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Abstract: Flux, able to improve the ash fusibility, usually
contains catalytic metal compounds. Unfortunately, the
quantitative analysis of synergistic catalysis effects between
different fluxing agents on coal gasification has not been
investigated thoroughly. In this study, the effect of the kinds
and content of Na/Ca-based fluxes on char gasification
was investigated in thermogravimetry analyzer (TGA). The
synergistic catalysis effects and mechanism between the
two kinds of fluxes were also studied. Finally, based on
the TGA tests, the kinetics models for char gasification
with flux addition were developed. The results showed
that all the four Na-based fluxes could increase the char
reactivity. Na2CO3, which afforded the best activity, could
increase the reactivity by 5.3 times when the content was
5%. The five Ca-based fluxes had a weaker catalysis
effect compared with Na-based fluxes. CaCl2, exhibiting
the best activity among the five Ca-based fluxes, could
increase the reactivity by 2.3 times when the content was
5%. For composite fluxes, Na2CO3–CaO and Na2CO3–CaCO3

had a remarkable synergistic effect, whereas others had
less effect. Na2CO3 could inhibit the aggregation of Ca,
which might cause the synergistic effects between Na
and Ca fluxes. The random pore model was more suitable
to describe the catalytic gasification process.

Keywords: coal gasification, flux, catalysis, synergistic
effects, kinetics model

1 Introduction

Coal leads a dominant position in the energy consump-
tion structure of China, and this situation is hard to
change in a short period of time [1–3]. Coal gasification,
the core of the clean and efficient utilization of coal, is the
important process unit of technology such as integrated
gasification combined cycle system, coal-derived chemi-
cals production, and fuel cell [4,5]. It is also one of the
key technologies of the clean energy industry due to its
high thermal efficiency and near zero emission [6].

Entrained flow bed, which embodies many features
such as elevated operation temperature, high operation
pressure, and sufficient material mixing, is the main-
stream of the development of coal gasification [7,8]. The-
oretically, entrained flow bed can apply to nearly all
types of coal [9]. However, this technology has certain
requirements on the coal due to the problems of engi-
neering. Ash fusibility is one of the engineering problems
needing major consideration [10]. The ash fusion tem-
perature (AFT) of the coal for coal-water slurry and pul-
verized coal gasifier is typically less than 1,400°C owing
to the slag-tapping of the gasifier, and coal with high AFT
can hardly meet this requirement [6,11]. However, the
average ash content of coal in China is high (about
27–28%), and the reserves of coal with AFT higher than
1,400°C account for 57% of the China coal retained
reserve [12,13]. Therefore, resolving the problem of the
gasification of high AFT is of great value to make com-
prehensive use of the coal and adjust energy structure.

Flux can improve the ash fusibility remarkably [14–16].
Küçükbayrak et al. [17] concluded that acidic oxides such as
Al2O3 and SiO2 could form polymer in elevated temperature,
which could increase the fusion temperature. The basic
oxide could inhibit the formation of polymer, which could
decrease the AFT [18]. Ca-based flux is the commonly used
flux because of its remarkable ability to decrease the AFT
and its low cost. Dai et al. [19] found that AFT decreased
and then increased with the CaO content. CaO can not only
decrease the AFT but also improve the viscosity-tempera-
ture characteristics. MgO can also decrease the AFT
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significantly because Mg formed solid composites with Si,
Fe, Ca, Mg, and Al [20]. Several studies showed that there
was a synergistic effect between different fluxes. Wu et al.
[15] found that MgO and CaO could decrease the AFT, and
AFT decreased with MgO or CaO content. In addition, a
synergistic effect of MgO and CaO was observed. Zhang
et al. [16] also confirmed the synergistic effect between
CaO and MgO.

Most fluxing agents contain alkali metal and alka-
line-earth metal elements that could also catalyze coal
gasification. Na-based and Ca-based compounds are the
typical catalysts been studied. Their catalytic mechan-
isms have been widely discussed [21–23]. Synergistic
effects of catalysts containing different elements have
also been investigated [23–26]. Gao et al. [25] conducted
experiments to investigate the effect of Na/Ca compounds
(calcium acetate and sodium acetate as precursors) on
coal gasification performance and coal char characteris-
tics. The results showed a combined effect toward the
gasification reactivity, and Na compounds could inhibit
the agglomeration of CaO. Mei et al. [24] found that Ca
additive could inhibit the reaction between Na and Si, Al
minerals, and, therefore, Na is kept active during cata-
lytic gasification. Bai et al. [26] also found that Ca coexist
with Na has a better catalytic effect compared to Na and
Ca alone.

