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Abstract
The article discusses the impact of the lithotype of lignite on the suitability for gasification in  CO2 atmosphere. The research 
was aimed at determining the influence of lithotype, petrographic composition, and physical and chemical properties of coal 
on the composition and release of syngas. The examined coals were humic coals. The first step was to determine the impact 
of lithotype on the degree of carbon conversion at a temperature of up to 815 °C. The gasification process was conducted in 
the temperature range of 600–1100 °C. During the experiment, two gas samples, used for determining the chemical content 
of gas, were collected at 950 and 1050 °C, respectively. What is more, continuous monitoring of the gas density during the 
gasification was carried out. Depending on the lithotype, the content of ash, moisture, and the degree of coalification, the 
intensity of gas release is different for different temperatures. In addition, it has been found that coals with a high content of 
poorly gelified xylite and a low ash content are the fastest reacting and the most responsive. The importance of this research 
lies in determining that the gasification of coal with a low degree of coalification requires technologies carried out at reactor 
temperatures above 1000 °C.
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Keywords Lignite · Gasification · Maceral · Petrofactor · Correlation

Introduction

Despite moving away from coal energy, lignite remains 
among the primary energy sources. However, new, clean, 
and efficient methods of obtaining energy from lignite are 

being sought after. One of them is the gasification process. 
New installations are being developed and various gasifying 
agents are used. The most promising gasifying agent is  CO2 
(Chmielniak et al. 2015). The issue of  CO2 emissions is the 
reason why the efficient use of  CO2 is of high importance.

The presented work focuses on determining the suitability 
of lignite for clean coal technologies, especially for fluidized 
bed gasification. Exploring the possibility of using Polish 
coal in these technologies is essential in shaping the energy 
policy of Poland. In accordance with the energy policy of 
the EU, numerous studies on the possibilities of using lignite 
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in the power industry, with an emphasis on modern tech‑
nologies aimed primarily at reducing  CO2 emissions from 
gasification, are carried out. Currently, in Poland, lignite is 
generally burned conventionally, which contributes to the 
increasing environmental pollution. The use of modern gasi‑
fication technologies would significantly reduce  CO2 emis‑
sions during energy production. According to the Energy 
Policy of Poland until 2040 (Ministry of Energy 2018), coal 
is still the main element of Poland’s energy security and is 
the basis for the energy balance of the state. However, new 
methods of coal combustion, i.e., gasification, oxy‑combus‑
tion, and other clean coal technologies, will be sought after 
and will be used in order to make the best use of the raw 
material and to limit the impact on the environment. Lig‑
nite deposits are still largely unexploited. The lignite mining 
itself is generally carried out using the opencast method, 
which is cheaper than underground mining. This method, 
given the proper reclamation of post‑industrial areas, is not 
a major threat to the environment. The effective use of lig‑
nite in the gasification process requires a number of analy‑
ses (Higman et al. 2008). Basic technological analyses are 
increasingly being accompanied by petrographic analysis. 
They allow predicting the technological properties and the 
applications of lignite in a relatively short time (Bielowicz 
2012). One of the main objectives is to assess the impact 
of petrographic composition on the reactivity of lignite. 
The reactivity of the raw material subjected to the gasifica‑
tion process is one of the basic parameters determining the 
possibility of the use of lignite in the gasification process. 
Therefore, a comprehensive study on the influence of the 
petrographic composition on the reactivity of coal has been 
carried out. Given the abundant world resources of lignite, 
there is an urgent need for such studies. This paper aims 
to fill this gap. Until recently, the reactivity has been stud‑
ied mainly in bituminous coal (Porada et al. 2017a). How‑
ever, it should be noted that bituminous coal significantly 
differs from lignite. Differences between the reactivity of 
bituminous coal and lignite were discussed by Porada et al. 
(2017b), who have found that lignite is the most reactive to 
water vapor. The impact of the petrographic composition of 
lignite on the underground gasification process was investi‑
gated by Akanksha et al. (2017), who have found that lignite, 
which contains mainly macerals from the huminite and lip‑
tinite groups, is perfectly suited for this process. The role of 
the petrographic composition in the integrated gasification 
combined cycle (IGCC) was discussed by Ozer et al. (2017), 
who studied its effect on the reactivity. Teng et al. (2016) 
investigated the reactivity of inertinite and xyloid coal in 
the combustion process. They suggested that the activation 
energy of xyloid coal is less than that of fusinitic coal.

