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Abstract
To study the effect of anion in sodium salts on catalytic gasification and provide some useful information for the recovery 
and reutilization of catalysts, the catalytic reactivity of Na2CO3, Na2SO4, NaNO3 and NaCl was compared. In addition, the 
melting process of catalyst, mineral composition, specific surface area and CO2 adsorption ability of chars loaded with 
catalyst was measured by in situ hot stage microscope, XRD, BET and TGA. Moreover, the mineral transformations of cata-
lytic gasification ash were also investigated by FactSage. The results indicate that anions in sodium salts have a significant 
effect on gasification. Among them, Na2SO4 and Na2CO3 can greatly accelerate the catalytic gasification rate of coal char. 
The char loaded with Na2SO4 or Na2CO3 shows more specific surface area and more adsorption capacity of CO2 than other 
chars. Simultaneously, the pictures captured by hot stage microscope reveal that Na2SO4 and Na2CO3 melt, become liquid 
film and then spread over char surface and neighboring particles; this facilitates the contact between carbon and catalyst and 
accelerates the gasification reaction. Na2SO4 is suitable for catalytic gasification from the aspects of its catalytic activity and 
convenience of recovery and reutilization.
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Introduction

Gasification is an efficient technology that can convert car-
bonaceous materials such as coal [1], biomass [2, 3], house-
hold garbage [4, 5] into small molecules (H2, CO, CH4, etc.). 
It is also considered as a promising technology to realize 
clean utilization of some contaminative carbonaceous fuels 
[1, 6]. After gasification, the contamination in the impure 
fuels can be converted to harmless matters or gas during 
gasification. More importantly, the H2 and CO in gasification 
product are commonly raw chemical material that can be 
used to produce methanol [7], dimethyl ether [8], ammonia, 
etc. These products play an important role in our daily pro-
duction and directly related to the quality of our life.

Generally, to obtain a faster reaction rate and higher 
carbon conversation, coal is gasified with gasifica-
tion agent (steam, air, O2 or CO2) at high temperatures 
(1573.15–2073.15 K) and high pressures (0.5–8.0 MPa) [9], 
especially for coal with poor gasification reactivity. These 
rigorous conditions lead to high energy consumption and 
increase operational risk [10]. Catalytic gasification can 
partially solve the above-mentioned problem by speeding 
up the reaction rate and decreasing the reaction temperature 
significantly [11–14]. Alkali and alkali earth metal salts [12, 
15–19], nickel [20] and iron compounds [21] are considered 
as effective catalysts. Among them, alkali metal carbonate 
has the best performance and thus has roused scholars’ par-
ticular interest [22–25]. Jan Kopyscinski et. al. [26] chose 
K2CO3 as the catalyst and found that the gasification rate 
was 20 times faster than that of non-catalytic gasification. 
Arash Karimi et. al. [25] found that the activation energy 
of gasification reaction reduced from 2.1 × 105 J mol−1 to 
1.3 × 105 J mol−1 by the addition of Na2CO3. Fan Zhang 
et. al. [27] found that 29.7% of activation energy reduction 
was realized by the addition of Na2CO3. Our previous study 
[28] has shown that Na2CO3 has better catalytic activity 
than K2CO3 in the steam gasification while its price is about 
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one-quarter of K2CO3, so Na2CO3 is a promising catalyst for 
industrial application.

However, industrialization of catalytic gasification in 
large-scale has not been achieved so far. One of the issues 
is the recovery and reutilization of catalyst, for the catalyst 
used in gasification can react with minerals in coal inevita-
bly and form inactive water-insoluble Na-containing com-
pounds [29–31]. This water-insoluble property decides Na-
containing compounds cannot be recovered by water. Thus, 
the acid-leached method is generally used. At the same time, 
acid leaching can also extract compounds containing Al or 
Si from the gasification ash, so that the useful substances 
in the ash can be effectively utilized. However, in the acid-
leached process, the type of acid used in the acid-leached 
process determines the recovery type of alkali salt, while the 
recovery type of alkali salt usually affects its reutilization. 
For example, HCl, which acts as an extracting agent, is usu-
ally used for extracting compounds containing Al from ash 
which has been activated. If HCl were selected, the recovery 
type of sodium salt would be NaCl (no matter which kind 
of Na species was used as catalyst). Unfortunately, the cata-
lytic activity of NaCl is poor and NaCl is no longer suitable 
as catalyst (as shown in this study), which results in this 
recovery method insignificant. Thus, the recovery method 
must adapt himself for the catalytic activity of recovered 
sodium salt, this urgent problem, so to speak, must be solved 
before a large-scale and workable gasification technology 
is applied.

