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ABSTRACT 

The effects of the constituents of mineral matter in brown coals from different deposits of Kansk-Achinsk, Lena and 
from Yallourn Basins on the structural parameters and steam gasification reactivities of respective coal chars at moder-
ate temperature and at low and high pressure were studied in this paper. The data on how the preliminary decationiza-
tion with diluted hydrochloric, acetic and sulphuric acids affect char gasification reactivities are presented. The impor-
tance of surface area and crystallinity of chars and the presence of naturally occurring metals on gasification reactivity 
is considered. Quantitative correlations between the calcium contents and the extents of gasification are revealed. The 
gasification results obtained in a flow reactor with steam stream and in an autoclave reactor at high pressure of gaseous 
products are compared. The catalytic effect of dispersed calcium oxide-carbonate particles produced from the naturally 
occurring calcium containing carboxylates was shown to be a key factor for char gasification reactivity, the effect in the 
flow reactor being much larger as compared to that in the autoclave reactor. This was mainly related to different forms 
of catalytically active calcium species and to the composition of the gaseous reaction mixture. 
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1. Introduction 

Gasification is one of the most important multipurpose 
and efficient technologies to convert coal to energy car- 
riers and to a large variety of valuable products, such as 
synthetic natural gas, synthesis gas, hydrogen, ammonia, 
methanol, hydrocarbons and also various carbon materi- 
als, catalyst support and sorbents [1]. Coal gasification 
will continue to play an important role in the foreseeable 
future. However, this process results in the emissions of 
greenhouse gases and a variety of air pollutants including 
SOx, NOx, and large amount of ash. Ultrafine particulates 
and trace metals emitted from coal are potentially car- 
cinogenic. Therefore efforts must be intensified in the 
short term to better understand the key factors affecting 
coal gasification reactions and to develop advanced tech- 
nologies for clean coal utilization with higher efficiency 
and near-zero emissions.  

It is known that different ranked coals can be gasified 
successfully by using an appropriate technology. How- 
ever, the reactivity of coals has been shown [2-6] to tend 
to decrease with an increase in the rank. The application 
of catalysts allows coal reactivity to be increased signifi- 
cantly [2-11]. The following sequence of activity of al- 
kali and alkaline-earth metal catalysts for steam gasifica- 
tion of subbituminous coal char was found: K2CO3  
Na2CO3  KCl  NaCl  CaCl2  CaO [7]. Also, other 

metal species, such as Mg, Ba, Fe, Ni, Mn can catalyse 
the gasification reaction [8-10].  

Many researchers [3,4,6,8,11-17] studied the effects of 
the mineral matter naturally occurring in the coals on the 
gasification reaction. Miura and Hashimoto et al. [3] 
reviewed in details a large body of the literature data for 
the reactivities of coal chars for gasification with H2O, 
CO2 and O2 to understand the controlling factors of reac- 
tion. The authors concluded that the gasification rates of 
chars from low rank coals can be affected by mineral 
components such as these containing Ca, K, Na, Fe and 
Mg acting as the gasification catalysts. Partial deminer- 
alization of coals resulted in decrease in the gasification 
rates by factors of 5 to 25 as compared to that of respec- 
tive parent coals [11,13,14]. However, an anomalous 
increase in H2O, CO2 and air gasification reactivity was 
obtained when the high volatile bituminous coal has been 
demineralized with acids [18]. 

It should be noted that the correlations between the 
content of specific metals and char gasification reactivity 
were generally revealed by using the coals (or chars) 
doped with metals. The authors [4] attempted to correlate 
gasification conversions of a large number of coals with 
the specific naturally occurring inorganic constituents. It 
was reported that though inorganic matter affects con-
versions during gasification, the systematic patterns re-
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garding the effect of specific metals in coals were diffi- 
cult to correlate quantitatively. The effects of impreg- 
nated salts on CO2 gasification reactivity changed with 
reaction pressure and coal type in a specific manner. 
Hence catalysis by mineral matters has not always been 
found to provide adequate explanation of the gasification 
kinetics. One should not assume the metals to only cata- 
lyse reactions if for no other reason than that they can 
affect the physical structure and consequently the reac- 
tivity of char [19,20].  

Because of the complexity of the reactions involved, 
detailed characterization of coal and char composition, 
crystallinity and morphology of organic matter, and 
quantifying their effects on reaction rates is crucial for 
accurate modeling of gasification systems and for deter-
mining key factors. There are currently insufficient data 
available on the relationships between the coals and the 
development of char structure.  