The research was based on Polish deposits. Ortho‑lignite 
is the most commonly mined coal in Poland. In Poland, 
there are 95 documented ortho‑lignite deposits (PGI‑NRI 

2017), mainly in the Paleogene and Neogene sediments in 
the Polish Lowland. In the case of Paleogene and Neogene 
formations in Poland, 10 groups of coal deposits, of which 
only three (1st—Mid‑Polish lignite seam, 2nd—Lusatian 
lignite seam, and 3rd—Ścinawa lignite seam), and locally 
five (including the 2nd group of A‑Lubin and 4th group of 
Dąbrowa), are of economic importance, have been deter‑
mined. According to the palynological findings of Piwocki 
and Ziembińska‑Tworzydło (1997), the 1st group of Mid‑
Polish and 2nd group of A‑Lubin lignite seams are of Mid‑
dle Miocene age, while the 2nd—Lusatian, 3rd—Ścinawa, 
and 4th—Dąbrowa lignite seams are of Lower Miocene 
age. The geological balance resources (anticipate economic 
resources) of lignite amount to 23,510.59 Mt, most of which 
are power coals—23,509.95 Mt, while the remaining 0.64 
Mt are sapropelic coals. Other types of lignite, including 
briquette coal and coal for carbonization, have also been 
documented (PGI‑NRI 2017). However, as of today, they 
are classified and used as steam coal. Approximately 16% 
(3690 Mt) of the anticipated economic resources (balance 
resources) of lignite can be found in the Poznań graben. 
These include Czempin, Krzywin, and Gostyń deposits. 
However, the environmental protection of the surface and 
the high valuation class of agricultural land are the reasons 
why their potential exploitation is the subject of disputes 
and conflicts between local communities, environmental 
organizations, and proponents of exploitation (Kasiński et al. 
2006). This can seriously complicate the development of the 
mentioned deposits.

The anticipated economic resources (balance resources) 
in the currently exploited deposits amount to 1482.69 Mt 
or 6.3% of the anticipated economic resources (PGI‑NRI 
2017). Lignite from these deposits is extracted in five mines 
(Bełchatów, Turów, Adamów, Konin, and Sieniawa lignite 
mines). At the current level of consumption, the reserves 
should last for another several decades.

Poland has large coal reserves—at the current level of 
production, they should last for many years, and thus coal 
will continue to be one of the primary energy sources in 
the future. However, the energy policy of Poland requires 
the development of clean coal technologies. Therefore, the 
gasification process provides the opportunity for lignite in 
Poland. In addition, lignite is of great economic significance 
in Germany, Greece, Turkey, Serbia, China, and India.

The paper presents the usefulness of this raw material 
for gasification based on the lithology and petrographic 
composition. This concept enables rational management of 
deposits and selecting those where the conversion rate of the 
gasification process is high. Previous studies were focused 
on individual deposits, while the presented work is a com‑
prehensive approach to the problem. Therefore, it allows 
determining differences between individual deposits and, 
based on the analysis of individual lithotypes, areas with 
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different suitability for the gasification process within a sin‑
gle deposit. The presented petrographic method for assessing 
the suitability for gasification can be applied to deposits of 
various origins.