H2SO4, H2CO3, HNO3 and HCl are frequently used acids 
in the acid-leached process, their anions are CO2−

3
 , SO2−

4
 , 

NO−
3
 and Cl−, and the corresponding recovered sodium salts 

are Na2CO3, Na2SO4, NaNO3 and NaCl. Thus, the catalytic 
activity of these recovered sodium salts, their catalytic pro-
cesses, the effect of anions on catalytic gasification and the 
inactivation behaviors induced by minerals during gasifica-
tion must be evaluated before a suitable recovery method 
is selected. Unfortunately, even many scholars [29] have 
done researches on gasification catalysts; previous works 
did not separately consider the effect of anions on catalytic 

gasification, did not systematically and comparatively stud-
ied the above-mentioned problems and thus cannot provide 
direct guidance for the choice of suitable acid in the catalyst 
recovery process.

In this study, the catalytic effects of Na species (Na2CO3, 
Na2SO4, NaNO3, NaCl) on coal char gasification reactivity 
were investigated. Then, in order to find out the reasons for 
the difference in catalytic activity, hot stage microscope (vis-
ually observe and record the gasification processes), BET 
(specific surface area and pore distribution), the CO2 adsorp-
tion capacity (the active sites of catalyst loaded char, reflect 
the effect of a catalyst on gasification reaction), XRD and 
thermodynamic equilibrium calculations of the mineral and 
sodium salts (FactSage, the inactivation behaviors induced 
by minerals) were investigated. The objectives of this study 
are (1) to explore the reasons of accelerating the gasifica-
tion reaction rate and carbon conversion by adding sodium 
salt catalysts and (2) to compare the catalytic gasification 
reactivity of sodium salts with different anions on the basis 
of equal mole mass and provide useful information on the 
process of catalysts recovery and reutilization. The realiza-
tion of these two objectives is the prerequisite for industrial 
catalytic gasification and extraction of compounds contain-
ing Al or Si in coal ash.

Experimental

Samples and reagents

The raw coal from Inner Mongolia was ground and sieved to 
less than 125 μm. Then, it was dried in oven and collected 
in desiccator as coal sample. The proximate and ultimate 
analyses of the coal sample are listed in Table 1, and the ash 
composition is presented in Table 2, Fig. 1. All the chemical 
reagents, which include Na2CO3, Na2SO4, NaNO3 and NaCl, 
were purchased from Sinopharm Chemical Regent Co., and 
their purity was above 99%.

Table 1   Proximate and ultimate 
analyses of coal sample

a ad = air-dried basis.
b daf = dry and ash-free basis
c by difference

Proximate analysis/mass %, ada Ultimate analysis /mass %, dafb

M A V FC C H Oc N S

0.80 27.77 20.70 50.73 86.42 5.29 4.05 1.48 2.76

Table 2   Ash compositions 
(mass %) of coal sample

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 K2O Na2O P2O5

50.11 38.33 6.30 0.61 0.42 0.84 0.36 0.85 0.16 0.07
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Catalyst loading and coal char preparation

Impregnation method was used and the addition of catalysts 
obeyed the following rule: Per unit mass of coal correspond 
to a certain mole of Na+ in solution. Detailed preparation 
processes were similar to our previous work [16]. Firstly, 
0.15 mol of Na2CO3 was dissolved in 200 mL of deionized 
water. Then, 0.1 kg of coal sample was added in it with 
continuous stirring until the coal sample was completely 
mixed with the solution. After that, this mixed slurry was 
dried in oven and ground to less than 125 μm. This sample 
(per kilogram of coal that had been loaded with 1.5 mol of 
Na2CO3) was called coal-1.5 Na2CO3. Similarly, other coal 
samples which were loaded with catalysts (Na2SO4, NaNO3 
or NaCl) by the rule (per kilogram of coal corresponds to x 
mole of catalyst) were called coal-x Na2SO4, coal-x NaNO3 
or coal-x NaCl, respectively.