Although synergistic effects between Na and Ca com-
pounds on coal gasification were studied, the quantita-
tive analysis of synergistic effects between different Na
and Ca compounds on coal gasification has not been
investigated thoroughly. In this study, typical Na-based
and Ca-based flux agents were selected. The effect of the
kinds and content of flux on coal char gasification was
investigated. The synergistic catalysis effects between
Na-based and Ca-based flux were also analyzed quanti-
tatively. Finally, based on the TGA tests and kinetics ana-
lysis, kinetics models for coal char gasification with flux
addition were developed. The results should be helpful
for the design of flux with fine catalytic effect on coal
gasification.

2 Experimental

2.1 Materials

In this study, typical Huainan coal (ZJX) having high
AFT was selected. According to the national standard
GB/T19494-2-2004, the selected coal sample was dried
in air, crushed, sieved, and ground to below 74 µm. The
proximate and ultimate analysis of coal samples were con-
ducted according to the national standards GB/T212-2008
and GB/T476-2001, respectively. The results of the proxi-
mate and ultimate analysis are shown in Table 1.

The preparation of the coal char sample used in the
thermogravimetric experiment was conducted as follows:
(1) to eliminate the influence of ash on the coal char
gasification, acid deashing was performed to remove
the ash from the coal, and the detailed procedure is
shown in Figure A1 (in Appendix) (2) The deashed coal
was then put in a tube furnace (a schematic of the device
is shown in Figure 1, where it was heated from room
temperature to 900°C in a nitrogen (99.999%) atmo-
sphere at a heating rate of 10°C·min−1, and the final tem-
perature was held for 1 h. Devolatilization under this
condition could ensure eliminating the impact of volati-
lity and moisture in the coal. The proximate and ultimate
analysis of demineralized coal char are shown in Table 1.
(3) The flux (Na2CO3, CaCO3, CaO, NaCl, CaCl2, Na2SO4,
CaSO4, Na2SiO3, or CaSiO3) with mass fractions of 1, 2, 5,
and 10% was added to the deashed coal char. The soluble
additives (Na2CO3, NaCl, CaCl2, Na2SO4, and Na2SiO3)
were loaded by isometric solution impregnation method,
and the insoluble components (CaCO3, CaO, CaSO4, and
CaSiO3) were loaded by mechanical stirring method. The
composite flux was added according to its water solubi-
lity; that is, the water-soluble flux was first loaded by
solution impregnation method, and the insoluble flux
was loaded by mechanical stirring method after drying.
After the flux loading, the samples were dried at 105°C for
12 h. To verify the accuracy of the concentrations of flux
in prepared samples, the concentrations in partial

Table 1: Proximate and ultimate analysis of ZJX coal and ash-free ZJX coal char

Sample Proximate analysis (wt%) Ultimate analysis (wt%)

Mad Aad Vad FCad Cad Had Nad Oad* Sad

ZJX 2.03 20.98 28.17 48.82 63.81 4.18 1.18 7.51 0.31
Ash-free char 0.25 0.51 0.79 98.45 93.38 1.78 1.24 2.55 0.29

*Calculated by difference.
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samples (shown in Table A1 in Appendix) were detected
by digestion combined with inductively coupled plasma
optical emission spectrometry. The details of the diges-
tion are shown in an earlier study [27], and the accuracy
was controlled within ±5%. The source and grade of che-
micals in this study are shown in Table 2.

2.2 Method and apparatus

The CO2 gasification reactivity of coal char was determined
using a NETZSCH (Germany) STA 449 F3 thermogravi-
metric analyzer. A preliminary experiment was conducted
before the actual experiment to select the optimal particle
size, gas flow rate, and sample quality to eliminate the
influence of internal and external diffusion on the reac-
tion. The experimental process was as follows: a certain
mass of sample was weighed into a corundum crucible.
The sample was heated to the target temperature at a
heating rate of 20°C·min−1 in a nitrogen atmosphere, the
gas was then switched to CO2, and the sample was kept
warm for 90min.

The carbon conversion rate was calculated according
to the following equation:

=

−

−

X m m
m m

t0

0 end
(1)

where X is the carbon conversion rate (%), m0 is the
initial mass of coal char (mg), mt is the mass of coal
char at the reaction time t (mg), and mend is the mass of
coal char after the reaction (mg).

