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Studies of catalytic coal gasifi cation with steam
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One of the promising processes, belonging to the so-called clean coal technologies, is catalytic coal gasifi cation. 
The addition of a catalyst results in an increased process rate, in which synthesis gas is obtained. Therefore, the 
subject of this research was catalytic gasifi cation of low-ranking coal which, due to a high reactivity, meets the re-
quirements for fuels used in the gasifi cation process. Potassium and calcium cations in an amount of 0.85, 1.7 and 
3.4% by weight were used as catalytically active substances. Isothermal measurements were performed at 900°C 
under a pressure of 2 MPa using steam as a gasifying agent. On the basis of kinetic curves, the performance of 
main gasifi cation products as well as carbon conversion degree were determined. The performed measurements 
allowed the determination of the type and amount of catalyst that ensure the most effi cient gasifi cation process 
of the coal ‘Piast’ in an atmosphere of steam.
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INTRODUCTION

            The process of catalytic steam gasifi cation is widely 
perceived as an effective way to convert a variety of solid 
fuels such as coal or biomass to synthesis gas, natural 
synthetic gas or hydrogen1. The use of catalysts may 
increase the carbon conversion degree as well as shorten 
the process time, which, from an economic point of 
view, is highly advantageous. Moreover, an important 
feature of catalysts is their selectivity, which enables 
controlling the process in order to obtain gas that meets 
the requirements for further use. Selectivity of catalysts 
was used, among others, by Li et al.2, who employed 
potassium carbonate to obtain a synthesis gas enriched 
in methane. The same catalyst was applied by Sharma 
et al.3 in order to increase the amount of hydrogen in 
the resulting gas, which also was successful. These results 
demonstrate complexity of the gasifi cation process show-
ing that the type of catalyst is only one of many factors 
infl uencing the process. An important role is played by 
the type of fuel used, its synergy with a catalyst, the 
concentration of catalytic components, degree of their 
dispersion as well as process parameters4–7. Therefore, 
catalytic coal gasifi cation is an attractive subject of many 
studies. In 1867 fi rst offi cial reports emerged concerning 
the effectiveness of catalysts based on alkali and alka-
line earth metals in this process5. Since then a number 
of studies have confi rmed this hypothesis8–10, imposing 
the conclusion that these are the most effective and 
also the cheapest catalysts for the gasifi cation process. 
Otto et al.11 confi rmed also the catalytic effect of pre-
cious metals like platinum, ruthenium, rhodium and 
palladium, the addition of which signifi cantly increased 
the rate of the gasifi cation reaction; however, their use 
is associated with high costs of preparing catalysts. The 
use of transition metals as catalysts in the gasifi cation 
process12 is associated with the problem of violent de-
activation. At a high temperature, required to achieve 
a signifi cant coal conversion, catalysts based on transition 
metals undergo deactivation, which was often observed 
while using nickel catalysts13, 14. The way a catalyst af-
fects the course of the gasifi cation reaction depends on 
many factors, i.e. the properties of the catalyst, which 
are derived from their composition and the method of 

preparation as well as its quantity and dispersion, which 
depend on the method of combining the catalyst with 
a feedstock subjected to gasifi cation. The addition of 
a catalyst to coal is generally carried out in two ways, 
i) by physically mixing coal with the catalyst or ii) by 
coal impregnation using a catalytically active substance15. 
The most common method is the physical mixing of the 
fuel with the catalyst; then, the obtained mixture is fed 
to the gasifi cation reactor. The unique advantage of this 
method is its simplicity and short time of execution as 
well as certainty that the amount of catalyst is exactly 
the same as the adopted one. Consequently, physical 
mixing is a commonly used method, particularly in the 
case of catalysts based on the alkali and alkaline earth 
metals16–19. Another, equally common method is wet 
impregnation20, 21, that provides a good contact between 
coal and the catalyst, as confi rmed by Spiro et al.22, 23. 
Moreover, Hung et al. found that adding a catalyst to coal 
by the physical mixing method requires higher tempera-
tures during the gasifi cation process to enable the action 
of the catalytically active substance, than in the case of 
the wet impregnation24. In the literature cases can also 
be found where incipient wetness impregnation25 or, ion 
exchange26 were used for the application of a catalyst 
to the feedstock for the gasifi cation process. However, due 
to the greater workload and time expenditure, these are 
not commonly used methods. An important factor is also 
the quantity of the catalyst used, which may vary within 
different limits depending on the process conditions as 
well as the quality of coal and the catalyst. The amount 
of the catalyst used in coal gasifi cation with steam, which 
is widely reported in the literature, is 10 wt%, suggesting 
that increasing this amount further is unfounded, since 
it does not lead to a signifi cant improvement of the 
process, generating higher costs at the same time27, 28.