Coal char was prepared by pyrolyzing coal in the N2 atmos-
phere at high temperature. Detailed steps were as below: 
spread 10 g of coal-1.5 Na2CO3 in an alumina boat evenly 
and then pushed the boat to the isothermal zone of the tubular. 
At the same time, N2 with 200 mL min−1 flowed through the 
tubular furnace. 20 min later, the furnace was heated with a 
rate of 5 K min−1 to 1173.15 K and stabilized for 20 min to 
pyrolyze coal-1.5 Na2CO3. Then, the furnace was cooled under 
the N2 atmosphere and the alumina boat could be removed 
when the temperature dropped to below 373.15 K. This char 
sample was called char-1.5 Na2CO3. Similarly, other coal sam-
ples such as coal-Na2SO4, coal-NaNO3 and coal-NaCl pyro-
lyzed with this method were called char-Na2SO4, char-NaNO3 
and char-NaCl, respectively.

CO2 gasification of coal char in TGA​

Coal char gasification was conducted by a Setaram SETSYS 
thermogravimetric analyzer (TGA). About 7 mg of char sam-
ple was evenly spread in a crucible. Then, it was heated with a 
rate of 20 K min−1 to target temperature (1073.15–1223.15 K) 
in N2 (99.9%, 100 mL min−1) and maintained for 20 min to sta-
bilize the system. After that, N2 was switched to CO2 (99.8%, 
100 mL min−1) and the gasification began. When the mass 
curve became horizontal and basically no fluctuation, the gasi-
fication was finished.

Carbon conversion (x) was calculated as below: (where the 
added catalyst is regarded as a part of ash in coal and assumes 
that the mass of catalyst remains constant)

where m0 represents the initial mass of char sample, mt rep-
resents the mass of char sample at the time when gasification 
reaction lasted t min; mc represents the mass of theoretical 
calculation value of char sample when the carbon was fully 
reacted in the gasification process; mA represents the ash 
mass of per gram coal; mF represents the added catalytic 
mass of per gram coal; mcoal-catalyst represents the mass of 
coal loaded with catalyst; and J is a constant value (deter-
mined by experiment) and represents mass change of coal-x 
catalyst to char-x catalyst.

Gasification rate (rt, min−1) was calculated as below:

The reactivity index (R0.5) was a parameter to compare 
the gasification reactivity of various catalysts with different 
additions. R0.5 was defined as below:

τ0.5 was the time when the carbon conversion rate was 0.5.

CO2 gasification of coal char in hot stage microscope

To in situ visually capture and record the gasification pro-
cess at a relatively high temperature, the hot stage micro-
scope was employed. About 1 mg of coal char was firstly 
placed on the center of the sapphire lens and then adjusted 
the focal length. After that, the hot stage microscope was 
heated with a rate of 50 K min−1 to 1173.15 K in N2 (99.9%, 
50 mL min−1). When the temperature reached 1173.15 K, N2 

(1)x =
m0 − mt

m0 − mc

(2)mc =
mA + mF

1 + mF

× mcoal−catalyst

(3)mcoal−catalyst = J × m0

(4)rt =
dxt

dt
= −

1

m0 − mc

dm

dt

(5)R0.5 = 0.5∕�0.5

Catalyst Coal

105 °C 900 °C

N2
coal-x catalyst char-x catalyst

coal ash

gas
Catalytic

Gasification

Fig. 1   Diagram of experimental steps
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was switched to CO2 (99.8%, 50 mL min−1) and the gasifi-
cation began. Some morphology changes of coal char and 
catalyst appeared in this process.

Thermodynamic equilibrium calculations

Thermodynamic equilibrium calculations can provide the 
data of mineral content in catalytic gasification ash with dif-
ferent catalysts addition. The Equilib module in FactSage 6.4 
with the FactPS and FToxid databases was used to calculate 
the concentration of chemical species under atmospheric 
pressure [32]. The input data include carbon in coal, ash 
compositions (Table 2), CO2 and catalysts.

CO2 adsorption of coal char

TGA was employed to test the CO2 adsorption capacity of 
coal char. 15 mg of char was well placed in a crucible with 
N2 (99.9%, 50 mL min−1) flow. It was heated with a rate of 
20 K min−1 to 1173.15 K and maintained 10 min to remove 
the adsorbed gas in char. Then, it was cooled with a rate 
of 20 K min−1 to 573.15 K and continued 30 min to stabi-
lize the system. After that, N2 was switched to CO2 (99.8%, 
50 mL min−1) and lasted 100 min to adsorb CO2 fully. Next, 
CO2 was switched to N2 again and sustained 150 min to 
remove the CO2 that adsorbed on the coal char weakly. 
Finally, the temperature was cooled to 303.15 K with a rate 
of 20 K min−1. All of the above experiments were repeated 
at least once.