To quantify the gasification reaction activity of coal
char with different flux addition, the gasification reac-
tivity index (R0.5) was introduced. High R0.5 values indi-
cate a high coal gasification reaction activity. The R0.5

value can be calculated as follows [28]:

=R
τ
0.5

0.5
0.5

(2)

where R0.5 is expressed in min−1 and τ0.5 is the gasification
time required to reach 50% of carbon conversion rate (min).

In this study, the R0.5 values were in the range
0.005–0.040. To facilitate data processing and compar-
ison, the obtained R0.5 values were multiplied by 103. In
addition, all the tests were repeated three times, and the
reported gasification indexes were average values. The
relative error is less than 5%.

The distribution of Na and Ca elements was analyzed
by a TESCAN (China) VEGA3 scanning electron micro-
scope (SEM) coupled with a BRUKER (Germany) energy
dispersive spectrometer.

2.3 Kinetic model

Different kinetic models such as random pore model
(RPM), homogeneous model (HM), unification theory
model, and shrinking core model (SCM) can be applied
for investigating the kinetics of coal gasification [29–32].

Table 2: Reagent specifications and manufacturers

Reagents Reagent specifications Manufacturers

Hydrochloric acid (37%) AR Sinopharm Chemical Reagent Limited Corporation
Hydrofluoric acid (47%) AR Sinopharm Chemical Reagent Limited corporation
Na2CO3 AR Aladdin
CaCO3 AR Sinopharm Chemical Reagent Limited Corporation
CaO AR Sinopharm Chemical Reagent Limited Corporation
NaCl AR Sinopharm Chemical Reagent Limited Corporation
CaCl2 AR Sinopharm Chemical Reagent Limited Corporation
Na2SO4 AR Sinopharm Chemical Reagent Limited Corporation
CaSO4 AR Aladdin
Na2SiO3 AR Aladdin
CaSiO3 AR Sinopharm Chemical Reagent Limited Corporation

Figure 1: Schematic of coal char preparation system.
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To find the model that best fits the coal gasification pro-
cess, HM, RPM, and SCM were selected based on earlier
studies to fit the gasification reaction data.

2.3.1 HM [30]

The HM is the simplest and most commonly used coal
gasification model. This model only considers the rela-
tionship between the conversion rate and the gasification
time and not the influence of the gas–solid reaction sur-
face area and active sites on the carbon conversion rate
during the reaction process. HM assumes that the internal
and external diffusion is so fast that its influence can be
eliminated, and that the entire reaction process occurs
inside. The coal particles maintain the same size during
the gasification process, but the density changes uni-
formly. The integral rate expression is as follows [33,34]:

( )/ = −x t k xd d 1HM (3)

where x is the carbon conversion rate, k is the gasification
reaction rate constant (s−1), and t is the gasification reac-
tion time (s).

2.3.2 RPM

RPM assumes that the coal char particles have a large
number of cylinders with different pore diameters. The
gas reactant reacts with the inner wall of the cylindrical
hole of the coal char particles, and the connected pores
are cross-linked during the reaction. All the products
from the reaction process precipitate in the form of gas.
The RPM ignores the influence of gas diffusion and is
represented by the following expression [33]:

( )[ ( ) ]/ = − − − −x t k x φ xd d 1 1 ln 1 1RPM (4)

where x is the carbon conversion rate, k is the gasification
reaction rate constant (s−1), φ is the sample particle struc-
ture parameter, and t is the gasification reaction time (s).

( )
=

−φ L ε
S

4π 10 0

0
2 (5)

where S0, L0, and ε0 are the specific surface area in the
initial reaction, the total volume pore length, and the
initial porosity of the sample, respectively.

2.3.3 SCM

The SCM assumes that the gas–solid two-phase reaction
only occurs on the outer surface of the solid particle. As

the reaction proceeds, the reaction surface gradually
migrates from the outside to the inside of the particle,
and the size of the unreacted core gradually decreases
until its complete disappearance. When the gasification
process is controlled by the chemical reaction, the reac-
tion formula of the SCM is as follows [35]:

( )/ = −

/x t k xd d 1SCM
2 3 (6)

where x is the carbon conversion rate, k is the gasification
reaction rate constant (s−1), and t is the gasification reac-
tion time (s).