Previous studies show that the gasifi cation process, as 
a very complex one, is susceptible to the infl uence of 
a large number of factors such as i) the type of coal and 
the catalyst used, ii) the concentration and dispersion 
degree of the catalyst, which depends on application way, 
or iii) process conditions. All these parameters can be 
monitored and controlled in order to achieve the best 
results in a given case. The aim of this study was to 
determine the effect of potassium and calcium cations 
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on the gasifi cation of the low-ranking coal from the 
mine ‘Piast’ in an atmosphere of steam, under isother-
mal conditions of 900°C and at the pressure of 2 MPa. 
The temperature 900°C was chosen in order to examine 
the effect of catalytic additives on the coal gasifi cation, 
which task is to accelerate the rate of the process at 
low temperatures.

MATERIAL AND METHODOLOGY

Characteristic of material
The subject of this study was the low-ranking coal 

from the mine ‘Piast’. The main factor determining 
the course of the gasifi cation process is the reactivity 
of the feedstock, dependent on the coal rank. A lower 
coal rank has a benefi cial effect on the gasifi cation pro-
cess and, therefore, the coal from the ‘Piast’ mine was 
selected as a feedstock for research. However, a very 
important factor was also the size of operative resources 
offered by the mine ‘Piast’ that guarantees a decades-
long operation. The characteristics of the coal samples 
are summarized in Table 1.

specifi ed time intervals during the measurement, and 
then analyzed in respect of hydrogen content using a gas 
chromatograph.

Table 1. Characteristics of coal

Figure 1. The laboratory equipment for kinetic measurements 
of coal gasifi cation: 1 – reactor, 2 – water pump, 
3 – steam generator, 4 – mass fl owmeter, 5 – coal 
feeder, 6 – pressure gauge, 7 – condenser; 8 – tar 
separator, 9 – gas fi lter, 10 – backpressure regulator, 
11 – rotameter29

ad – air dry basis; daf – dry ash free basis; *calculated by 
difference.

The samples for research were prepared via physical 
mixing of coal with nitrates of potassium or calcium, 
in a suitable weight ratio. The weight percentages of 
the introduced cations were 0.75, 1.7, and 3.4; then the 
whole mixture was ground to ensure a uniform disper-
sion of the catalyst. Samples prepared in this way were 
placed in the dispensing system of the installation.

Methodology of examinations
A description of laboratory equipment, with the use 

of which the measurements of coal gasifi cation were 
conducted, was shown repeatedly in earlier publica-
tions29, 30. A schematic diagram of this installation is 
shown in Figure 1. The basic systems of the installation 
are i) a high pressure reactor with a heating system, 
ii) a system for feeding the reactor with the gasifying 
agent – steam, inert gas – argon and coal, as well as iii) 
a system for collection and analysis of gas formed in the 
gasifi cation process. After stabilization of the adopted 
parameters, the valve that supplies compressed argon to 
the coal feeder is opened, resulting in the introduction 
of the tested sample into the reactor. The obtained gas, 
after cooling and drying, was analyzed continuously in 
respect of the content of methane, carbon mono- and 
dioxide, using an automatic analyzer. For a comprehen-
sive analysis of the resulting gas, samples were taken at 

RESULTS AND DISCUSSION

Figures 2 and 3 show the effect of addition of various 
amounts of potassium and calcium on the formation 
rate of main components of the obtained gas i.e. carbon 
monoxide, hydrogen and carbon dioxide as a function 
of time. During measurements the amount of methane 
formed in the process was also recorded, but it was 
negligible and there was no apparent effect of any of 
the tested catalysts on the rate of its formation.

Changes in the formation rate of CO, H2 and CO2, 
due to the addition of various amounts of potassium, are 
shown in Figure 2a, 2b and 2c. The addition of only 0.8 
wt% of potassium signifi cantly increased the formation 
rate of all the presented components during the entire 
process, thus confi rming the catalytic activity of this 
metal in the gasifi cation process. With an increase in the 
amount of potassium nitrate added, a marked growth in 
the formation rate of hydrogen and carbon monoxide 
was observed, both at the initial stage of the process, 
associated with pyrolysis reaction, as well as during 
the gasifi cation of char which has been formed at the 
pyrolysis stage. Thus, the greatest formation rate of the 
two primary components of syngas – carbon monoxide 
and hydrogen, was observed with the addition of 3.4 
wt% of potassium.