Characterization methods

The proximate and ultimate analyses were conducted 
according to Chinese National Standards GB/T 212–2008 
and GB/T 476–2001, respectively. Specific surface area and 
pore structure of coal char were measured with BET by N2 
adsorption and desorption at 77.15 K. The specific surface 
area was calculated by the BET model, and the pore size 
distribution was obtained by the BJH model. The crystal 
structures of catalytic gasification ash added with different 
kinds of catalysts were characterized by an X-ray diffractom-
eter (D8 Advance, Bruker, Germany) using Cu Kα radiation 
(λ = 1.54056 Å), a 30 kV tube voltage, a 15 mA tube current 
and a scan rate of 2° min−1. The morphology of coal sam-
ples was obtained by a scanning electron microscope (SEM, 
JSM-7001F, JEOL, Japan).

Results and discussion

Catalytic gasification performance of char loaded 
with several Na+ contained catalysts

Na2CO3, Na2SO4, NaNO3 and NaCl were used to inves-
tigate the catalytic effect of Na+ contained catalysts, 
systematically. The gasification behaviors of Char-1.5 
Na2CO3, char-1.5 Na2SO4, char-3.0 NaNO3 and char-3.0 
NaCl are shown in Fig. 2. It reveals that all of the cata-
lysts show catalytic activity and the order of it is as follows: 
Na2SO4 > Na2CO3 > NaNO3 > NaCl. It obviously revealed 
that oxygen-containing sodium salts show better catalytic 
activity than that of sodium chloride. The oxygen transfer 
mechanism [24, 33], which is a basic, common and widely 
accepted mechanism for catalytic gasification, may explain 
for this result. Specifically, oxygen transfer mechanism is a 
redox process among coal, gasification agent and catalyst. 
Take the catalytic process [24, 33] of Na2CO3 as an example:

(6)Na2CO3 + C → 2Na + CO + CO2

(7)2Na + CO2 → Na2O + CO

100
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Fig. 2   Carbon conversion of char loaded with different kinds of cata-
lysts at 1173.15 K
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where the catalyst is alternately reduced by carbon and oxi-
dized by gaseous reactants, and by this, the oxygen in the 
gaseous reactant (CO2 and H2O) is transferred to the carbon 
in the coal char. It could be seen that oxide is needed by the 
catalyst in the oxygen transfer mechanism. In fact, Na2CO3 
can react with its covered surface carbon and form “surface 
salt complex.” Some scholars [33] have defined this complex 
as anionic functional groups, and these groups can weaken 
the adjacent carbon–carbon bonds, making them susceptible 
to the attack from the oxidant. Na2CO3, Na2SO4 and NaNO3 
are sodium salts that contain oxygen ions, which endow 
them the ability to supply oxygen to carbon atoms theoreti-
cally, while NaCl does not contain oxygen atoms and the 
catalysis relies on the interactions between NaCl and oxygen 
atoms in coal, so the catalytic reactivity is relatively poor. As 
for NaNO3, it begins to decompose at 653.15 K; most of the 
NaNO3 has decomposed and converted into other Na species 
before gasification. Thus, oxygen atoms cannot be utilized 
in catalytic gasification fully and the catalytic activity of it 
is lower than that of Na2CO3 and Na2SO4.

In situ CO2 gasification of coal char in hot stage 
microscope

The melting processes of loaded catalysts and the catalytic 
gasification processes of coal chars would affect the catalytic 
activity; in order to in situ observe these processes, hot stage 
microscope was used to capture the pictures during the pro-
cess of catalytic gasification. The results of char-1.5 Na2CO3 
are shown in Fig. 3a. It can be seen that the volume (typical 
area was marked with yellow rectangle) of char-1.5 Na2CO3 
was shrunk gradually. Simultaneously, the liquid films (typi-
cal films were marked with red circle) appeared when the 
temperature reached 1173.15 K. Then, the liquid films 
became larger and spread to its neighboring particles. Fig-
ure 3b shows the catalytic gasification of char-1.5 Na2SO4, 
the result is similar to that of char-1.5 Na2CO3 except that 
much more liquid films were observed. Simultaneously, the 
shrinkage rate (reflects the reaction rate to some extent) of 
char-1.5 Na2SO4 was much faster than that of Na2CO3. In 
addition, the dynamic video recorded by the hot stage micro-
scope exhibited that the liquid film of Na2CO3 and Na2SO4 
could wet the char particles and spread on the surfaces, and 
thus facilitated the contact between char particles and cata-
lyst. The pictures of char-3.0 NaNO3 and char-3.0 NaCl are 
presented in Fig. 3c and 3d, which also show the similar 
phenomenon of volume shrinkage but liquid films cannot 
be captured during the process.