The comparative experimental investigation of the 
composition, structural characteristics and gasification 
behaviour of a suite of the chars produced from different 
brown coals to find the quantitative correlations was per- 
formed in this paper. The effects of the composition of 
mineral matter on the specific surface area and crystallin-
ity of chars and on their reactivities for steam gasification 
under atmosphere and high pressure in two experimental 
reactors were studied. The brown coals from the large 
Kansk-Achinsk and Lena basins were used. Kansk- 
Achinsk brown coals are of particular interest for gasifi-
cation because of rather low contents of mineral matter in 
which calcium is abundant [21,22]. It has been reported 
[23-25] that these are Ca cations which contribute a ma-
jor effect to cross-linking of the organic matter of brown 
coals resulting in suppressed reactivity for hydrogenation. 
On the other hand, calcium species affected significantly 
[26] the properties of steam activated carbons. A sample 
of brown coal from Yallourn deposit in Australia was 
also used for comparison, since it contains little inorganic 
matter which is mainly occurring in the form of metal 
ions [27]. 

2. Experimental 

2.1. Coals 

The brown coal samples from the Borodino and Bere-
zovo deposits of Kansk-Achinsk Basin, Kangalas deposit 
of Lena Basin and a sample of brown coal from Yallourn 
deposit in Australia were studied. The coals were crushed, 
and a required fraction of 0.5 - 1.0 mm dried in a vacuum 
drying oven at 85˚C was used.  

2.2. Acid Treatment of Coals 

Selected coal samples were treated with deluted acid 
aqueous solutions to remove the specific metal cations 

and to identify their effects on the properties of respec- 
tive chars. Hydrochloric, sulfuric, and acetic acid sulu- 
tions of 0.1, 0.2 and 1.0 N concentrations were used. An 
approximately 200 g dried coal sample was treated in 2 l 
of aqueous acid solutions in a glass flask (filled with an 
inert gas) with continuous stirring using a magnetic stir-
rer at room temperature. In 3 h, the solution was de-
canted, and the treatment with the fresh portion of acid 
solution was repeated. Then the coal was filtered off, 
thoroughly washed with distilled water and dried in a 
vacuum oven at 85˚C.  

2.3. Pyrolysis and Gasification Procedures 

The coals were pyrolyzed in a quartz reactor of 20 mm in 
diameter. Weighed dried coal (15 g) was placed into the 
reactor which was then closed (not hermetically for the 
gases to be allowed to escape) and heated at a controlled 
rate of 7˚C - 8˚C/min. The pyrolysis was carried out at 
the temperature of 700˚C for 1 h. 

The steam gasification of char produced was carried 
out at relatively low temperature 700˚C by using two 
experimental units equipped with a quartz flow tubular 
reactor and with an autoclave reactor. The tubular reactor 
of 20 mm in diameter was charged with 5 g of char and 
heated at the rate of 5˚C/min under nitrogen flow (2.5 
l/h). On attaining the reaction temperature of 700˚C, the 
water feeding (20 g/h) was added to nitrogen flow and 
gasification was carried out for 45 min at atmospheric 
pressure.  

The autoclave unit was equipped with five 90 cm3 
stainless steel autoclaves inserted into a rotated heated 
sand-bath. Each autoclave was charged with 3 g of char 
and 4 g of distilled water. The autoclaves were purged 
with nitrogen from the air and hermetically sealed. The 
heating rate was 7˚C - 8˚C/min and the speed of rotation 
90 rev/min. The reaction was carried out at 700˚C for 2 h 
under autogenous pressure of water vapour and gaseous 
products generated. Then the autoclaves were allowed to 
cool and the gaseous products were analysed by a gas 
chromatograph. This autoclave unit allowed thus five 
char samples to be tested simultaneously under strictly 
the same conditions. Carbon burn-off was evaluated 
based on the quantity of organic matter in the char before 
and after gasification.  

2.4. Coal and Char Characterization 

The composition of coals was characterized by proximate 
and ultimate analysis. The separate coal samples (both 
the parent and acid treated) were subjected to oxy-
gen-containing functional group analysis. The content of 
hydroxyl groups was determined by acetylation in pyri-
dine and the carboxylic oxygen by reaction with calcium 
acetate and titration of the liberated acetic acid. The con-
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tents of metals were determined by atomic absorption 
spectrometry and X-ray fluorescence analysis of coal 
ashes and the data obtained were recalculated based on 
dry coal.  

The phase composition of mineral substances and the 
structural characterization of the organic matter were 
monitored by X-ray diffraction. The parameters of the 
stacking structure of char carbon matter were estimated 
based on the (002) and (10) bands, the profiles were cor-
rected with adsorption, polarization, and atomic scatter-
ing factors according to recommendations described in 
the references [28-32]. The distance between the aro-
matic layers d002 in the stacking structure was calculated 
from the (002) peak position by means of Bragg’s equa-
tion. The average crystallite thickness Lc was evaluated 
from the width at the half maximum of the (002) peak 
using Scherrer’s equation, and the number of aromatic 
layers n in the stacks by means of the Equation (Lc/d002) 
+ 1. The average diameter of layers La was evaluated 
from the width at the half maximum of the (10) peak. 
The XRD patterns of powdered char samples packed into 
aluminium holder were recorded under strictly the same 
conditions by using a DRON-3 diffractometer with CuKa 
radiation and a step-scanning method (2θ = 0.2˚, 25 
s/step) between 2θ from 8 and 55˚. The calculated rela-
tive crystallite dimensions were sufficiently reliable to 
monitor the difference in gross-molecular structure of 
carbon in the chars produced from different coals.  

