-F3 apparatus (NETZSCH, accuracy of 1077 g)
coupled with TESNSOR27 spectrometer (Bruker Optics,
German) was used for non-isothermal TG tests. The coal
sample was first dried by heating from 303 to 378 K in a
nitrogen flow (100 mL min_l) at the rate of 10 K min_l,
and after kept isothermal for 30 min, it was cooled back to
303 K. Subsequently, N, (80 mL min~') and O,
(20 mL min™") were simultaneously purged into the fur-
nace, and the sample temperature was elevated from 303 to
1173 K at three heating rates 2, 5 or 10 K min~'. The

Table 1 Properties of studied coal samples

Basic properties Changcun Xin’an
(CO) (XA)
Proximate analysis/%, Moisture 2.860 1.740
Air-dried basis
Volatile 34.750 12.330
Ash 14.840 14.120
Fixed carbon 47.550 71.810
Ultimate analysis/%, Dry Carbon 71.104 88.077
ash-free basis
Hydrogen 5.438 4.752
Oxygen 21.880 3.990
Nitrogen 1.313 1.680
Sulfur 0.265 1.501
Pore surface area/m” g~ 0.289 1.118
Average pore size/nm 1.780 1.727
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Fig. 1 Coal properties of CC and XA coal samples: a pore surface distributions and b FTIR spectra of raw coal samples

volatile products and purging gasses were directly intro-
duced into IR gas cell. The wavelength of FTIR spec-
trometry ranged from 650 to 4500 cm™' where the spectral
resolution was 4 cm™".

For heterogeneous reactions in TG test, there are three

diffusive transport processes of O, [14]:

a. Intra-particle (pore) diffusion into the interior of fuel
particles.
Inter-particle diffusion within the porous fuel bed.

c. External diffusion from the bulk ambient to the
external layer of fuel bed.

Three test groups were designed to separate these dif-
fusive processes (see Fig. 2; Table 2):

Group I (Intra-particle diffusion): Coal particles were
homogeneously put on a circular aluminum oxide plate as a
monolayer bed. For a monolayer, the difference only exists
in the intra-particle diffusion. Five particle sizes (<74,
86.5, 111, 162.5 and 550 um) were tested (I,—Is).

Group II (Inter-particle diffusion): Coal samples with the
finest particle size (<74 pm, excluding the intra-particle dif-
fusion) were fitted into an aluminum oxide cylindrical crucible
until it was full (eliminating the external diffusion). Three dif-
fusion lengths (2.7, 3.2 and 4.2 mm) were tested (II;—I13).

Group III  (External diffusion): Coal samples with the fin-
est particle size (<74 pm) were partially fitted into the cru-
cible with external diffusional lengths of 1.5 and 1.0 mm
(III; and IIL,). Their inter-particle diffusional lengths were
2.7 and 3.2 mm, same as II; and II, in Group II.

For Group I, sample mass is smaller than 5 mg, below
which the thermal and molecular diffusion effects are usually
neglected. For large samples in Group II and III (>30 mg),
diffusion and the self-heating should have a stronger influence
on the mass loss rate. Calibration of heating rates and flow
rates was carried out prior to TG experiments. Each scenario
was carried out at least twice to check the repeatability, and the
TG data difference was found to be less than 3%. The mass
difference between repeated tests was less than +4% for
Group I and £3% for Groups II and III.

Experimental

TG-FTIR analysis

Figure 3 shows the normalized mass loss rates (MLR, 1)
of TG test at a heating rate of 5 K min~". In this work, Test

I; (Group I) with the single-layer finest particle (<74 pum)
has the minimum molecular and thermal diffusion effect.
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includes five subgroup tests (I;—Is) with five different particle sizes
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inter-particle diffusion. Group III includes two tests (III; and III,) for
external diffusion

Therefore, Test I, is considered as the intrinsic reaction. In
general, CC coal reaches the maximum oxidation at a
lower temperature, showing a higher reactivity with O,
than XA coal. Its ease for heterogeneous oxidation may
arise from the fact that CC coal contains higher concen-
trations of function groups of C=0, aromatic C=C, anhy-
dride and C-O (see Fig. 1b).