In the case of carbon dioxide, a clear infl uence of 
increasing the amount of the catalytic substance on the 
formation rate was not observed as shown in Figure 
2c. The addition of 1.7 wt% of potassium increased the 
formation rate of CO2 at the pyrolysis stage; however, 
during char gasifi cation, which is a fundamental part of 
the process, this rate was not improved. Increasing the 
amount of potassium further to 3.4 wt% not only did 
not improve the formation rate of carbon dioxide, but 
also resulted in a slight decrease in comparison with the 
addition of 1.7 wt%. 
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The addition of the catalysts also had an impact on the 
duration of the process – regardless of the amount of 
potassium added, time needed to complete gasifi cation 
process was signifi cantly reduced.

be noted that the curves of the carbon monoxide and 
hydrogen formation during the gasifi cation of coal con-
taining 3.4 wt% of calcium were slightly different from 
the curves obtained in the other measurements – after 
the pyrolysis stage, a renewed increase in the formation 
rate of gaseous products, which is characteristic for the 
char gasifi cation process, did not appear. 

An analysis of the presented results enabled drawing 
conclusions that the impact of a catalytic substance on 
the gasifi cation process depends not only on its type, 
but also on its amount. The amount of Ca, at which 
the formation rate of gaseous products was greatest, 
was located in the range between 1.7 and 3.4 wt%. The 
addition of calcium catalyst also greatly contributed to 
shorten the process time, although not as much as the 
addition of potassium.

Figure 2. The effect of addition of various amounts of potassium 
on the formation rate of a) CO; b) H2; c) CO2 during 
gasifi cation of the coal ‘Piast’

Figure 3. The effect of addition of various amounts of calcium 
on the formation rate of a) CO; b) H2; c) CO2 during 
gasifi cation of the coal ‘Piast’

The effect of various amounts of the second tested 
catalyst, i.e. calcium, on the coal gasifi cation process is 
shown in Figure 3. As in the case of potassium, here 
also a small addition of the catalyst increased the rate 
of formation of all the gaseous products during the 
process, when compared with gasifi cation without the 
addition of the catalytically active substance. It was also 
observed that increasing the amount of catalyst used in 
the process to 1.7 wt% caused a growth of the formation 
rate of carbon mono- and dioxide as well as hydrogen, 
both at the initial pyrolysis stage and at the subsequent 
stage of char gasifi cation. The results obtained during 
the gasifi cation of coal with 3.4 wt% of calcium showed 
that the use of this amount of the catalyst is unfounded, 
since it does not affect the process in a positive way. 
Moreover, the formation rate of hydrogen and carbon 
dioxide at the initial stage of the process was lower than 
in the case of using 0.85 wt% of the catalyst. The rate 
at which carbon monoxide was formed during pyrolysis 
was similar to the rate observed during the gasifi cation 
of coal containing 1.7 wt% of calcium. It should also 

The increase in the rate of gasifi cation process, caused 
by the addition of a catalytic additives, has been the 
subject of numerous investigations31, 32, 33. Four reac-
tion mechanisms, including oxygen transfer mechanism, 
electrochemical mechanism, free radical mechanism and 
intermediate mechanism were proposed34, 35. Among 
them, oxygen transfer mechanism is a generally postulated 
and it seems to describe the catalytic gasifi cation process 
in the most accurate way36, 37, 38. In such a mechanism 
oxygen is extracted from the reactant gas – H2O by the 
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catalyst, which then transferred it to the carbon active 
sites through the catalytically active alkali and alkaline 
earth species, followed by the liberation of CO from 
the active carbon-oxygen complexes (by breaking the 
neighboring C-C bonds)34, 37. The last step is considered 
as rate-limiting37. The principal embodiment of such 
a process is a redox mechanism in which the catalyst is 
alternately reduced by the carbon and oxidized by the 
gaseous reactant34.

The conclusions drawn on the basis of changes in 
formation rate of gaseous products were confi rmed by 
the results of the determined yields of particular gases 
in the gasifi cation process, as shown in Figure 4.

of 2, and this value increased along with the amount of 
the catalyst. Depending on the desired composition of 
fi nal gas, a different catalyst can be used. If the main 
objective is to obtain a synthesis gas with the highest 
content of carbon monoxide, the potassium should be 
used as a catalyst. In the case, however, where the aim 
is to signifi cantly increase the amount of hydrogen in 
the post-reaction gas, calcium catalysts seem to be the 
better option. 