The BET surface areas of chars were measured by low  

temperature nitrogen adsorption using ASAP 2020 and 
GCH-1 analizators. 

3. Results and Discussion 

3.1. Coal Characterization 

Shown in Table 1 are the list of the brown coal samples 
from different deposits and the characterization of their 
mineral matters. The content of ash ranged from 1.4 to 
14.8 wt%. The parent coals showed large variations in 
the concentration of Ca (from 0.15 to 1.80 wt%), which 
prevailed in most of the coals alongside the silicon and 
aluminium. The concentrations of Mg were less than that 
of Ca by a factor of 2 - 8, with the exception of Yallourn 
coal which featured almost equal weight amount of Mg 
and Ca. The contents of Fe varied from 0.06 to 0.55 wt%. 
The alkali metals (Na and K) occurred in very low con-
centrations: 0.15 wt% in Kangalas coal, 0.06 wt% in 
Yallourn coal and near 0.01 in Kansk-Achinsk coals 
[24].  

The amounts of most minor elements in Borodino and 
Berezovo coals were much less than that for coal Clarke 
numbers (i.e. the average content in the world’s coals), 
except for the alkaline earth Sr and Ba, and also for Mn 
[22,24], showing a typical feature of Kansk-Achinsk 
brown coal.  

The treatment with the acid solutions decreased the 
ash content by a factor of 1.2 - 6.0 depending on the coal 
samples (Table 1). The alkali cations and alkaline earth 

 
Table 1. The characterization of mineral matters of brown coals from different deposits. 

Content, wt% on daf coal Coal deposit 
sample 

Treatment 
Аd 

wt% Ca Mg Fe 
Parent coals      

Borodino, Bor1 No 4.1 0.80 0.10 0.10 
Borodino, Bor2 No 6.5 1.25 0.30 0.06 
Borodino, Bor3 No 7.7 1.22 0.20 0.08 
Borodino, Bor4 No 5.4 1.08 - - 
Borodino, Bor5 No 4.4 1.30 0.10 0.10 
Borodino, Bor6 No 5.3 1.13 0.30 0.15 
Borodino, Bor7 No 4.9 0.73 0.19 0.18 
Borodino, Bor21 No 4.9 1.20 0.19 0.18 
Borodino, Bor22 No 4.2 1.80 0.45 0.46 
Borodino, Bor23 No 14.8 1.43 0.80 0.23 
Berezovo, Ber9 No 4.3 1.40 0.20 0.50 
Kangalas, Ka20 No 7.9 1.22 0.20 0.44 
Yallourn, Ya10 No 1.4 0.15 0.16 0.40 

Acid-treated coals      
Borodino, Bor2D 0.2 N HCl 3.3 0.003 ≤10 - 5 0.03 
Borodino, Bor3D 0.2 N HCl 4.8 0.0004 10 - 5 0.02 
Borodino, Bor5D 0.2 N HCl 1.1 0.0001 10 - 5 0.01 
Borodino, Bor6D 0.2 N HCl 1.3 0.001 10 - 5 0.01 
Borodino, Bor22D 0.1 N HCl 0.9 0.009 0.0009 0.138 
Borodino, Bor22D 1.0 N HCl 0.7 0.004 0.0005 0.008 
Borodino, Bor22D 1.0 N H2SO4 1.0 0.07 0.001 0.015 
Borodino, Bor22D 1.0 N CH3COOH 1.7 0.04 0.002 0.46 
Borodino, Bor23D 1.0 N HCl 12.6 0.015 не обн. 0.035 
Berezovo, Ber9D 0.2 N HCl 0.8 0.0001 10 - 5 0.004 



P. N. KUZNETSOV  ET  AL. 4 

 
metals Mg and Ca were almost completely removed by 
HCl, H2SO4 and CH3COOH solutions. Also the cations 
of minor elements such as Mn, V, Be, Y and Yb readily 
passed into HCl solution (95% and more) [24]. The re-
covery of Fe varied from 50 to 93% when coals were 
treated with HCl and H2SO4 solutions, however no Fe 
was removed with 1 N CH3COOH solution. 

The data in Table 2 show rather close elemental com-
position of organic matter of representative coal samples, 
with the exceptions of Yallourn coal, which features a 
lowered carbon content and increased oxygen content, 
and of Kangalas coal with enhanced hydrogen content. 
The nitrogen and sulphur contents were near to 0.8 and 
0.3% in all the samples, respectively. HCl treatment 
hardly affects significantly the ultimate analysis data of 
coals [24]. 