Figure 4 further presents the temperature evolution of
CO, (characteristic bands at 2356/669 cmfl), CO (2183/
2119 cm™"), methane (3018/1307 cm™') and SO,
(1374 cm™") measured by FTIR spectra of Test II; for two
coal samples. For the emission of CO,, CO and CHy, only
one major peak between 500 and 900 K is found, and their
peak locations overlap and agree with those of MLR curves
shown in Fig. 3. However, for the SO, emission, two and
three major peaks are found for CC and XA coal, respec-
tively, indicating a complex multi-step decomposition
process. For all test groups, the overall ratios of CO/CO,
and CH4/(CO, +CO + CHy) are 42+03 and
0.4 £+ 0.1% for CC coal, and 7.2 & 0.4 and 0.4 £ 0.1% for
XA coal, respectively. Thus, the CH, emission is similar
for both coals, but more CO is produced in XA coal.
Compared to the smoldering of coal (CO/CO, > 10% and
CH4/(CO, + CO + CHy) > 4%) [18], the current emis-
sion of CO and CHy is much smaller because of a good
overall oxygen supply in the mg-scale TG experiment.

Diffusion effect analysis

For thermal analysis, the measured mass evolution is a
function of temperature, which is usually evaluated by the
conversion degree (x) [34].

a(T)

mo — m(T)
ir—— (1)
where mg, m and m,, denote the mass of initial, current and
final states, respectively. Qualitatively, for both coal sam-
ples, a smaller coal particle and a shorter diffusion length
should lead to a faster reaction. The apparent reaction rate
(r) is defined as the conversion rate [10, 14]:

do

rzaocm (2)

which is proportional to MLR shown in Fig. 3 and has the

same unit of s~
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Table 2 The configurations of diffusional TG experiments

Particle size d/pm

Sample thickness, /iy /mm  External lengths, /gy /mm

TG tests Sample mass/mg

Group I (intra-particle diffusion) I 0.45-0.5 74.0
I, 0.9-1.0 86.5
Iz 1.3-1.34 111.0
Iy 1.8-1.9 160.5
Is 24-2.5 550.0

Group II (inter-particle diffusion) II;  35.6-36.5 74.0
I, 43.8-44.2
II; 60.0-62.0

Group III (external diffusion) III;  36.0-38.0 74.0

2.7 -
32 -
4.2 -
2.7 1.5

To further quantify the changes in reaction rate by dif-
ferent diffusion processes, the effectiveness factor u is
employed [4, 6, 35]. The conversion effective factor (y.) is
defined by the ratio of the global conversion of the apparent
reaction (ot,pp) to that of the intrinsic reaction (o) in Test
I, [10, 15, 35].

_ Sapp(?)
c( ) - O(int(f)

which is a function of time. Its value at o, = 50% (¢ 50%)
is used as the representative to compare all single-layer
samples in Group I, shown in Fig. 5.

To better compare between Group II and III, an alter-
native reaction effective factor (1,) is defined by the ratio of

(3)

the apparent reaction rate (7,,p(20)) to the intrinsic reaction
rate (rin(a)) [6, 12, 14].
Fapp (@)

= 4
=@ (4)
which is a function of the conversion degree («). The value
of 1, is often calculated using the average reaction rate (¥)
from o = 1 to 90% [36], shown in Fig. 6.

Intra-particle diffusional effects
As previously shown in Fig. la that for both CC and XA

coal particles, most of the pores are tiny (less than 32 nm
and accounting for ~90% of total pore surface areas),
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for CC coal sample is smaller compared to XA coal
sample (similar results also found in Fig. 6), that is, CC
coal is more sensitive to the O, diffusion. One possible
reason is that the pore surface area of CC coal is smaller
than that of XA coal (see Fig. 1a).