Experimental

Samples, petrography, proximate and ultimate 
analyses

The study used 13 lignite samples from Polish deposits, 
namely the Jóźwin deposit—three samples, the Turów 
deposit—two samples, the Sieniawa deposit—three samples, 
the Bełchatów deposit—three samples, and the Szczerców 
deposit—two samples (Fig. 1). The samples of various litho‑
types of humic lignite were collected. These deposits occur 
in the 1st, 2nd, and 3rd group of seams.

Additionally, the subbituminous coal sample from the 
Poręba deposit and 15 samples of medium‑ and high‑rank 
coals of different petrographic structure (Table 1) were also 
collected.

The lithotypes of lignite, i.e., sedimentologically homo‑
geneous accumulations of coal, are separated from each 
other by more or less distinct boundaries, roof and floor, 
characterized by different physical features. These fea‑
tures reflect the type of starting material and the degree of 
transformation in the course of peat genesis and diagenesis 

(Stach et al. 1982). Determining the lithotype boundaries 
was based on the macroscopically observed differences 
in the petrographic composition, a different set of struc‑
tures and textures of coal, and on surface discontinuities 
of the sediment. When it comes to lignite, lithotypes with 
a thickness of up to 10 cm were determined (Kwiecińska 
and Wagner 1997; Taylor and Glick 1998). The mentioned 
samples were ground to a grain size lower of < 1 mm and 
used as a material for polished sections, which were made 
according to the ISO standards (ISO 7404‑2:2009). The 
maceral analysis was carried out in both reflected white 
and blue light with the use of a Zeiss microscope and 
in accordance with the PN‑ISO 7404‑3:2001 standard. 
The maceral composition of both lignite and bituminous 
coal was determined according to the ICCP guidelines 
(Sýkorová et al. 2005). The macerals from the liptinite 
group were examined under fluorescent light. The maceral 
nomenclature for the liptinite group was developed accord‑
ing to (Pickel et al. 2017). The average reflectance of ulm‑
inite B and collotelinite was determined under standard 
conditions, i.e., monochromatic light with a wavelength 
of 546 nm and immersion oil (n = 1.518), using a Zeiss 
MPM‑400 photometer equipped with a MSP–20 system 
processor. Random reflectance measurements in ortho‑
lignite were performed on the surface of ulminite B 
(Sýkorová et al. 2005). The maceral group content analy‑
ses were carried out on 500 equally spaced points on the 
surface of the polished sections.

Fig. 1  Location of lignite deposits compared to the tertiary geological map of Poland. Own work based on (Czarnecki et al. 1992; Kasiński et al. 
2010; Bielowicz 2012)
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The gelification index was determined based on the equa‑
tion (Diessel 1986) and was modified for lignite according to 
the guidelines by Kalaitzidis et al. (2004) by using formula 
(1):

In addition, the petrofactor, which allowed establishing a 
more general relationship between coal properties and the 
reactivity, was also calculated. Petrofactor was calculated 
using formula (2) (Furimsky et al. 1990):

(1)
GI = (Hulminite + humocollinite + densinite)∕

(Textinite + attrinite + inertinite).

(2)

Pf =
Ro

Vitrinite (huminite) + liptinite +
1

3
semifusinite

× 1000,

where Pf is the petrofactor and Ro is the ulminite B/col‑
lotelinite random reflectance.

Proximate and ultimate analyses were carried out for both 
coal and ash. The samples were ground to a size of 0.2 mm. 
Proximate analysis covered moisture content, ash content, 
volatile matter content, and the gross calorific value determi‑
nation. Ultimate analysis included carbon, hydrogen, nitro‑
gen, and sulfur content determination using a Leco analyzer. 
The chemical composition of coal and ash was analyzed 
by ICP‑OES/MS at the Bureau Veritas Minerals Labora‑
tory. ICP‑MS analysis was performed on a 15‑g sample after 
modified aqua regia digestion (1:1:1  HNO3/HCl/H2O) for 
low to ultra‑low determination of both coal and ash.