3 Results and discussion

3.1 Influence of Na-based flux on the
reactivity of coal char gasification

To investigate the influence of different Na-based fluxes
on the coal char gasification characteristics, the deashed
coal char was loaded with 5% Na2CO3, NaCl, Na2SO4, and
Na2SiO3, and an isothermal CO2 gasification experiment
was performed at 1,000°C. The experimental results are
shown in Figure 2, from which it can be extracted that the
addition of Na-based flux can significantly improve the
gasification reaction activity. Figure 2a shows that under
a gasification time of 30min, the carbon conversion rate was
the lowest (20%) for deashed coal char without flux and the
highest (95%) after adding Na2CO3. Meanwhile, the addition
of Na2SO4, NaCl, and Na2SiO3 afforded a carbon conversion
rate of 91%, 69%, and 56%, respectively. Therefore, the
activity of the four Na-based fluxes followed the order:
Na2CO3 > Na2SO4 > NaCl > Na2SiO3.

According to Figure 2, R0.5 increased with the addi-
tion of the Na-based flux components from the lowest
value of only 5.89 for the deashed coal char to 37.32 after
loading Na2CO3, which represents an increase of 5.3 times,
36.09 after loading Na2SO4 (5.1 times increase), 24.05 after
loading NaCl (3.1 times increase), and 19.17 with Na2SiO3

(2.3 times increase). These results confirm the trend for
the catalytic activity obtained from the results of the carbon
conversion rate.

Figure 3 shows the influence of the Na-based flux
content on R0.5. As shown in Figure 3a, R0.5 initially
increased with increasing the Na2CO3 loading capacity
up to 5%, reaching the maximum value of 37.2, which
is 5.9 times higher than that obtained in the absence of
flux. Then, upon further increasing the Na2CO3 content,
R0.5 showed a downward trend. This suggests that the
catalytic ability of Na2CO3 is not always proportional to
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the loading capacity and exhibits a saturation point above
which the catalytic ability decreases. As shown in Figure 3b,
increasing the NaCl amount from 1% to 2% did not
increase the R0.5 value significantly. In contrast, the addi-
tion of NaCl up to 5% caused a sharp increase of R0.5 to
24.05, which is 3.1 times higher than that of the sample
without NaCl. Figure 3c displays the relationship between

the Na2SO4 content and R0.5. When the Na2SO4 loading
capacity was 1%, 2%, and 5%, R0.5 was 11.62, 17.30, and
36.09, respectively, which are 1.9, 2.9, and 5.1 times higher
than the values obtained without flux addition. The rela-
tionship between the Na2SiO3 loading capacity and R0.5 is
shown in Figure 3d, which reveals that R0.5 increased
smoothly with the increase of the Na2SiO3 loading

Figure 3: Effect of Na-based flux agent content on the reactivity index of ZJX char: (a) Na2CO3, (b) NaCl, (c) Na2SO4 and (d) Na2SiO3.

Figure 2: Effect of Na-based flux agents on the reactivity of ZJX char: (a) gasification rate and (b) gasification reactivity index.
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capacity. Thus, under a loading capacity of 1%, 2%, and
5%, R0.5 was 11.36, 16.20, and 19.17, respectively, which
represents an increase of 0.9, 1.8, and 2.3 times compared
with the values obtained without catalyst addition. In
summary, the 5% Na2CO3 flux afforded the highest coal
char reactivity. Mei et al. [24] also found that Na2CO3

had the best catalytic effect on coal gasification compared
to other Na-based compound such as NaAlO2 and sodium
aluminum silicate.

3.2 Influence of Ca-based flux on the coal
char gasification reactivity

To investigate the influence of the Ca-based flux on the
coal char gasification characteristics, deashed coal char
was loaded with 5% CaO, CaCO3, CaCl2, CaSiO3, and
CaSO4, and an isothermal CO2 gasification experiment
was conducted at 1,000°C. As shown in Figure 4, CaCl2
and CaSO4 had the best and the worst catalytic effect,
respectively, and CaO, CaCO3, and CaSiO3 exhibited similar
catalytic ability between that of CaCl2 and CaSO4. Overall,
the Ca-based flux showed weaker catalytic ability than the
Na-based flux. According to these results, the activity of the
selected Ca-based fluxes followed the order: CaCl2 > CaO ≈
CaCO3 ≈ CaSiO3 > CaSO4.