The results of hot stage microscope, visually show that 
several physical processes have also been involved in the 
above-mentioned redox process. Firstly, the melting point 

(8)Na2O + CO2 → Na2CO3
of Na2CO3 (1124.15 K) and Na2SO4 (1157.15 K) is slightly 
lower than gasification temperature; thus, Na2CO3 and 
Na2SO4 become a liquid film just before the beginning tem-
perature of gasification. The liquid Na2CO3 and Na2SO4 can 
wet and spread on the exposed surface of char, and finally 
cover the surface of char. This process can help to obtain a 
highly dispersed Na2CO3 and Na2SO4, while the dispersion 
process seriously affects the catalytic activity of catalysts. 
Then, the Na2CO3 or Na2SO4 can react with its covered sur-
face char, form the above-mentioned “surface salt complex” 
and play a catalytic role. However, when NaNO3 or NaCl 
used as catalyst, liquid films cannot be observed in Fig. 3c 
and d. Thus, the gasification reactivity of NaNO3 or NaCl is 
relatively lower than that of Na2CO3 and Na2SO4.

Pore structure and adsorption characteristics of coal 
char loaded different catalysts

To investigate the effect of catalysts on the surface structure 
of chars (before the gasification process), specific surface 
area and pore size distribution of char loaded with differ-
ent kinds of catalysts were measured by BET. The specific 
surface areas were calculated from N2 adsorption data. The 
results are shown in Fig. 4. It reveals the specific surface 
area of char-1.5 Na2SO4 is much larger than that of other 
chars. In other words, the addition of Na2SO4 can help to 
create a large amount of surface area in the process of char 
preparation. The specific surface area of char-1.5 Na2SO4 
is 8 times larger than that of no catalyst loaded char. The 
addition of Na2CO3 and NaNO3 have no obvious effect on 
the increase in the surface area. The specific surface area of 
char-1.5 Na2CO3 and raw char is basically the same. In addi-
tion, the specific surface area of char-3.0 NaNO3 is increased 
compared with raw char, but the amount of it is very small.

The pore size distributions are presented in Fig. 5. It can 
be found that the most probable pore radius of chars loaded 
catalyst is all larger than that of raw char, among which 
char-1.5 NaNO3 has the largest pore size and that may be 
due to the decomposition of NaNO3. At lower temperature 
(below 973.15 K), NaNO3 is decomposed and released O2, 
N2, NO, etc. from the pore of coal. The movement of these 
gas molecules may increase the aperture of pores. As for 
char-1.5 Na2SO4 and char-1.5 Na2CO3, the most probable 
pore radius of both are located at 6.5 nm. The difference 
between them is that the pore distribution of the former is 
relatively broad around 6.5 nm and it has some micropore 
around 2 nm. Moreover, which indicates that Na2SO4 create 
a large number of micropores in the process of char prepa-
ration [34]. These micropores and mesoporous structures 
endow the char-1.5 Na2SO4 with the largest specific surface 
area. The pore size distribution of char-NaCl and char is 
almost same except that the most probable pore radius of 
char-NaCl is 5.5 nm while that of char is 5 nm.
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Figure 6 shows the SEM images of char which loaded 
with different kinds of catalysts. There are many large pores 

(the diameter is about 200 nm) on the surface of char-1.5 
Na2SO4. In other images, no obvious pores can be observed. 

Fig. 3   a Morphology variation of char-1.5 Na2CO3 in the process of 
gasification. b Morphology variation of char-1.5 Na2SO4 in the pro-
cess of gasification. c Morphology variation of char-3.0 NaNO3 in the 

process of gasification. d Morphology variation of char-3.0 NaCl in 
the process of gasification
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Hence, it can be deduced that the appearance of many large 
pores on the surface of char is due to the addition of Na2SO4. 
However, limited by the accuracy of SEM, micropores and 
mesoporous are difficult to be observed and direct evidence 
about the result of BET cannot be provided. Even so, the 
appearance of macropores increases the specific surface area 
of coal char, which provides conditions for increasing CO2 
adsorption and the reaction rate.