Shown in Table 3 are the contents of hydroxyl and 
carboxyl groups in the representative parent and in the 
respective acid treated coals. It is seen that the coals dif-
fered moderately with the content of hydroxyl groups (in 
the range of 4.1 - 5.32 mg-equiv per 1 g of daf coal). On 
the other hand, the parent coals differed remarkably from 
each other with the content of free acids (from 0.78 to 
2.06 mg-equiv./g). Acid treatment affected moderately 
and nonregularly the content of hydroxyls, however, 
greatly increased the content of free acids (by 1.2 - 2.3 
times depending on coal samples). Both parent and acid 
treated Yallourn coal samples show an increased hy-
droxyl and carboxyl groups due to the increased total 
oxygen content.  

It is known that alkali and alkaline earth metallic spe-
cies (mainly Na, Mg and Ca) can exist in the brown coals 

 
Table 2. Ultimate analysis data for representative brown 
coal samples. 

Wt% on daf coal 
Coal sample 

C H N S O 

Borodino, Bor1 69.7 4.9 0.8 0.3 24.3

Borodino, Bor2 70.8 4.8 0.8 0.3 23.3

Borodino, Bor3 71.3 4.8 0.9 0.2 22.8

Borodino, Bor6 70.0 4.8 0.8 0.2 24.2

Borodino, Bor21 71.9 4.6 0.7 0.3 22.1

Borodino, Bor22 71.4 5.4 0.8 0.2 22.1

Borodino, Bor23 69.3 5.2 0.7 0.3 23.9

Berezovo, Ber9 70.1 4.9 0.9 0.3 23.8

Kangalas, Kan20 71.0 5.5 0.8 0.4 21.8

Yallourn, Ya10 66.6 4.7 0.6 0.3 27.8

Borodino, Bor6D (0.2 HCl) 71.3 4.9 0.8 0.3 22.7

Table 3. The data on oxygen functional analysis of the par-
ent and HCl treated brown coal samples (mg-equiv./g coal). 

Parent coals  Acid treated coals 
Coal sample

OH COOH Ca  OH COOH COOH*

Borodino, Bor2 4.06 0.87 0.62  4.40 1.72 0.85 

Borodino, Bor3 4.10 1.12 0.61  4.34 1.91 0.79 

Borodino, Bor5 4,80 1.03 0.65  4.50 1.72 0.69 

Borodino, Bor6 5.09 1.22 0.56  4.71 1.76 0.54 

Borodino, Bor7 4.50 1.37 0.36  4.82 1.78 0.41 

Borodino, Bor22 4.70 0.91 0.90  4.38 1.87 0.96 

Borodino, Bor23 4.95 1.03 0.71  4.63 1.84 0.81 

Berezovo, Ber9 5.00 0.78 0.70  4.90 1.81 1.03 

Yallourn, Ya10 5.18 2.06 0.08  5.32 2.53 0.47 

*Difference between COOH contents in the acid treated and in the parent 
coals. 

 
mainly in two forms: as ion-exchangeable cations associ-
ated mainly with the carboxyl groups of the organic coal 
matter or in the forms of soluble and insoluble minerals. 
This aspect of metal forms is both attractive and inter-
esting to understand the role of metal species in the 
chemical reaction of organic matter.  

The treatment of brown coals with deluted acids (HCl, 
H2SO4 and acetic acid) resulted in the exhaustive extrac- 
tion of the alkali and alkaline earth metallic species, cal- 
cium being predominant in all the coals, except for Yal- 
lourn coal. As regards Kansk-Achinsk coals, the previous 
systematic investigations [24,33,34] have documented 
calcium to occur predominantly in the organic matter in 
the ion-exchangeable form of the carboxylate complexes. 
In Table 3, the contents of calcium cations (in mg-equiv. 
quantity) in the parent coals are shown also in order to 
compare quantitatively the reaction stoichiometry. One 
can see that the increase in the number of COOH groups 
as a result of acid treatment is nearly equal or slightly 
more than the quantity of calcium extracted. Some excess 
in increase in the number of COOH may be due to the 
fact that it has been not considered some contribution of 
other cations (Mg2+, in the first place). The data confirm 
thus again that in the coals studied, calcium occurs 
predominantly in the form of carboxylate complexes. 
Only little or no calcium minerals (calcite, in the first 
place) may occur in the parent coals though they were 
not visible by XRD. It should be noted, however, that 
calcite, sulfate and other calcium based minerals can be 
found in the parent brown coals when containing higher 
amount of ash, for example, in the heavy part of brown 
coal after its benefication. 

3.2. Coal Carbonization  

The char yields from the pyrolysis of the parent and acid 
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treated Kansk-Achinsk coals varied from 53 to 62 % and 
those from Kangalas and Yallourn coals did 50% (Table 
4). BET surface areas of chars produced from the parent 
and acid treated coals ranged from 35 to 262 m2/g, and 
Yallourn char showed much larger surface area of 425 
m2/g.  

The X-ray diffraction patterns of the coals and respec-
tive chars were obtained to identify the minerals and to 
characterize the structural composition of organic matter. 
Predominantly quartz with different quantities was de-
tected in the XRD patterns. No distinct reflections related 
to other mineral species (such as calcite) were reliably 
observed and identified because of probably low content, 
low crystallinity, or high dispersion.  