The alkali index (Sakawa et al. 1982) was calculated 
using formula (3):

Table 1  Summary of samples Sample no. Deposit Seam Lithotype Reflectance (%)

1L Jóźwin 1st group of Mid‑Polish lignite seams Detritic 0.24
2L Jóźwin 1st group of Mid‑Polish lignite seams Xylitic 0.24
3L Jóźwin 1st group of Mid‑Polish lignite seams Detro‑xylitic 0.24
4L Turów 3rd group of Ścinawa lignite seams Xylitic 0.28
5L Turów 3rd group of Ścinawa lignite seams Xylo‑detritic 0.28
6L Sieniawa 2nd group of Lusatian lignite seams Xylo‑detritic 0.25
7L Sieniawa 2nd group of Lusatian lignite seams Xylitic 0.25
8L Sieniawa 2nd group of Lusatian lignite seams Detritic 0.25
9L Bełchatów 3rd group of Ścinawa lignite seams Xylo‑detritic 0.28
10L Bełchatów 3rd group of Ścinawa lignite seams Xylitic 0.28
11L Bełchatów 3rd group of Ścinawa lignite seams Detritic 0.28
12L Szczerców 2nd group of Lusatian lignite seams Xylitic 0.26
13L Szczerców 2nd group of Lusatian lignite seams Xylo‑detritic 0.26
17SB Poręba Blanowice seam Detritic 0.35
1B Jas‑Mos 510 Coking coal 1.1
2B Vietnam Anthracite Bright coal 2.3
3B Janina 119/2 Bright coal 0.5
4B Janina 119/2 Dull coal 0.5
5B Janina 203/2 Bright coal 0.5
6B Janina 203/2 Dull coal 0.5
7B Bielszowice 510 Bright coal 0.7
8B Bielszowice 510 Dull coal 0.7
9B Bogdanka 391 Bright coal 0.6
10B Bogdanka 391 Dull coal 0.6
11B Bogdanka 381 Bright coal 0.6
12B Bogdanka 381 Dull coal 0.6
15B Bogdanka 385/2 Bright coal 0.6
16B Bogdanka 385/2 Dull coal 0.6
17B Wesoła 308 Bright coal 0.6
18B Wesoła 308 Dull coal 0.6
19B Bielszowice 405/2 Bright coal 0.7
20B Bielszowice 405/2 Dull coal 0.7
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Aad is the ash content in the sample;  Fe2O3, CaO, MgO, 
 Na2O,  K2O,  SiO2, and  Al2O3 are the content of particular 
oxides in the ash, %.

The analysis of the porous texture of the coal samples 
was carried out at the AGH University of Science and 
Technology (Faculty of Energy and Fuels) using a Pascal 
140 CE porosimeter. The porosimeter works in the pres‑
sure range from 0.3 kPa up to 150.0 kPa, which enables the 
measurement of the pore radii from about 5 nm to 1.8 nm, 
i.e., macropores and micropores. The apparatus registers the 
volume of mercury penetrating the pores of the examined 
material, allowing presenting the dependence curve of open 
pore volume and pore volume distribution on the pressure 
applied and radii, respectively. Pore radii corresponding to 
the specified pressure values are calculated based on the 
Washburn equation. Taking into account the large spread of 
the parameters, the results are presented with the use of a 
logarithmic number system.

All chemical and technological analyses were performed 
in accordance with ISO standards.

The reactivity studies carried out during coking process 
have shown that the active site concentration in the molecu‑
lar structure of chars is dependent on the aromaticity and the 
degree of molecular ordering in the parent maceral structure 
(Borrego et al. 1997). The aromaticity factor was obtained 
from Eq. (4) (van Krevelen 1993):

where fa is the aromaticity, Vdaf is the volatile matter on dry 
ash‑free basis, and Cdaf is the carbon on dry ash‑free basis.