The active site which is directly related to the gasification 
reactivity of char is usually measured by chemical adsorp-
tion of CO2 [35]. Figure 7a describes the process of CO2 
adsorption (char-1.5 Na2SO4 as an example) and desorption. 
Figure 7b shows the CO2 adsorption quantity of char loaded 
with different kinds of catalysts, which is used as a param-
eter to reflect the gasification reactivity, where the weak 
adsorption process is a kind of reversible adsorption and 
belongs to the physical adsorption. The difference of weak 

adsorption capacity among these samples is not significant 
and the larger specific surface area corresponds to the larger 
capacity of weak adsorption, among which the largest spe-
cific surface area is char loaded with 1.5 mol kg−1 Na2SO4 
and the weak adsorption quantity of it is also the largest. 
The strong adsorption belongs to the chemical adsorption 
and corresponds closely with the catalytic reactivity. The 
quantity of it among chars loaded with different kinds of 
catalysts is different. The order of strong adsorption quantity 
is as follows: char-1.5 Na2SO4 > char-1.5 Na2CO3 > char-3.0 
NaNO3 > char-3.0 NaCl > char. This sequence is consistent 
with the order of catalytic reactivity. It clearly indicates that 
the chemical adsorption quantity of char catalyst to CO2 
influence the reactivity of gasification directly. The strong 
adsorption quantity of char-1.5 Na2SO4 and char-1.5 Na2CO3 
is relatively larger, while the adsorption capacity of char-
1.5 Na2SO4 is higher than that of char-1.5 Na2CO3 slightly. 
These are in accordance with the results of gasification pro-
cess, where the catalytic reactivity of Na2SO4 and Na2CO3 
is relatively high while the catalytic reactivity of Na2SO4 
is slightly higher than that of Na2CO3. That is probably 
because the addition of Na2SO4 can increase micropores 
and active sites in the process of char preparation. Thus, the 
addition of sodium salt catalysts enhanced the CO2 adsorp-
tion ability of char and improved its gasification reactivity.

Catalytic gasification reactivity of char‑Na2CO3 
and char‑Na2SO4

The catalytic activity of Na2CO3 and Na2SO4 are relatively 
high; in order to explore suitable catalytic gasification tem-
perature, char-1.5 Na2CO3 and char-1.5 Na2SO4 were gasi-
fied at 1123.15 K, 1173.15 K and 1223.15 K, respectively. 
The carbon conversion of char-1.5 Na2CO3 and char-1.5 
Na2SO4 is shown in Fig. 8. It can be seen that the carbon 
conversion rate of char-1.5 Na2CO3 and char-1.5 Na2SO4 at 
1123.15 K is relatively slow especially near the end of reac-
tion. The difference of carbon conversion rate at 1173.15 K 
and 1223.15 K is not obvious. To clearly compare the effect 
of temperature and determine the appropriate temperature, 
τ0.5 and reaction time were selected as evaluation param-
eters. The faster the reaction, the smaller the value of τ0.5 
will be. Table 3 shows that when the temperature rises from 
1123.15 to 1173.15 K, the τ0.5 of char-1.5 Na2CO3 reduces 
quickly from 8.4 to 5.8 min. Reaction time of char-1.5 
Na2CO3 reduces nearly the half (from 45 to 25 min). Simi-
lar to char-1.5 Na2CO3, τ0.5 of char-1.5 Na2SO4 also reduces 
from 6.0 to 4.8 min. When the temperature further reaches 
1223.15 K, the changes of these parameters are not as sig-
nificant as before. τ0.5 of char-1.5 Na2CO3 changes from 
5.8 to 4.8 min, and for char-1.5 Na2CO3, it changes from 
4.8 to 3.8 min. Considering the influence of temperature on 
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reaction speed and ash residue, 1173.15 K is regarded as an 
appropriate catalytic gasification temperature.

To further compare the catalytic activity of Na2CO3 
and Na2SO4 in coal gasification, coal chars with various 
Na2CO3 and Na2SO4 additions were gasified at 1173.15 K. 
The curves of carbon conversion versus gasification time 
are shown in Figs. 9 and 10. It can be seen that the reac-
tion rate improved with the increasing addition of Na2CO3 
and Na2SO4. Fortunately, the carbon conversion can reach 
100% within a few minutes when enough Na2CO3 or 
Na2SO4 was used. When the addition of Na2CO3 is below 
1.5 mol kg−1 or Na2SO4 is below 1.0 mol kg−1, the reac-
tion rate is relatively low and the carbon conversion can-
not reach balance even reaction last 120 min; however, 
when the addition of Na2CO3 exceed 1.5  mol  kg−1 or 
Na2SO4 exceed 1.0 mol kg−1, the time required to achieve 

carbon conversion balance is not clearly reduced with the 
increasing addition of catalysts. That is to say, the gasi-
fication rate is no longer accelerated with the increasing 
addition of Na2CO3 or Na2SO4, and thus, 1.5 mol kg−1 
and 1.0 mol  kg−1 are the saturation addition of them, 
respectively.