Figure 5 also shows that #.soq decreases with the
increase in particle size for both coal samples, similar to
the observation in char gasification [10, 15]. It indicates
the O, intra-particle diffusion becomes relatively weak
as the particle size increases. For example, the apparent
reaction rate of 550 pm CC coal particles drops to
~40% of the conversion of the intrinsic reaction (74 um
particles). Moreover, such decreasing trend becomes
very weak as the particle size increases above 200 pm,
which is consistent with past results of low-temperature
coal oxidation [4, 5] and gasification of char particles in
CO, [10, 15].

Note that in previous studies, the low-temperature coal
oxidation was independent of particle size [3, 5, 37],
especially for fine particles (50-100 um) [7]. However,
such conclusion cannot be extended to high-temperature
heterogeneous coal combustion. As indicated in Fig. 5, for
the size of fine particle increasing from 74 to 111 pm, the
combustion rate can significantly decrease, probably
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because the oxidation rate increases exponentially with
temperature. However, further increasing the size of par-
ticle, the oxidation rate eventually becomes limited by O,
supply through the Knudsen diffusion.

Inter-particle diffusional effects

Figure 6 first shows that the inter-particle diffusion (red
line) exerts an important influence on the rate of coal
combustion. For example, for Test II3 of CC coal sample,
its reaction effective factor (i, = 1,;,) is found to be
0.745. That is, compared to the intrinsic case (Test I;), the
inter-particle diffusion within 4.2 mm reduces the apparent
reaction rate by 25.5%. Moreover, it is the first time that a
linear relationship between #,;, and the inter-particle dif-
fusion length (<5 mm) is found for two coal samples.

External diffusional effects

For test Group III (see blue squares in Fig. 6), both inter-
particle and external diffusions are involved. With the
same inter-particle diffusion length, their apparent reaction
rates can be expressed as

= e’ = Neex 't = Ny exMe 1 (5)

where subscripts “I-III” and “ex” represent the Group I-
IIl and external diffusion, respectively. Therefore, we
propose the reaction effective factor for external diffusion
as

My 111
Meex A — (6)
e an

The values of 7, for test Group IIl are shown in
Table 3. The retarding effect of the external diffusion
increases with the rise of external diffusion length. Note
that #, ., for XA coal sample can be overestimated prob-
ably due to the influence of thermal boundary (discussed in
Section 4.2).

Figure 6 also shows that despite the same overall dif-
fusion length of 4.2 mm, the effectiveness factor of the
Test II5 (Group II) is smaller than that of Tests III; and Test
III, (Group III). In other words, the resistance of inter-
particle diffusion in porous fuel bed is more significant
than the gas-phase external diffusion. Also, within the TG

Table 3 Reaction effectiveness factor of external diffusion (1, )
lengths of 1 and 1.5 mm for CC and XA coal samples

Coal samples N ex (lex = 1 mm) Nyex (lex = 1.5 mm)

CcC 0.976
XA 1.011

0.973
0.996

length scale (<5 mm), both the inter-particle and external
diffusions can only change the effectiveness factor within
0.1, much weaker than intra-particle diffusion. However,
their influence is expected to increase with both increasing
sample thickness and the distance between sample and free
surface.

Discussions
Apparent activation energy

The concept of (apparent) activation energy (E) comes
from the gas-phase reactions, and in general, it quantifies
the difficulty of reaction occurrence. That is, a larger
activation energy indicates a low reactivity. Obtaining
activation energy is crucial for both kinetic analysis and
numerical simulation. Recently, the concept of activation
energy becomes widely used in solid-phase and heteroge-
neous reactions [13, 15, 29, 34, 38]. Here, the activation
energy is also proposed to examine the reactivity of
heterogeneous combustion of coal. To get the activation
energy, there are two common approaches for the kinetic
analysis: the model-free and model-fitting methods.

The model-free isoconversional (Friedman) method [39]
is able to obtain the evolution of activation energy, and the
conversion rate can be expressed as

In (%) %i: In(f (x)A,) Es

 RT,;

(7)

where i denotes tests of variable heating rate, and A and
E are the pre-exponential factor and activation energy,
respectively. The value of E is a function of conversion
degree (o), as summarized in Fig. 7. The reaction intervals,
peak temperature and mass loss for kinetic calculation are
represented in Table 4.