The XRD patterns showed typical broad asymmetrical 
 

Table 4. The characterization of chars produced on pyroly-
sis of different brown coals at 700˚C. 

Char Ad, wt% Ca, wt% 
Char yield, 
wt% on daf 

BET surface area, 
m2/g on daf char

Bor1 6.9 1.40 57 140 

Bor2 11.2 2.27 55 224 

Bor3 12.9 2.12 57 74 

Bor4 8.7 1.80 60 118 

Bor5 7.4 2.45 53 140 

Bor6 8.6 1.91 59 77 

Bor7 6.8 1.30 56 262 

Bor21 7.9 2.03 59 262 

Bor22 6.9 2.8 64 162 

Bor23 23.3 2.3 62 239 

Ber9 7.5 2.55 55 180 

Ka20 14.7 2.44 50 49 

Ya10 2.8 0.30 50 425 

Bor2D (0.2 HCl ) 5.3 0.005 61 120 

Bor3D (0.2 HCl) 7.7 0.002 59 - 

Bor5D (0.2 HCl) 1.4 0.002 56 114 

Bor6D (0.2 HCl) 2.1 0.002 60 156 

Bor22D (0.1 N HCl) 1.9 0.02 53 42 

Bor22D (1.0 N HCl) 1.4 0.008 50 35 

Bor22D  
(1.0 N H2SO4) 

2.0 0.137 51 46 

Bor22D  
(1.0 N CH3COOH) 

2.7 0.06 62 71 

Bor23D (1.0 N HCl) 19.8 0.03 58 101 

Ber9D (0.2 HCl) 1.4 0.002 55 220 

reflection in the 2θ region from 8˚ to 34˚ due to a specific 
inter-molecular ordering of carbon matter and to a weak 
reflection with a maximum centered at 2θ of about 44˚ 
due to intra-molecular ordering (10 reflection). It was 
shown by using the computer treatment that broad 
asymmetrical reflection attributed to inter-molecular or- 
dering can be well simulated by a superposition of two 
Gaussians (Figure 1). According to the references [28- 
31], they were referred to ordered carbon portion in 
which polyaromatic molecules are stacked in parallel (2 
reflection centered at 23.0˚ - 24.5˚) and to disordered 
other molecules of -component located at the periphery 
of the polyaromatic clusters (2θ centered at 19˚ - 21˚) and 
not included in the stacking structure [28,29]. Large 
broadening of the 002 reflection and 10 reflection is in- 
terpreted in terms of small dimensions of crystallites. The 
small crystallites of stacked polyaromatics and the dis- 
ordered other molecules represent the crystallite and 
noncrystallite char components, respectively, and their 
combination forms char microtexture. The proportion 
between the content of these two structures was evalu- 
ated based on the areas of the respective Gaussian peaks.  

The structural parameters evaluated from the X-ray 
diffraction patterns are summarized in Table 5. One can 
see that the chars from the parent coals consist of mainly 
crystallites (74% - 93%) with a small portion (7% - 26%) 
of disordered -component. On the other hand, acid trea- 
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Figure 1. The fragments of the typical X-ray diffraction 
patterns for the chars from the parent (a) and from the 0.2 
N HCl treated brown coals (b). 
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ted chars differ with less content of crystallites (60% - 
72%) and with the increased portion of γ-component 
(28% - 40%).  

The polyaromatic layers in the stacks in all the chars 
have the diameters mainly from 1.57 to 1.95 nm (with 
the occasional exceptions) with the average statistical 
value of 1.69 ± 0.10 nm and inter-layer spacing of 0.379 
± 0.009 nm (Table 5). The thicknesses of the stacks Lc 
range from 1.01 nm to 1.37 nm depending on the char 
sample, the chars from the parent coals having the stacks 
consisted of 3.6 - 4.1 polyaromatic layers. The acid 
treated chars consist of stacks with Lc of 1.01 - 1.22 nm 
and 4.2 - 4.8 number of layers.   

No regular correlations were found between the speci- 
fic surface areas, X-ray structural parameters and the 
composition of coals, such as proximate and ultimate 
analytical data and the contents of specific metals.   

 
Table 5. The proportion between the X-ray structural car- 
bon portions and structural parameters for the crystallites 
of chars produced from different brown coals.  