The influence of the Ca-based flux on R0.5 is shown
in Figure 4b. The R0.5 value of the sample with CaCl2
was 19.17, which is 2.3 times higher than that obtained
without flux, and the reaction activity was the highest.
The samples loaded with CaO, CaCO3, and CaSiO3 exhibited
similar R0.5 values of 12.73, 13.61, and 12.81, respectively,
which indicates that these three fluxes had similar catalytic
ability. The R0.5 of the sample loaded with CaSO4 was 6.71,

which is only 0.82 higher than that of the sample without
catalyst, indicating an extremely weak catalytic capacity.
Again, the R0.5 value and the carbon conversion rate fol-
lowed a consistent trend.

Figure 5 shows the influence of the Ca-based flux
loading capacity on the R0.5 of coal char. R0.5 increased
from 5.89 to 12.50, which represents an increase of 1.1 times,
with the increase of the CaO loading capacity up to 2%.
Above this point, the increasing trend weakened. The
observed weak catalytic effect of CaO may be related to
the loading method. Some studies have shown that CaO
loaded via the solution impregnation method has a better
catalytic effect than that loaded using the mechanical
mixing method. In the former method, CaO reacts with
deionized water to form a Ca(OH)2 emulsion; therefore,
part of the Ca exists in the form of ions, which are easier
to disperse evenly on the coal surface [36]. Murakami
et al. [21] demonstrated that the activity of CaCO3 was
as high as catalyst using an solution impregnation method
such as Ca(OH)2 aqueous. This might be due to using steam
as the gasification agent.

As shown in Figure 5b, the catalytic ability of CaCO3

was similar to that of CaO. R0.5 increased first and then
decreased with the increase of CaCO3, reaching its max-
imum value at 5%. At this point, the reactivity index was
determined to be 13.61, which is 1.3 times higher than that
of the sample without flux. Upon further increasing the
CaCO3 amount, the catalytic ability was reduced. This is
consistent with the results reported by Yu et al. [37],
according to which an excess of catalyst would block
the coal char gaps, affecting the transfer of the gasifi-
cation agent. Figure 5c shows that R0.5 also increased
gradually with the increase of the CaCl2 amount. This
increase was relatively rapid below an amount of 2%,
at which the R0.5 value was 17.14 (1.9 times higher than

Figure 4: Effect of Ca-based flux agents on the reactivity of ZJX char: (a) gasification rate and (b) gasification reactivity index.
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that of the sample without catalyst). Above 2% of CaCl2
amount, R0.5 increased more slowly, reaching 19.17
(2.3 times higher than that in the absence of catalyst) at
an amount of 5%. Figure 5d reveals the poor catalytic
effect of CaSO4. No significant change in R0.5 compared
with the sample without catalyst was observed when
adding 1% and 5% CaSO4, and an amount of 2% afforded
a slight increase in R0.5 (9.31, 0.6 times increase). As can

be extracted from Figure 5e, when the CaSiO3 loading
capacity was 1%, 2%, and 5%, the R0.5 value was 9.68,
9.70, and 12.81, respectively. With the increase of CaSiO3,
R0.5 first increased and then remained almost constant, to
finally increase again. The addition of 1% CaSiO3 enhanced
the coal char gasification activity significantly, which was
basically unchanged from 1% to 2%, and then improved
again for 5% CaSiO3.

Figure 5: Effect of Ca-based flux agent content on the reactivity index of ZJX char: (a) CaO, (b) CaCO3, (c) CaCl2, (d) CaSO4 and (e) CaSiO3.
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3.3 Influence of Na/Ca composite flux on the
coal char gasification reactivity

To study the synergy between the Na and Ca fluxes, Na2CO3,
which had the best effect among the single-component
fluxes, was combined with other Ca-based catalysts for cat-
alytic gasification. A CO2 gasification experiment was
performed at 1,000°C using the following samples:
2.5% Na2CO3/2.5% CaO, 2.5% Na2CO3/2.5% CaCO3, 2.5%
Na2CO3/2.5% CaSiO3, 2.5% Na2CO3/2.5% CaSO4, 2.5%
Na2CO3/2.5% CaCl2, and 2% Na2CO3. The experimental
results are depicted in Figure 6. Figure 6a shows that the
sample with the composite flux was the first to be gasi-
fied completely within 60 min, followed by the sample
loaded with Na2CO3 alone, which took 75 min to be gasi-
fied. For the sample without flux, the carbon conversion
rate was only 50% after 85 min of reaction.

