
INTRODUCTION

Catalytic steam gasification of coal/char has long received

the bulk of research attention because of its kinetic advantages

of mild operation condition and high efficient throughput of

H2
1,2. And the clarification of the mechanism of catalytic steam

gasification has been the subject of numerous investigations3-6.

Wood and Sancier7 have summarized to four reaction mechanisms

including oxygen transfer mechanism, electrochemical mecha-

nism, free radical mechanism and intermediate mechanism.

In order to explain the role of catalyst in coal/char gasifi-

cation, the oxygen transfer mechanism has been put forward

as early as in 1931. Later on the scholars have enriched and

developed this mechanism furthermore. Hermann and Huttinger8

have adopted this mechanism to explain the catalytic mecha-

nism of Fe on carbon steam gasification and suggested that

there exists three different iron oxides surface compounds with

different stability during Fe catalyzed steam gasification and

the decomposition of water on Fe surface accelerates the

transfer of oxygen from Fe to carbon surface. Later Miura

et al.9 proposed the mechanism of the C(O) formation promoted

by CaO. Meijer et al.10 put forward the C(O) intermediate

mechanism to explain the gasification in another way. Based

on the oxygen transfer mechanism and C(O) intermediate

mechanism, Wang et al.11 put forward a oxygen transfer and

C(O) intermediate hybrid mechanism of carbon steam gasifi-

cation catalyzed by potassium carbonate to explain the catalytic

gasification rate and selectivity.
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So far few researchers have discussed the characteristic

of instantaneous release rate of steam gasification products.

This paper chose Hohhot coal as the research object, for its

considerable reserves in China, to explore the reaction mecha-

nism and the performance of catalyst. A gas analyzer, which

can determine the instantaneous contents of CO, CO2, CH4,

CnHm (based on Infrared micro-flow technology) and H2 (based

on thermal conductivity technology) at the same time, com-

bined with a flowmeter, were used to determine the instantaneous

release rates of gas products in situ. The mechanism of steam

gasification and the role of catalyst in the process were discussed

based on the experimental data.

EXPERIMENTAL

Sample preparation: The Hohhot coal was crushed and

pulverized to the particles with diameter sizes of less than 0.15

mm. The proximate analysis showed that the coal contained

12.9 % ash, 34.3 % volatile matter and 52.8 % fixed carbon

on the dry basis. The ultimate analysis showed that the coal

consisted of 72.8 % C, 4.0 % H, 1.1 % N and 0.6 % S, on the

dry ash-free basis. The ash was composed of 46.18 % SiO2,

19.83 % Al2O3, 4.37 % Fe2O3, 12.28 % CaO, 2.51 % MgO,

0.77 % Na2O, 1.18 % K2O, 11.10 % SO3 and others. In order

to eliminate the effect of minerals on the reactivity of samples,

coal demineralization was conducted with two acids (HCl and

HF), employing the method of Sun et al.12. The proximate

analysis showed that the demineralized coal contained 0.9 %

ash, 33.3 % volatile matter and 65.8 % fixed carbon, on the
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dry basis. The ultimate analysis showed that the coal consisted

of 82.2 % C, 4.8 % H, 1.0 % N and 0.6 % S, on the dry ash-

free basis. The catalyst was added to the demineralized coal

using wet mixing method. The dry sample was ground and

sieved to make sure the particle size is smaller than 0.15 mm

and then placed in a desiccator in reserve. The catalyst loading

is 10 wt % of coal which is calculated by the mass of metal.

Procedure: The experiments were carried out in a labo-

ratory fixed-bed reactor. The inlet flowrate of nitrogen was

fixed to 1 L/min. Once the inner temperature of reactor kept

stable at the stated temperature and the pyrolysis gas production

was negligible, the gas flow was shift to the mixture of nitrogen

and steam, the flowrate of which was 2 L/min and the ratio

was 1:1. The time point that the infrared gas analyzer detected

any product gas was considered as the beginning of steam

gasification. Preliminary experimental results indicated when

the particle size was smaller than 150 µm and the steam

flowrate was not less than 1 L/min, the influence of internal

and external diffusion under atmospheric pressure has been

basically eliminated.

RESULTS AND DISCUSSION

Instantaneous release rate: Fig. 1 illustrates the instan-

taneous gas release rates during the steam gasification of

demineralized Hohhot coal char under 700 ºC and atmos-

pheric pressure. The instantaneous release rate ν is defined as

ν = ϕQ, where ν is the instantaneous release rate of product

gas (mol/s), ϕ is the gas content (%) and Q is the instantaneous

gas flowrate (mol/s).
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Fig. 1. Instantaneous release rate of demineralized coal char gasification

: CO2; : CO; : H2; : CH4; : CnHm

As shown in Fig. 1, H2 has the fastest release rate, followed

by CO2 and CO. Other gas components such as CH4 and CnHm

will not be discussed in this paper for their rare production.