Coal char Proportion, % d002 Number Lc Lа

 
Crystallite 
component 

γ-component nm of layers nm nm

From parent 
coals 

      

Bor1 79 21 0.391 3.9 1.15 1.70

Bor2 88 12 0.392 3.6 1.04 1.71

Bor3 83 17 0.379 4.0 1.14 1.57

Bor4 74 26 0.383 3.7 1.04 1.57

Bor5 84 16 0.379 3.9 1.09 1.69

Bor6 80 20 0.375 4.0 1.12 1.61

Bor7 89 11 0.375 3.9 1.10 1.64

Bor22 85 15 0.390 3.8 1.08 1.95

Ber9 93 7 0.373 3.7 1.01 1.82

Kan20 78 22 0.367 4.0 1.11 1.65

Ya10 80 20 0.388 4.1 1.22 1.84

From HCl 
treated coals 

      

Bor2D 60 40 0.379 4.3 1.25 1.68

Bor3D 61 39 0.393 4.5 1.37 1.61

Bor5D 72 28 0.373 4.4 1.28 1.75

Bor6D 64 36 0.372 4.2 1.21 1.63

Bor22D (H2SO4 

treated) 
72 28 0.370 4.6 1.33 2.24

Ber9D 63 37 0.361 4.8 1.36 2.08

3.3 Char gasification  

3.3.1. Gasification in Flow Reactor 
Shown in Table 6 are the data on char gasification in a 
flow tubular reactor at 700˚C for 45 min reaction period. 
One can see that the extents of burn-off of the chars pro- 
duced from the parent coals changed from 27.8 to 67.3% 
wt% on a dry ash-free basis, and the chars from the acid 
treated coals showed much less burn-offs (2.9% - 11.3%). 
For example, the burn-off of char produced from Bor22 

coal treated with 1.0 N HCl solution was as low as 3.2% 
that contrasted with 67.3% for char from the parent Bor22 
coal. As the gasification time of this HCl treated char 
was increased to 150 min (i.e., by a factor of >3), the 
burn-off extent increased to only 9.0%. The CH3COOH 
treated sample showed slightly higher reactivity (11.3%) 
as compared to the samples treated with HCl and H2SO4 
acids (3.2% - 6.2%), however much less then that of the 
parent one. Last column in Table 5 shows how the chars 
differed from each other with the extents of burn-off 
normalized to the unit surface areas. One can see that the 
surface normalized burn-off for chars from the parent 
coals vary from 0.23 to 0.42 wt%/m2, and the acid treated 
chars show much less values (from 0.09 to 0.16 wt%/ 
m2).   

A rational explanation for the differences in the sur- 
face normalized reactivities of chars is the reaction to 
occur not on total carbon surface area but only on the 
surface in the immediate vicinity of mineral species 
which can act as a catalyst. To clarify which species were 
more important in determining the reactivity, the correla- 
tions between the burn-off and mineral matter com- 
 
Table 6. Steam gasification of chars from different coals for 
45 min at 700˚C in flow reactor. Water feeding of 20 g/h, 
nitrogen flow of 2.5 l/h. 

Char 
Ad of char 

residue, wt%
Burn-off, 

wt% on daf 
Burn-off per unit  

surface area, wt%/m2 daf

Bor3 18.1 27.8 0.38 

Bor21 12.6 37.6 0.38 

Bor22 18.7 67.3 0.42 

Bor23 39.7 54.6 0.23 

Bor22D  
(0.1 N HCl)

1.85 5.3 0.12 

Bor22D  
(1.0 N HCl)

1.55 3.2 0.09 

Bor22D  
1.0 N H2SO4)

2.1 6.2 0.14 

Bor22D (1.0 N 
CH3COOH)

3.1 11.3 0.16 

Bor23D  
(1.0 N HCl)

20.8 7.6 0.09 
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position were analysed. The comparison of the data on 
gasification in Table 6 and on the mineral matter con- 
tents in Table 1 showed no correlations. A certain corre- 
lation was observed (with the determination coefficient 
of R2 = 0.84) when the values for surface normalized 
carbon burn-off were plotted versus the content of cal- 
cium only (Table 4). However, good correlation (with 
the determination coefficient of R2 = 0.95) proved to take 
place between the carbon burn-off based on wt% daf char 
and the content of calcium (Figure 2):  

Burn-off extent, wt% = 6.2 − 6.7 Ca + 10.3 Ca2; R2 = 
0.95. 

This correlation suggests the reactivity of brown coal 
chars for steam gasification to be affected in some way 
mainly by calcium species in agreement with most of the 
previous works [8,9,11,16,17]. Other metals, such as Mg 
and Fe, could affect the reaction. However their effects 
were not evident because of probably less contents and 
lower specific activities as compared to those of calcium. 
For example, CH3COOH solution extracted calcium al- 
most completely from Bor22 coal, but no extraction of 
iron was observed (Table 1). The char produced was 
much less reactive as compared to the char from the par- 
ent coal (11.3 and 67.2%, respectively, Table 6).  

Displayed in Table 7 are the gasification data obtained 
in the autoclave reactor at 700˚C for 2 h. The extents of 
carbon burn-off ranged from 18.4 to 31.8 wt% and the 
total yields of gaseous products from 23.3 to 61.0 wt% 
based on dry ash-free chars. Again, acid treated chars 
showed less reactivities as compared to those produced 
from the parent coals. The accumulation of gaseous 
products gradually increased the pressure in the auto-
clave (up to 11 - 13 MPa at the reaction conditions) de-
pending on carbon burn-off. Good correlations were ob-
served between the values of carbon burn-off and gas- 
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Figure 2. Carbon burn-off dependant on calcium content in 
the chars. Flow reactor. Dark symbols—chars from parent 
coals; open symbols—from HCl treated coals.  