Figure 6b shows the effect of the Na/Ca synergistic
catalysis effect on R0.5. The sample without flux had the
lowest R0.5, followed by the sample with Na2CO3 alone.
The Na/Ca composite flux afforded a higher R0.5 value
than that obtained with Na2CO3 alone and without cata-
lyst, indicating its higher activity. The sample containing
Na2CO3/CaCO3 exhibited the highest R0.5 of 28.06, which
is 3.8 times higher than that of the sample without cata-
lyst and 0.6 times higher than that obtained with single
Na2CO3. The sample with Na2CO3/CaO afforded an R0.5 of
26.45, which is 3.5 times higher than that of the sample
without catalyst and 0.5 times higher than that with
single Na2CO3. The samples containing Na2CO3/CaSiO3,
Na2CO3/CaSO4, and Na2CO3/CaCl2 showed similar R0.5 values
of 20–22.5, which were about 2.5–2.8 times higher than that
of the sample without catalyst and 0.2–0.3 times higher than
that obtained with single Na2CO3.

To further explore the synergy between Na and Ca,
the synergistic effects were quantified by calculating the
theoretical reactivity index (Rtheory) as follows:

= +R X R X Rtheory 1 Na 2 Ca (7)

where X1 and X2 are the ratio coefficients of Na and Ca in
the composite additives, RNa is the reactivity index when
5% Na additives are added, and RCa is the reactivity index
when 5% Ca flux is added.

The as-calculated theoretical reactivity indexes were
compared with the experimental values to confirm the
existence of a synergistic effect between the Na/Ca cata-
lysts, which occurs when the experimental value exceeds
the theoretical value. The results are shown in Table 3.

Among the five compound additives, only 2.5%
Na2CO3/2.5% CaO and 2.5% Na2CO3/2.5% CaCO3 afforded
experimental reactivity indexes greater than the theore-
tical values, which suggests the occurrence of synergistic
effect only when Na2CO3 was compounded with CaO or
CaCO3. Moreover, the best synergistic effect was obtained
with the combination of Na2CO3 and CaCO3.

To investigate the influence of the ratio of the Na/Ca
flux on the catalytic gasification of coal char, Na2CO3, and

Figure 6: Effect of Na/Ca composite flux agent on the reactivity of ZJX char: (a) gasification rate and (b) gasification reactivity index.

Table 3: Comparison of actual reactivity index and theoretical
reactivity index

Flux Rtheory Rexperimental

2.5% Na2CO3–2.5% CaO 25.02 26.45
2.5% Na2CO3–2.5% CaCO3 25.46 28.06
2.5% Na2CO3–2.5% CaSiO3 25.07 22.16
2.5% Na2CO3–2.5% CaSO4 22.02 20.82
2.5% Na2CO3–2.5% CaCl2 28.25 21.88
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CaO were compounded in different proportions. Samples
containing 1.5% Na2CO3/3.5% CaO, 2.5% Na2CO3/2.5%
CaO, and 3.5% Na2CO3/1.5% CaO were compared in a
CO2 gasification experiment at 1,000°C with those having
exclusively Na2CO3 or CaO. The experimental results are
shown in Figure 7. Among the Na/Ca composite fluxes,
the sample with the highest Na2CO3 content afforded the
best catalytic effect. Figure 7b shows the effect of the Na/Ca
ratio on R0.5. The carbon conversion rate increased with
the Na/Ca ratio. The sample with 1.5% Na2CO3/3.5% CaO
exhibited significantly higher gasification activity than the
sample with CaO alone, and the gasification reaction index
increased by 0.67 times. The gasification reaction index
of the samples with 2.5% Na2CO3/2.5% CaO and 3.5%
Na2CO3/1.5% CaO increased by 1.17 and 1.46 times, respec-
tively, compared with that of the sample with CaO alone.

Figure 8 shows the gasification reaction of the sample
with 2.5% Na2CO3/2.5% CaCO3 at three different tempera-
tures, that is, 900°C, 1,000°C, and 1,100°C. The gasifica-
tion activity was found to increase significantly with the
temperature. Thus, the reaction required 60min to reach
completion at 900°C, 40min at 1,000°C, and only 25min
at 1,100°C. Similarly, R0.5 increased with the gasification
temperature, being 0.40 and 1.12 times higher at 1,000°C
and 1,100°C, respectively, than at 900°C.