Figure 7 shows that E, decreases as the reaction pro-
gresses for most TG experiments. More importantly, the
obtained activation energy decreases with the decreasing
O, supply via all three diffusion mechanisms (see Figs. 5,
6) or with decreasing overall oxidation rate (see Fig. 3). As
shown in Table 4, peak temperature increases with
increasing particle size. However, Fig. 8a further shows
that the average activation energy decreases with increas-
ing particle size. Note that these findings are completely in
contradiction to the definition of activation energy, i.e., the
activation energy increases as the reactivity decreases.
Similar results were also found for other heterogeneous
oxidation reactions including the oxidation of asphaltite
[40], coal char [38], agricultural biomass [41], wood [42]
and coal [8, 43] as well as the CO, gasification of char [15],
different from non-oxidative pyrolysis reactions [44, 45].
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Table 4 Reaction interval, peak temperature and mass loss of all TG
tests at heating rate of 5 K min~!

Test Reaction interval/K Peak temp./K  Mass loss/%

CC coal XA coal CC XA CC XA

coal coal coal coal

Group I; 691-726 706-815 716.1 7859 41 82.9
1

I, 696-726 721-821 716.3 790.9 40 81.8

I;  701-731 726-826 7214 791.0 41 81.6

I, 706-736 731-831 731.3 791.0 40 81.2

Is  711-741 736-841 7364 791.1 41 82.0

Group II; 668-729 701-814 679.2 748.6 44.1 81.6
2

I, 665-723 696-809 6479 738.6 400 81.2

II; 658-723 697-813 638.8 7332 413 809

Group III; 671-733 701-814 676.6 757.1 453 81.3
3

I, 667-728 696-814 654.0 7569 422 81.7

Therefore, it is inappropriate to use the obtained activation
energy calculated by the model-free method to judge and
compare the reactivity of heterogeneous oxidation of the
same fuel.

Kissinger [46] proposed a simple analytical technique
based on the temperatures of peak MLR under multiple
heating rates. Note that the limitations of Kissinger’s
method include: (a) It does not include the whole

@ Springer

information of TG data, but only a single point (i.e., the
temperature at the peak MLR), and (b) the compensation
effect between A and E is ignored [47]. Figure 8b shows
the activation energy found by Kissinger’s method. Com-
pared to the model-free method in Fig. 8a, its value
decreases with the increasing particle size or with the
decreasing reaction rate. This trend is the same as the
model-free method, against the definition of activation
energy.

Besides the model-free and Kissinger’s methods, the
nth-order model-fitting method [46] can also be used to
explain the TG data. Due to complicated chemical com-
position and physical structure, no universal reaction
scheme can explain coal combustion. However, several
general chemical reactions such as pyrolysis, gasification,
coal oxidation and char oxidation have been acknowl-
edged. Under certain conditions, coal combustion is
dominated by the one-step reaction, and other reaction
rate is slow and could be neglected. For instance, the low-
volatile bituminous coal samples tested in this paper have
a high carbon content, so the one-step overall char oxi-
dation is dominant to result in a single MLR peak shown
in Fig. 3.

Thus, we assume that combustion of two coal samples
has a one-step global heterogeneous reaction
(Coal + Oy — COy + CO + Ash). Then, the rate of
heterogeneous reaction in Eq. (3) can be expressed by the
Arrhenius law as follows
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r=Ae fim" (8)

where n is the reaction order. One advantage of the nth-
order model-fitting method is that there is only one unique
value of activation energy (E) as well as A and n for each
reaction if the TG data are sufficient [17]. Then, such
unique activation energy can quantify its overall reactivity.

fittest of Darwinian evolution theory. Here, the optimiza-
tion through GA aims to minimize the error between
experimental and calculated MLR curves; see more details
in the literature [17, 47]. To further avoid the compensation
between A and E, the value of A is fixed for all particle
sizes.