Table 7. Steam gasification of chars from different coals at 
700˚C in the autoclave reactor. 

Char Ad, wt%
Burn-off,  

wt% on daf 
Gas yield, 

wt% on daf 
Gas yield, 

wt%/m2 daf

Bor1 6.8 27.0 48.3 0.34 

Bor2 11.2 27.4 51.6 0.23 

Bor3 12.9 30.2 54.9 0.74 

Bor4 8.7 28.1 52.0 0.44 

Bor5 7.4 28.0 54.2 0.39 

Bor6 8.6 29.7 55.5 0.72 

Bor7 6.8 26.5 54.5 0.21 

Bor21 8.4 26.3 54.0 0.55 

Ber9 7.5 31.8 61.0 0.34 

Kan20 14.6 26.9 55.1 1.11 

Yal0 2.8 20.2 34.7 0.08 

Bor2D (0.2 HCl) 5.2 20.0 31.2 0.26 

Bor3D (0.2 HCl) 7.6 18.5 23.3 0.22 

Bor5D (0.2 HCl) 1.4 18.4 28.8 0.25 

Bor6D (0.2 HCl) 2.1 20.9 34.5 0.22 

Ber9D (0.2 HCl) 1.4 19.3 33.5 0.15 

 
yield. The values of burn-off measured based on the 
quantity of organic matter in the char before and after 
gasification and by measuring the carbon content in the 
carbonaceous gases were also well corroborated.  

One can see from Table 7 that again the extents of 
char gasification were quite insensitive to the total sur- 
face areas. For example, Yallourn char with the largest 
surface area showed least reactivity as compared to other 
parent chars with much less surface area. Up to 14 fold 
difference (from 0.08 to 1.11 wt%/m2) is observed be- 
tween the surface normalized reactivities which correlate 
too weakly to the contents of calcium. On the other hand, 
HCl treated chars showed rather close reactivities.   

Not all surface carbon atoms are well known [3,35-38] 
to have the same reactivity for gasification because of 
structural defects and differences in the strain energy 
within the carbon network besides the effects of catalytic 
species on the carbon surface. Carbon atoms out of the 
crystallites show usually higher specific reactivity and 
are easily gasified as compared to those in the crystal- 
lites.   

It follows from the comparison of the XRD structural 
parameters of organic matter in Table 5 and gasification 
reactivities in Table 7 that relatively ordered chars from 
the parent coals with only 11% - 26% of disordered 
-fraction proved to show higher extents of burn-off than 
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less ordered acid treated chars enriched with 28% - 40% 
of -fraction. This may mean that structural properties 
(surface area and crystallinity) of carbon matter of chars 
could hardly control steam gasification reactivities under 
the given conditions.   

From the data in Tables 1 and 7, fairly good correla- 
tions between the values for carbon burn-off and gas 
yield based on daf wt. and the content of calcium with 
the determination coefficients of R2 = 0.89 and 0.92 were 
revealed (Figure 3):   

Carbon burn-off, wt% = 19.2 + 7.2CCa − 1.4CCa
2; R2 = 

0.89;  
Gas yield, wt% = 29.5 + 18.2 CCa − 3,5CCa

2; R2 = 0,92. 
Some deviations from the correlation curves in Figure 

3 can arise from difference in the forms and dispersions 
of calcium species and/or from nonuniform distribution 
within the organic matter of char. Also, other metals, 
such as iron and magnesium could contribute to catalysis 
of the reaction. However their effects were no evidently 
because of probably less contents and lower specific 
catalytic activities as compared to those of calcium.  

3.3.2. The Composition of Gaseous Products  
The composition of the gaseous products was dependent 
on coal chars. The gaseous autoclave products consisted 
of mainly CO2 (32 - 37 mol%), H2 (20 - 29 mol%), and 
CH4 (31 - 41 mol%) with least amount of CO (1% - 2%). 
Figure 4 shows the yields of CO2 and also of H2 to cor-
relate with Ca contents:  

1) CO2 yield (mmol/g) = 3.07 + 1.16 CCa − 0.21 CCa
2; 

R2 = 0.90;  
2) H2 yield (mmol/g) = 2.14 + 0.91 CCa − 0.13 CCa

2; R2 
= 0.74. 

It seems reasonable to suggest CO2 and H2 to be 
originated from the same gross-reaction catalyzed by 
calcium species:   

 

 

Figure 3. Carbon burn-off (1) and yield of gases (2) de- 
pendant on calcium content in the chars. Autoclave reactor. 
Dark symbols—chars from parent coals; open symbols— 
from HCl treated coals. 

 

Figure 4. The yields of gaseous products dependant on the 
calcium content in the chars. Autoclave reactor.  
 