To investigate the mechanism of synergistic catalysis
effects, the Na and Ca elemental mapping of char resi-
dues after TGA tests under 1,000°C were collected on
SEM-EDX. As shown in Figure 9a and b, Na exhibited
better dispersity, whereas Ca showed aggregation to some
extent. This might be the reason for the better catalysis
effect of Na2CO3. As shown in Figure 9c, Na2CO3 could
inhibit the aggregation of Ca and increase the dispersity
of Ca, which might cause the synergistic catalysis effects
between Na2CO3 and CaCO3. Gao et al. [25] also found that
Na-based catalyst could inhibit the agglomeration of CaO
due to its fine mobility and the formation of Na–Ca
compound.

3.4 Kinetics of char gasification with flux
addition

The kinetics of the gasification reaction of the sample
with 2.5% Na2CO3/2.5% CaCO3 were investigated at 900°C,
1,000°C, and 1,100°C, and the most suitable kinetic model
to describe the process in the presence of flux was
determined.

The three models mentioned in Section 2.3 were
used to fit the gasification reaction data, and the linear
regression fitting curves of the samples at different

Figure 7: Effect of Na/Ca composite flux agent content on the reactivity of ZJX char: (a) gasification rate and (b) gasification reactivity index.

Figure 8: Effect of gasification temperature on the reactivity index
and carbon conversion rate of ZJX char with composite flux agent
addition.
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Figure 9: Na/Ca element mapping analysis of char residue of gasification: (a) residues of char with 5% Na2CO3 addition, (b) residues of char
with 5% CaCO3 addition, and (c) residues of char with 2.5% Na2CO3 and 2.5% CaCO3 addition.

Figure 10: Fitting curve of carbon conversion using different kinetic models: (a) HM, (b) RPM, and (c) SCM.
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temperatures were obtained as shown in Figure 10. Fit-
ting parameters of different kinetic models are shown in
Table 4.

It can be seen from the fitting data summarized in
Table 4 that the fitting coefficients of the three models
were all more than 0.8, indicating that to a certain extent,
the three models can be applied to the coal catalytic
gasification process. The SCM and the RPM afforded
high fitting coefficients more than 0.97, indicating that
these two models are more suitable to describe the pro-
cess of coal catalytic gasification. As the HM does not
consider the influence of surface area and active sites of
the gas–solid reaction on the carbon conversion rate
during the reaction, the corresponding fitting coefficient
was relatively low.

The kinetic parameters were calculated using the
Arrhenius formula:

=

−k Ae
E

RT (8)

where E is the apparent activation energy of the reaction
(kJ·mol−1), T is the reaction temperature (K), A is the pre-
exponential factor (min−1), and R is the gas reaction con-
stant (8.314 J·mol−1·K−1).

By taking the logarithm on both sides of the Arrhenius
formula, the following formula is obtained as follows:

= −k A E
RT

ln ln (9)

By calculating the thermogravimetric data at different
temperatures and plotting ln k vs 1/T, the A and E values
can be determined from the intercept and the slope of the

resulting straight line, respectively. The fitting results of
the three models are shown in Figure 11. Similarly, the
gasification experimental data of the samples without
flux, with 5% Na2CO3, and with 5% CaCO3 were fitted at
900°C, 1,000°C, 1,100°C to obtain the kinetic parameters.
The results are shown in Table 5.

As can be extracted from Table 5, the fitting coeffi-
cient of the HM was low. In contrast with the fitting coef-
ficient of the noncatalytic gasification, which was higher
than 0.96, the fitting coefficients of the three catalytic
gasification samples were lower than 0.94, the fitting
coefficients of the RPM were all more than 0.98, and
the fitting coefficients of the SCM were between 0.92

Table 4: Fitting parameters of different kinetic models

T (°C) HM RPM SCM

R K (103·s−1) R K (103·s−1) R K (103·s−1)

900 0.9384 0.0827 0.9880 0.0314 0.9475 0.0385
1,000 0.8118 0.1484 0.9975 0.0403 0.9278 0.0564
1,100 0.8945 0.2058 0.9823 0.0634 0.9365 0.0821

Table 5: Dynamic parameters corresponding to the three models

Samples HM RPM SCM

In A E (kJ·mol−1) R In A E (kJ·mol−1) R In A E (kJ·mol−1) R

Non 19.48 210.54 0.9673 24.59 236.34 0.9871 17.16 221.38 0.9658
5% Na2CO3 8.58 133.21 0.9314 11.64 159.87 0.9917 8.14 142.26 0.9544
5% CaCO3 11.96 188.49 0.9286 13.30 198.47 0.9869 11.02 185.63 0.9717
2.5% Na2CO3–2.5% CaCO3 9.13 139.96 0.9154 12.55 164.05 0.9952 8.86 148.39 0.9287

Figure 11: Fitting curves of the three kinetic models.
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and 0.98. These results indicate that the RPM afforded the
best fit and the HM the worst.