In order to intuitively compare the catalytic activity of 
Na2CO3 and Na2SO4, R0.5 was introduced. When the gasi-
fication rate becomes faster or the reaction between coal 
and catalyst becomes stronger, the value of R0.5 will be 
larger. The R0.5 of coal char loaded with various Na2CO3 
and Na2SO4 additions is shown in Table 4. It can be seen 
that R0.5 of Na2SO4 is always larger than that of Na2CO3, i.e., 
the gasification rate of Na2SO4 is faster than that of Na2CO3. 
The trends of R0.5 in Fig. 11 more clearly show that catalytic 
activity of Na2SO4 is better especially when the addition of 

Fig. 6   SEM images of char 
loaded with different kinds of 
catalysts
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catalyst is 1.0 mol kg−1. Both of Na2SO4 and Na2CO3 are 
oxygen-containing sodium salts, but catalytic reactivity of 
the former is better, which aroused our attention.

In order to compare the effect of catalyst on kinetics, a 
modified random pore model (MRPM) was adopted. The 
MRPM [6] was indicated as below:

where the c presents the dimensionless constant and p pre-
sents the dimension power law constant. Ψ is a dimension-
less structural parameter indicating the pore structure. kMRPM 
is the reaction rate constant of the MRPM model. By fitting 
the experimental results with the MRPM, it can be observed 
that all samples can be well fitted. The curve fitted of sam-
ples gasified at 1223.15 K was shown in Fig. 12.

(9)
dx

dt
= kMRPM(1 − xt)

√

1 − � ln(1 − x)
�

1 + (c − cx)P
�

Assuming the concentration of CO2 was kept constant 
in the gasification process, the activation energy could be 
calculated by the Arrhenius law in Eq. 7.
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Table 3   τ0.5 and reaction time of char-1.5 Na2CO3 and char-1.5 
Na2SO4 at different temperatures

Catalyst Addition/
mol kg−1

Temperature/K τ0.5 /min Reaction 
time/min

Na2CO3 1.5 1123.15 8.4 45.0
Na2CO3 1.5 1173.15 5.8 25.0
Na2CO3 1.5 1223.15 4.8 15.0
Na2SO4 1.5 1123.15 6.0 33.0
Na2SO4 1.5 1173.15 4.8 17.5
Na2SO4 1.5 1223.15 3.8 11.0
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(10)k = A exp(−
Ea

RT
)

where A is pre-exponential factor (min−1), R is the universal 
gas constant (J mol−1 k−1) and Ea is the activation energy 
(kJ·mol−1). The activation energy and pre-exponential factor 
of different samples could be calculated from the slope and 
intercept of the lnk vs 1/T (Fig. 11b).

The fitting parameters results of 1123.15 K, 1173.15 K 
and 1223.15 K applied MPAM and the correlation coef-
ficients (R2) are summarized in Table 5. It can be seen 
that the reaction rate constant (k) increased with the tem-
perature for both samples and the results were consistent 
with the results of τ0.5. The Ea value of char-1.5 Na2SO4 is 
lower than that of char-1.5 Na2CO3. It can be deduced that 
the addition of Na2SO4 reduces activation energy more 
significantly than that of char-1.5 Na2CO3. This result can 
explain the R0.5 of char-Na2SO4 always larger than that of 
char-Na2CO3 (in Fig. 10) to some extent. In addition, the ψ 
value of char-1.5 Na2SO4 is significantly smaller than that 
of char-1.5 Na2CO3. It can be deduced that pore structure 
of char-1.5 Na2CO3 and char-1.5 Na2SO4 is different, even 
though the specific differences cannot be defined.

Figure 13a shows the XRD spectra of catalytic gasifi-
cation ash with various Na2CO3 additions at 1173.15 K. 
When the dosage of Na2CO3 is less than 0.2 mol kg−1, 
the main mineral in ash is quartz. With the increasing 
addition of Na2CO3, NaAlSiO4 (nepheline) appears and 
the characteristic peak intensity of it increases gradu-
ally. When the addition of Na2CO3 up to 1.5 mol kg−1, 
some characteristic peaks of Na7Al6Si6O24S3 (lazur-
ite) appear. It can be inferred that when the addition of 
Na2CO3 is not enough, the main form of SiO2 is quartz. 
With the increasing of Na2CO3, minerals in ash (Al2O3, 
SiO2 etc.) reacted with added Na2CO3 and complex com-
pound such as NaAlSiO4, Na7Al6Si6O24S3 was formed. 
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Table 4   Changes of R0.5 with various catalysts additions at 1173.15 K