The instantaneous release rate curve can be generally divided

into initial stage and stable stage. During the initial stage, the

instantaneous release rates of H2 and CO increase rapidly to

the highest value and then decrease quickly to a relatively low

value. In the stable stage, the instantaneous gas release rates

decrease gradually without fluctuations. H2 and CO are gene-

rated immediately after reactant steam flowing into the system,

while the generation of CO2 exists a certain lag, therefore νCO2

reaches its maximum value during the stable stage of νCO and

νH2
.

According to the elements conservation principle, there

exists a certain relationship among the production rate of the

three main gas products. If the hydrogen and oxygen in the

gasification products are from the water molecules only and

the hydrogen and oxygen in water are transferred to the gas

products merely without any residual in solid phase, the

relationship of 1
2 COCO

H

2

2 =
ν+ν

ν

 will then established consi-

dering only the three main product gases H2, CO and CO2:

In order to examine the above hypothesis, define the

instantaneous molecular ratio N as 
COCO

H

2

2

2
N

ν+ν

ν
=  where

νH2
, νCO2

, νCO  represent the instantaneous release rate of H2,

CO2 and CO, respectively.

Different catalysts [KOH, NaOH, Ca(OH)2, Ni(NO3)2 and

Fe(NO3)3] loaded samples, as well as raw and demineralized

coal char were gasified with steam under 700 ºC and atmos-

pheric pressure. The instantaneous molecular ratios of these

reactions are showed in Fig. 2. The calculated results indicate

that the initial N values of all reactions are much larger than

the hypothetical value 1. As the proceeding of steam gasifica-

tion, the instantaneous molecular ratio N declines sharply to a

value which is close to 1 and then keeps stable. The conclusion

can be drawn from this phenomenon that during the initial

stage, most hydrogen from H2O is transferred to gas phase in

the form of H2 while a large amount of oxygen stays in the

solid phase rather than be transferred to the gas phase. This

part of oxygen is adsorbed by the surface carbon atoms to

form a kind of carbon-oxygen intermediate which is expressed

as C(O). When the reaction proceeds to the stable stage, the

stable N values of all reactions are close to 1. Then it can be

concluded that most of the hydrogen and oxygen from H2O

molecules are both transferred to the product gases. In fact,
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Fig. 2. Instantaneous molecular ratios of reactions catalyzed by different

catalysts. : KOH; : NaOH; : Ca(OH)2; : Ni(NO3)2; :

Fe(NO3)3; : Raw; : Dem
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all the N values are slightly larger than 1 in the stable stage,

indicating that part of oxygen from H2O still remains in the

solid phase during the stable stage.

Mechanism hypothesis of steam gasification: Based on

the steam gasification mechanism proposed by Meijer et al.10

and Wang et al.11 and considering only CO2, CO and H2 as the

reaction products, it is assumed that steam gasification process

can be divided into the following three steps:

(1) H2O molecules that spread to char surface are absorbed

by the surface carbon atoms and then decomposes to H2 and

C(O)

H2O + C → H2 + C(O) (1)

(2) Part of the carbon-oxygen intermediates C(O) react

with H2O molecules to produce H2 and CO2

C(O) + H2O → CO2 + H2 (2)

(3) Part of the carbon-oxygen intermediates C(O)

desorbed from the surface as product CO

C(O) → CO (3)

According to reactions (1-3), the following equations are

established:

22 COH1 ν−ν=ν (4)

2CO2 ν=ν (5)

COν=ν3 (6)

)2( COCOH)O(C 22
ν+ν−ν=ν (7)

where ν1, ν2, ν3 are the reaction rate of reactions (1-3) separately.

Fig. 3 shows each step's reaction rate curve of demineralized

coal char steam gasification under 700 ºC and atmospheric

pressure and the accumulation rate curve of C(O) is showed

in Fig. 4. During the initial stage, ν1 increases to the peak with

great rate and then falls rapidly, ν2 and ν3 increase gradually

from beginning. It illustrates that the initial rate of reaction

(1) is very fast. The H2 generated from reaction (1) spreads to

the gas phase, but C(O) accumulates quickly at the surface,

leading to high concentration of C(O) on interface which will

restrain reaction (1) thus make the reaction rate fall rapidly.

Meanwhile, the high concentration of C(O) will promote

reaction (2) and reaction (3). So ν2 and ν3 increase gradually

during the initial stage. The fact that ν3 reaches its highest

value prior to ν2 and then slightly decreases is due to the low

surface concentration of H2O which is mostly consumed by

reaction (1). The low surface concentration of H2O will restrict

reaction (2). For this reason the generating rate of CO2 is lower

than CO at first. As the proceeding of the reaction, reaction

(1) is gradually suppressed, the surface concentration of H2O

increases and reaction between C(O) and H2O is promoted.

Then reaction (2) achieves a distinct advantage over reaction

(3) in the competition that ν2 has been increased to a much

higher level than ν3 during the initial stage. Once production

rate and consumption rate of C(O) are almost balanced, the

steam gasification proceeds to the stable stage. In this stage,

ν1, ν2 and ν3 decrease gradually and slowly for the reduction

of active sites.