According to the activation energy data, the noncata-
lytic gasification exhibited high reaction activation energy.
The activation energy calculated using the RPM was the
highest, 236.34 kJ·mol−1, and that obtained with the HM
was the lowest, 210.54 kJ·mol−1. After the catalyst addition,
the activation energy of the gasification reaction was sig-
nificantly reduced. When 5% Na2CO3, 5% CaCO3, and 2.5%
Na2CO3/2.5% CaCO3 were added, the activation energy for
the catalytic gasification calculated using the RPM decreased
to 133.21, 188.49, and 139.96 kJ·mol−1, respectively, which
represents a reduction of 44%, 20%, and 41%. The reduction
in activation energy followed the order: 5% Na2CO3 > 2.5%
Na2CO3/2.5% CaCO3 > 5% CaCO3.

Coal char gasification experiments were carried out
in thermogravimetry in this study. The gasification process
in thermogravimetry is different from entrained flow bed
especially in mass transfer and heat transfer. Different dif-
fusion rates of flux can influence the synergistic catalysis
effects between different fluxing agents, whereas the heat
transfer rate also has impact on the gasification rate. To
further investigate the effect of heat and mass transfer on
synergistic catalysis effects, dropper furnace may be more
applicable. In addition, cross-sectional analysis of resi-
dues in different retention time needs to be paid more
attention.

4 Conclusion

The catalytic performance of Na/Ca-based flux for coal
gasification was systematically studied in thermogravi-
metric analyzer. The synergistic catalysis effects between
Na-based and Ca-based flux were also studied. Based on
the TGA tests and kinetics analysis, kinetics model for
coal char gasification with flux addition was developed.
The main conclusions are as follows:
1. The four Na-based flux, Na2CO3, Na2SO4, NaCl, and

Na2SiO3, could increase the reactivity of coal char,
and the strength of catalysis effect order was Na2CO3

> Na2SO4 > NaCl > Na2SiO3.
2. Ca-based flux had weaker catalysis effect compared

with Na-based flux, and the strength of catalysis effect
order of Ca-based flux was CaCl2 > CaO ≈ CaCO3 ≈
CaSiO3 > CaSO4.

3. For composite flux, Na2CO3–CaO and Na2CO3–CaCO3

had remarkable synergistic catalysis effect, whereas
Na2CO3–CaSiO3, Na2CO3–CaCl2, and Na2CO3–CaSO4 had
no synergistic effect.

4. The RPM with the model function ( )/ = −x t k xd d 1RPM

[ ( ) ]− − −φ x1 ln 1 1 had better fitting effect for char
gasification with flux addition.
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Appendix

Figure A1: Detailed procedure of acid deashing process.

Table A1: Actual concentrations of flux in partial prepared samples

Flux Theoretical concentration (%)

1 2 5 10

Na2CO3 1.05 2.09 4.93 10.09
NaCl 1.03 1.95 5.10 10.11
Na2SiO3 0.98 1.92 5.09 9.93
Na2SO4 0.99 1.96 4.97 10.20
CaCO3 1.02 2.07 5.11 10.03
CaO 1.04 2.04 5.12 10.31
CaCl2 1.06 1.98 5.09 9.88
CaSO4 1.05 2.10 4.97 9.93
CaSiO3 0.97 2.03 4.99 10.18

Catalytic performance of Na/Ca-based fluxes  217


	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Method and apparatus
	2.3 Kinetic model
	2.3.1 HM [30]
	2.3.2 RPM
	2.3.3 SCM


	3 Results and discussion
	3.1 Influence of Na-based flux on the reactivity of coal char gasification
	3.2 Influence of Ca-based flux on the coal char gasification reactivity
	3.3 Influence of Na/Ca composite flux on the coal char gasification reactivity
	3.4 Kinetics of char gasification with flux addition

	4 Conclusion
	References
	Appendix


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