Addition/mol kg−1 Na2CO3
R0.5 /min−1

Na2SO4
R0.5 /min−1

0.2 0.0042 0.0050
0.5 0.0090 0.0124
1.0 0.0238 0.0714
1.5 0.0833 0.0962
2.0 0.1163 0.1250
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Fig. 11   Changes of R0.5 with various catalysts additions
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Figure 14a shows the XRD spectra of catalytic gasifi-
cation ash with various Na2SO4 additions at 1173.15 K. 
Similar to the law of mineral transformation above, the 

mineral forms of catalytic gasification ash loaded with 
Na2SO4 also changed from SiO2(quartz) to NaAlSiO4 
(albite, nepheline) and then Na7Al6Si6O24S3 (lazurite). 
However, the spectra of Na2CO3, Na2O does not appear 
in both spectra. It can be inferred that the highly mobile 
sodium in the gasification process can easily react with 
minerals in coal to form deactivated matters. This con-
clusion is consistent with our team’s previous results 
“When the addition of catalysts is relatively low, sodium 
salts react with minerals and cannot give full play to its 
catalytic capability” [29]. With the increasing addition 
of sodium salts, the amount of catalyst that participating 
in the catalytic reaction increases and thus the rate of 
catalytic gasification can also be accelerated. It is note-
worthy that when the addition of Na2CO3 or Na2SO4 up 
to 1.5 mol kg−1, the minerals in ash are NaAlSiO4 (nephe-
line) and Na7Al6Si6O24S3 (lazurite). Our previous study 
has shown that these minerals are easily dissolved in acid 
solutions [16]. It indicates that when the catalyst dosage 
is appropriate, not only the catalytic effect is good, but 
also the catalysts can be recycled and reused. 

In order to figure out the change of mineral content 
with various catalysts additions, thermodynamic equi-
librium calculation with FactSage was used. The results 
of it are shown in Figs. 13b and 14b. When the addi-
tion of Na2CO3 less than 0.5 mol  kg−1, the content of 
SiO2 (quartz) and Al6Si2O13 (mullite) decreased gradu-
ally; simultaneously, the content of NaAlSi3O8 (albite) 
and NaAlSiO4 (nepheline) increased gradually. With the 
increasing addition of Na2CO3, NaAlSi3O8 (albite) disap-
pears gradually and the content of NaAlSiO4 (nepheline) 
increased first and then decreased. It indicates that when 
the addition of Na2CO3 is insufficient, part of quartz 
and mullite transform into albite. When the addition of 
Na2CO3 is enough, albite transforms into nepheline. With 
the increasing addition of Na2CO3, some slag will appear 
and the content of nepheline will be decreased. Similarly, 
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Table 5   Kinetic parameters and 
regression coefficients of the 
samples

Sample T(K) k/min−1 ψ c p R2 Ea/kJ·mol−1 A/min−1

char-1.5 Na2CO3 1123.15 0.00750 255.947 1.037 2.763 0.982 89.683 125.211
1173.15 0.01327 180.274 1.206 2.129 0.981
1223.15 0.01637 205.796 1.139 2.279 0.983

char-1.5 Na2SO4 1123.15 0.01138 80.9221 4.625 0.936 0.978 53.369 3.450
1173.15 0.01447 94.620 3.994 0.851 0.973
1223.15 0.01816 89.462 2.786 1.060 0.977
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when Na2SO4 as catalyst, the transformations of minerals 
are basically the same.

Conclusions

Catalytic gasification reactivity of sodium salts was inves-
tigated by TGA, BET, hot stage microscope, XRD and 
thermodynamic equilibrium calculations. The results indi-
cate that catalytic reactivity of sodium salts is as follows: 
Na2SO4 > Na2CO3 > NaNO3 > NaCl when the addition of 
catalysts based on per unit of coal correspond to a certain 
mole of Na+ in solution. With the help of catalyst, char 
catalyst has more specific surface area than raw char in the 
char preparation, especially char-Na2SO4. That endows char 
catalyst with stronger chemisorption of CO2 and more active 

sites. In the gasification process, Na2SO4 and Na2CO3 melt 
and become liquid film wet the carbon and spread over its 
expose surfaces, facilitate the contact between carbon and 
catalyst and accelerate the gasification reaction.
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