Catalyst effect on gasification rate and product selec-

tivity: Supposing the catalytic steam gasification of coal char

0 15 30 45 60 75
0.0

2.0x10
-5

4.0x10
-5

6.0x10
-5

8.0x10
-5

R
e

a
c
ti
o

n
 r

a
te

 v
 (

m
o

l/
s
)

Gasification time (min)

Fig. 3. Reaction rate of different steps of demineralized coal char

gasification. : ν1; : ν2; : ν3
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Fig. 4. C(O) accumulation rate of demineralized coal char gasification

occurs according to the three reaction steps mentioned above,

the catalyst influences on all the three reactions are investi-

gated. In order to study the influence of different catalysts on

reaction rate of each step, define the relative reaction rate φ as

follows ,
dem,1

1
1

ν

ν
=φ  ,

dem,2

2
2

ν

ν
=φ  ,

dem,3

3
3

ν

ν
=φ  where φ1,

φ2, φ3 are the relative reaction rate of reactions (1-3), respec-

tively, ,dem,1ν  ,dem,2ν  ,dem,3ν  the average reaction rate of

each step of demineralized coal char steam gasification at

700 ºC and 0.1 MPa and 321 ,, ννν  the average reaction rate

of catalytic steam gasification under the same conditions.

Each step's relative reaction rate of raw coal char and

catalysts catalyzed steam gasification are shown in Table-1.

Overall, the catalytic activities are found to be the following

order: KOH > NaOH > Raw> Ca(OH)2 > Ni(NO3)2 ~ Fe(NO3)3.

The effects of the catalysts adopted in this research have signi-

ficant differences on different reactions. Most of the adopted

catalysts have the best effect on reaction (2) and the worst on

reaction (3). It indicates that the catalyst is more effective for

the H2O molecules involved reaction steps, which is probably

due to the oxygen transfer function of catalyst from H2O to

carbon surface. Besides, the mobile nature of potassium (K)
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TABLE-1 

EFFECT OF DIFFERENT CATALYSTS 
ON THE THREE REACTION RATES 

 Raw K Na Ca Ni Fe 

φ1 2.30 6.24 4.00 1.63 1.05 1.08 

φ2 3.58 7.52 6.20 1.66 1.19 1.03 

φ3 1.02 5.67 2.47 0.62 0.84 0.34 

 
and sodium (Na)13-15 at high temperature in the presence of

carbon makes them have better catalytic effect of the all three

step reaction. The minerals in raw coal char have obvious

catalytic effect too, while Ca, Ni, Fe have little catalytic perfor-

mance on steam gasification. The φ1 and φ2 values of Ca, Ni,

Fe catalyzed gasification are just above 1, while φ3 values are

even lower than 1 which indicates the catalysts will inhibit the

desorption of C(O) instead.

The influence of catalyst on different reaction steps affects

the selectivity of gas products greatly. In this paper the catalyst

influence on the selectivity of carbon involved products CO2,

CO and the residual C(O) in solid phase is discussed. The

respective selectivity of these products are defined as

,S
1

2
CO2 ν

ν
=  ,S

1

3
CO

ν

ν
=  ,1S

1

3

1

2
)O(C

ν

ν
−

ν

ν
−=  where  ,S

2CO

,SCO  )O(CS  are the selectivity of CO2, CO, C(O), respec-

tively.

The product selectivity of different catalysts catalyzed

gasification is shown in Table-2. The demineralized coal char

gasification has the highest selectivity of CO and the lowest

selectivity of CO2 illustrates that all catalysts are more

favourable of reaction (2), on the other hand suppress reaction

(3). Raw coal char gasification and Na catalyzed gasification

have the highest selectivity of CO2 indicates that Na is in favour

of reaction (2). Ca(OH)2 catalyzed and Fe(NO3)3 catalyzed

reactions have the highest selectivity of C(O) which are even

higher than demineralized coal char gasification indicates that

Ca(OH)2 and Fe(NO3)3 may react with the oxygen from H2O

molecules and form carbonate or complex oxides which will

fix a few oxygen in solid phase.

TABLE-2 

EFFECT OF CATALYSTS ON SELECTIVITY 

 Dem Raw K Na Ca Ni Fe 

SCO2
 0.51 0.79 0.61 0.79 0.52 0.57 0.56 

SCO 0.24 0.11 0.22 0.14 0.09 0.19 0.10 

SC(O) 0.25 0.10 0.17 0.07 0.39 0.24 0.34 

Dem = Demineralized 

 

Conclusion

The reaction mechanism of steam gasification is supposed

in three steps: (i) the H2O molecules are absorbed by the

surface carbon atoms and then decomposes to H2 and C(O),

(ii) a good quantity of C(O) reacts with H2O molecules to

produce H2 and CO2, (iii) a small quantity of C(O) desorbed

from the surface as product CO. Part of oxygen from H2O still

remains in the solid phase after gasification. The effects of the

catalysts have significant differences on different reactions.

The catalysts are more effective for the H2O involved reaction

steps which is probably due to the oxygen transfer function of

catalyst from H2O to carbon surface.
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