Figure 9 shows the simulated MLR curves using the
kinetic parameters optimized by GA, which agrees well
with experiments. The best solutions for apparent activa-
tion energy are shown in Fig.9c with fixed
A =126 x 10" and 8.00 x 10°s~" for CC and XA coal
samples, respectively. It is apparent that the obtained
activation energy increases with the increasing particle size
or with the decreasing reaction rate. This observation
(a) agrees with the definition of activation energy and
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(b) opposes to the results from the model-free method and
Kissinger’s method. Therefore, to use apparent activation
energy to compare reactivity in oxidation, it is suggested to
couple nth-order model-fitting method with GA and fix the
value of pre-exponential factor.

Influence of heating rate and thermal diffusion

Ertunc and Kok [48], Kok [49] and Altun et al. [50]
investigated effects of heating rate on heat flow, calorific
value and kinetics of coal combustion. Reaction rate and
peak temperature increase with the increase in heating rate
[48, 49]. Relative slow heating rates (2, 5 and 10 K minfl)
were adopted in this study to slow rate of oxidation rate and
to emphasize the interaction between oxygen diffusion and
oxidation reaction in the TG domain. The heterogeneous
coal combustion at high temperature is an exothermal
process. For a single-layer coal sample (Group I), its heat
release becomes negligible under the fast heat transfer
between environment and sample. However, when the
sample mass is over 10 mg (Groups II and III), the self-
heating and temperature gradient within the sample can no
longer be ignored. Such thermal diffusion effect may also
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Fig. 10 Evolution of dm/dT with temperature in a Test Is and b Test
II; for CC coal sample

@ Springer

bring some biases to both the apparent reaction rate (the
effectiveness factor) and the activation energy.

Figure 10 shows the MLR curves under different heat-
ing rates for Test Is and Test II; of CC coal sample. Fig-
ure 10a shows that the shape of MLR curve for the small
sample in Test Is (<5 mg, see Table 2) is consistent with
different heating rates, implying that same kinetic param-
eters can be used within the tested range of heating rates
[46]. On the other hand, Fig. 10b shows that the curve
shape changes greatly when sample masses are greater than
36 mg, and such change cannot be explained by the
Arrhenius law. Also, at the slowest heating rate of
2 K min~', the peak decomposition rate of the large
sample in Test I3 is even higher than that of the smallest
sample in Test I; (see Fig. 10b), resulting in 7, > 1. It may
be because the thermal energy released by coal oxidation
tends to increase the temperature of coal sample for Test II5
with a large sample much faster than the slowest heating
rate of 2 K min~". In that case, the sample temperature
becomes higher than the environmental temperature,
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Fig. 11 Comparisons of a measured sample temperature and b con-
version degree versus programmed temperature for small (Test I;) and
large (Test II3) CC coal sample at a slow heating rate of 2 K min™"



Experimental study on the diffusion—kinetics interaction in heterogeneous reaction of coal

1635

Table 5 Comparison of effectiveness factors of coal combustion and char gasification

Refs. Solid fuel Reactive Temperature Particle size =~ Methods Effectiveness factors
gas
[14] Olive char CO, Isothermal: 1073-1223 K <150 um Ne.50% Internal: 0.25-0.50
External: 0.63—1.00
[10] Biomass char CO, Isothermal: 1073-1223 K 0.06-2.1 mm 7, Intra-particle: 0.22-0.90
[13] Wheat straw char CO, Isothermal: 1023-1223 K <60-925 pm  Equation (9)* Internal: ~0.70-0.95
[6, 12] Coke and coal CO,, H,O  Isothermal: 1123-1573 K = <40-500 ym 7, Intra-particle: ~0.20-1.00
char

This Bituminous coal 0, Non-isothermal: <74-500 pm 7. 509 and u, Intra-particle: 0.50-0.80 (more

study 303-1173 K reactive CC coal sample) and

0.70-0.90 (XA coal sample)

Inter-particle: 0.74-0.90; External:
>(0.97 (diffusion length:
2.7-4.2 mm)

* Equation (9): n = 1/¢@tanh3¢ — 1/3¢, where ¢ is the Thiele modulus

leading to a “thermal leap” which is opposite to the
“thermal lag” in the high heating rate.