2C H O  CO H2               (1) 

2 2CO H O  CO H2             (2) 

However, the actual H2 yields were much less than 
those of CO2 in consideration of stoichiometry of reac- 
tions. This could result from partial hydrogen consump- 
tion in a methane generation reaction. However, large 
scatter for methane yields with no distinct trend and with 
too unsatisfactory correlation (R2 = 0.34) is observed in 
Figure 4, HCl treated chars yielding essentially same 
amount of methane as the chars from the parent coals. It 
follows from this that alkali and alkaline metal species 
have no relevance to methanation under given conditions. 
The catalysis of CO hydrogenation into methane by Fe 
species [2,10] can not be excluded, however its effect is 
difficult to observe because of low Fe concentrations. 

The yield of CO was very low in all cases (0.05 - 0.3 
mmol/g) irrespectively of metal contents. This may mean 
that water gas shift reaction (2) and CO hydrogenation 
reaction occured rapidly under these conditions pro- 
ducing H2, CO2 and CH4.  

3.3.3. XRD Analysis of Char Residues  
XRD patterns of the char residues after ashing showed 
complicated mixtures of various crystalline mineral sub-
stances. Shown in Figure 5 are the XRD patterns of the 
ashes from the representative parent coals and also from 
HCl treated one, as examples. Major minerals identified 
in the ashes from Kansk-Achinsk and Kangalas coals 
were quartz (-SiO2), calcite (CaCO3), lime (CaO), an- 
hydrite (CaSO4), hematite (α¯Fe2O3), Ca3Al6O12-CaSO4, 
Ca(OH)2 and trace amounts of some other nonidentified 
minerals. Yallourn coal ash consisted of mainly FeFe2O4 
(may be MgFe2O4), CaSO4 and much less CaCO3 and 
CaO species. Mainly -SiO2, much less -Fe2O3 and 
only trace amount of CaSO4 were detected in the ashes 
from the 0.1 N HCl treated coals. The excess of sulphur  
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Figure 5. X-ray diffraction patterns of the ashes from the 
demineralized and parent coal chars. 1—α-SiO2; 2— 
α-Fe2O3; 3—CaSO4; 4—CaCO3; 5—CaO; 6—Ca(OH)2; 7— 
Ca3Al6O12·CaSO4; 8—FeFe2O4·(MgFe2O4). 
 
over calcium in the acid treated chars was favorable for 
the binding of calcium in the form of CaSO4. The sizes 
of the crystallites of the main CaCO3 and CaO particles 
estimated from the width of XRD peaks were less than 
30 nm. 

4. Conclusions 

The conclusion should be drawn thus from the results 
obtained in this study that steam gasification reactivities 
of chars produced from Kansk-Achinsk, Kangalas and 
Yallourn brown coals at the moderate temperature of 
700˚C under atmospheric pressure in a flow reactor and 
under a high pressure of reaction products in the auto- 
clave reactor obey the common regularity controlled by 
catalysis on the well-dispersed CaO or/and CaCO3 par- 
ticles. The latter were produced during the carbonization 
and gasification steps from the calcium carboxylate de- 
rivatives naturally occurring in the brown coals. These 
nanosized calcium species catalysed gasification mainly 
into CO2 and H2 gases. The production of CH4 seems to 
occur by another way irrespectively of calcium species. 
The structural properties of chars (surface area and crys- 
tallinity) hardly affect the gasification reactivity.   

However, from the comparison of the gasification be-
haviors of chars under different reaction conditions, the 
question may be raised as to why much larger differences 
between the reactivities of chars from the parent coals 
and from the respective acid treated ones were obtained 
in the flow reactor with steam stream at atmospheric 
pressure as compared to those in the autoclave reactor 
under high pressure of gaseous products. One reason 
could be caused by different forms of calcium species 
produced in different reactors and this can be interpreted 
in terms of a calcium carbonate—calcium oxide cycle 
mechanism [8]. Under reaction conditions at 700˚C, a 

mobile thermodynamic equilibrium between these cal- 
cium species is strongly controlled by CO2 pressure. 
Therefore at the atmospheric pressure in a tubular reactor 
with the steam in nitrogen flow where the gaseous prod- 
ucts were removed continuously, calcium oxide was 
probably the predominant species that effectively cata-
lysed reaction. On the other hand, calcium carbonate 
(which are probably catalytically less active as compared 
to calcium oxide) predominanted during the gasification 
in the autoclave under high pressure of CO2. Apart from 
this, the gaseous products CO2, H2 and CH4 accumulated 
in the autoclave may inhibit steam gasification due to 
stronger adsorption and lower specific reactivity [11,39].  

The results obtained allow Kansk-Achinsk brown 
coals to be considered as the preferable and environmen- 
tally freindly raw material naturally charged with the 
precursors of the catalytically active species for effective 
gasification. The chars derived from the acid treated 
coals differed with very low gasification reactivities. 
This fact may be in the way in developing the effective 
processes for ultraclean gasification of ash-free coals.   
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