The next step was to calculate the carbon conversion 
degree in the catalytic gasifi cation for all amounts of 
the catalysts. Figure 5 shows the effect of the addition 
of potassium on this parameter. It can be seen that 
potassium content signifi cantly increased the carbon con-
version degree to gaseous products, wherein increasing 
the amount of the catalyst caused also a growth of the 
conversion degree, reaching the value of 79% for the 
smallest amount of the catalyst used, to almost 96% with 
the application of 3.4 wt% of potassium. Very important 
is also the time in which a specifi c degree of conversion 
was achieved. The process of coal gasifi cation without 
a catalyst lasted 180 minutes, and the carbon conversion 
degree achieved 71%. The addition of any quantity of 
potassium shortened the duration of this process almost 
two and a half times – the time of the catalytic gasifi ca-
tion of coal amounted to about 76 minutes.Figure 4. The yields of gaseous components in the gasifi cation 

process of the coal ‘Piast’ with different amounts of 
potassium or calcium

Figure 5. The carbon conversion degree during the catalytic 
gasifi cation of the coal ‘Piast’ with various amounts 
of potassium as the catalyst

As a result of coal gasifi cation gas was obtained 
wherein hydrogen and carbon monoxide were the main 
components, and the amount of hydrogen was almost 
three times greater than that of carbon monoxide. The 
addition of 0.85 wt% of potassium signifi cantly increased 
the share of the resulting CO, but also reduced the 
amount of hydrogen; thus, conclusion may be drawn 
that this amount of the catalyst is not suffi cient for an 
effi cient process. A further growth of potassium content 
led to a considerable increase in the share of hydrogen 
and carbon monoxide in the resulting gas, while the best 
results were achieved through mixing 3.4% by weight of 
potassium with coal. In the case of calcium, an increased 
yield of gaseous products was observed even at the small-
est amount of the catalyst – 0.85 wt%. Both the share 
of carbon monoxide and that of hydrogen were higher 
than in the reaction without the catalyst. A growth of 
the calcium content to 1.7 wt% had a positive impact 
on the process, leading to a continuous increase in the 
share of both analyzed gases. The syngas obtained in 
this process was characterized by the highest yields of 
hydrogen and carbon monoxide among all the measure-
ments with calcium cations as the catalyst substance. 
The addition of 3.4 wt% of Ca resulted in syngas with 
a composition almost identical to the case of gasifi ca-
tion without the catalyst. Thus, increasing the amount 
of calcium up to that level is pointless.

It is also worth noting that conclusions can be drawn 
concerning the selectivity of both catalysts. The addi-
tion of potassium resulted in obtaining gas in which 
the hydrogen content was nearly twice as high as that 
of carbon monoxide, regardless of the amount of the 
catalyst. In the measurements using calcium it was ob-
served, however, that the H2/CO ratio exceeded the value 

The carbon conversion degrees achieved during the 
coal gasifi cation with the addition of calcium are much 
more varied than the results achieved during the gasifi ca-
tion with the addition of potassium. The results shown 
in Figure 6 indicate that the addition of 0.85 wt% of 
Ca resulted in shortening the process time to 105 min-
utes, at which time the carbon conversion degree to 
gaseous products reached 97%. Doubling the amount 
of the catalyst further shortened the process time, while 
increasing the conversion degree – during 80 minutes, 
nearly 100% of the element C has been converted. As 
previously mentioned, further increasing the amount of 
catalyst used, taking into account the yields of the various 
gaseous products, was unfounded. Similar conclusions 
were drawn by analyzing the maximum carbon conversion 
degree achieved by the gasifi cation of the coal ‘Piast’ with 
the addition of 3.4 wt% of calcium. The obtained carbon 
conversion degree was 70% and was comparable to the 
value achieved during coal gasifi cation without a catalyst. 
However, the time needed to reach the conversion degree 
of 70% was almost three times shorter in the case of 
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CONCLUSION
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become an effective alternative to conventional methods 
of coal combustion, which is why in this study the effect 
of calcium and potassium addition on the process was 
assessed. The obtained results confi rmed the catalytic 
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during the process, resulting in their increased yields 
in the post-reaction gas. The factor determining the 
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was not suffi cient to improve the process, only a greater 
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sodium may be successfully used as the catalysts.
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