Such hypothesis is demonstrated in Fig. 11 where under
the programmed temperature of 620-670 K and the slow
heating rate of 2 K min_l, both the measured sample
temperature and conversion degree in Test I3 are higher
than those in Test I;. Therefore, the overall MLR at Test 115
peaks at a lower programmed temperature than Test I; (see
Fig. 10b). In other words, if the sample has a large mass
and involves heterogeneous oxidation, a small heating rate
equal to or smaller than 2 K min~" is not recommended in
TG, because of the potential thermal leap in the result.

Besides the influence of small heating rate, the thermal
boundary condition in TG cannot be ignored for large
samples either. Comparing the sample configurations
between Tests II, and III, in Fig. 2, Test II, has an addi-
tional Al,Oj3 base to avoid the external diffusion. However,
the Al,O5 base also creates an additional thermal resistance
between the sample and hot environment. Such thermal
resistance may be responsible for the abnormal 7, ¢y (lex =
1 mm) > 1 found in Fig. 6 and Table 2.

In short, for these large samples, neither the model-free
nor the nth-order model-fitting method can effectively
evaluate the activation energy because the thermal diffu-
sion in the solid phase becomes very important. Interest-
ingly, despite the uncertainty, the determined E, for
Groups II and III in Fig. 7b by the model-free method
increases with increasing reactivity, similar to that for
Group I in Fig. 7a. To further quantify both molecular and
thermal diffusion processes and their interaction with
heterogeneous reactions, a numerical approach may be
necessary, and it will be conducted in future work.

Comparison of coal gasification and char
gasification

The effectiveness factor () in past studies is summarized
in Table 5, which varies in a wide range due to different
experimental conditions, calculation methods and materi-
als. The comparison shows that for both coal combustion
and gasification [14], the influence of the external diffusion
is the smallest in TG scale. Because O, is more reactive
and has a high bimolecular diffusivity than CO, and coal is
more active and less porous than char, it is expected that
the retarding effect of O, diffusion on coal gasification
should be more predominant than that of CO, diffusion on
char gasification.

Conclusions

In this work, the influences of intra-, inter-particle and
external O, diffusions on the heterogeneous oxidation are
studied using TG-FTIR analysis of coal. Both conversion
(n.) and reaction (1,) effectiveness factors successfully
quantify the reduction in apparent reaction rates by dif-
ferent diffusion processes. The pore diffusion exhibits the
strongest retarding influence on the heterogeneous reaction
of coal. With the increasing particle size, the change in
intra-particle diffusion can significantly lower the apparent
reaction rate by 10-30% for the finer coal particles
(<111 pm) and by ~50% for coarser coal particles
(>111 pm). The pore structure of coal indicates that the
Knudsen diffusion mainly accounts for the pore diffusion.
Comparatively, the apparent reaction rate is weakly
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affected by either inter-particle or external diffusions in the
TG domain (<5 mm). However, for a large TG sample
(>10 mg), the thermal diffusion effect cannot be neglected,
and using a slow TG heating rate (2 K min~") for oxida-
tion can lead to a thermal leap.

The interaction between diffusion and activation energy
is successfully explored by kinetic analysis using Kis-
singer’s, model-free and model-fitting methods. The
apparent activation energy, obtained from the nth-order
model-fitting method, decreases with increasing reactivity.
However, using model-free and Kissinger’s methods, the
obtained apparent activation energy increases with
increasing reactivity, which is against the physical defini-
tion of activation energy. Thus, it is not suggested to use
activation energy estimated by model-free and Kissinger’s
methods to estimate the influence of diffusion on hetero-
geneous oxidation or gasification. Moreover, because O,
has the higher reactivity and bimolecular diffusivity, coal
combustion or gasification is found to be more sensitive to
the O, diffusion than the CO, diffusion in the char gasifi-
cation. This work may help understand the interaction
between O, transport and heterogeneous reaction in coal
and biomass conversion techniques such as FBC, OFC and
UGC. In addition, it may help explain the initiation and
development of smoldering fires of underground coal seam
and confined coal and biomass piles.
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