The thermogravimetric analysis (TGA) was used to 
measure the weight loss of the coal sample depending on 
the temperature and changes over time. The measurement 
was performed for about 1 g of the sample at a temperature 
between 32 and 815 °C. The temperature at which the sam‑
ple gasifies or burns is considered as the limit temperature. 
The measurement was conducted under  CO2 atmosphere. 
The TGA analysis was performed for about 150 min, during 
which the oven was heated from 32 to 815 °C. Exact weight 
losses were measured at the following temperatures: 200, 
400, 600, 700, and 800 °C.

The reactivity of coal to carbon dioxide

The ability of coal to react with carbon dioxide was deter‑
mined using an apparatus developed by the Central Measure‑
ment and Testing Laboratory in Jastrzębie‑Zdrój. The stud‑
ies of this type have already been carried out using fixed 

(3)AI = Aad
Fe2O3 + CaO +MgO + Na2O + K2O

SiO2 + Al2O3

.

(4)fa =
1200 ×

(

100 − Vdaf
)

1240 × Cdaf

and fluidized bed reactors. The above‑mentioned methods 
were applied in order to control the condition of samples and 
process parameters. The applied research method assumed 
a particle size from 0.2 to 3.0 mm. The ground samples 
were evenly spread on metal trays and dried at 40 °C. After 
4 h, they were conditioned in a laboratory atmosphere until 
reaching constant weight (equilibrium with atmospheric 
moisture), which was checked every 2 h. The obtained 
laboratory sample in the air‑dry state was used to isolate a 
subsample for physicochemical determinations and 100 g 
subsamples for the determination of reactivity. In order to 
obtain the desired fraction (0.2–3.0 mm), the prepared sub‑
samples were sieved through a 0.2‑mm sieve and protected 
in sealed packages.

The reactivity was examined in the reactor, whose design 
is shown in Fig. 2.

The gasification of coal in  CO2 atmosphere in the reac‑
tor takes place at a temperature of 600 °C to 1100 °C at 
atmospheric pressure. To heat the sample to the mentioned 
temperature, a furnace with silicate heaters has been used. 
In addition, carbon dioxide was used as an oxidizing gas. 
The coal reactivity analysis was carried out in an indirectly 
heated reactor. In order to remove the drying and prelimi‑
nary degassing products that do not react with  CO2 at low 
temperatures, the samples were preheated to 600 °C. After 
the initial degassing, the reactor was heated to 1100 °C for 
18–19 min. To avoid the release of significant amounts of 
tar during degassing, a nominal sample mass of 5.00 g was 
assumed. During the chromatographic studies, the gas sam‑
ples were collected using standard 3 dm3 Tedlar bags. There 
were two gas sample collection points for lignites. The com‑
position of samples collected from both sampling points was 
analyzed by means of gas chromatography. Due to the fact 
that the most intensive processes occurred at temperatures 
of 950–1100 °C, the first sample was collected when the 
temperature reached 950 °C, while the second at the tem‑
perature of 1050 °C.

Statistical analysis

The obtained results of chemical, technological, and petro‑
graphic analysis were correlated with each other. The rela‑
tionship between the starting material, obtained products, 
and reactivity was examined based on the results of corre‑
lation analysis. In order to determine correlations between 
individual parameters, the analysis of correlation and regres‑
sion has been used. The Pearson (r) correlation coefficients 
were determined, which was followed by the evaluation and 
testing of the statistical significance of this factor. The test 
of statistical significance has been performed using the Stu‑
dent’s t distribution. The analysis used Statistica and Excel 
software.
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The characteristics of the examined coal

The examined lignite is humic coal (ortho‑lignite), while 
the huminite reflectance ranges from 0.24 to 0.28%. The fol‑
lowing lithotypes were examined: detritic coal, xylo‑detritic 
coal, detro‑xylitic coal, and xylitic coal.

Xylitic coal is a layered or lenticular accumulation of 
xylites, which represent at least 90% of its volume. Accom‑
panying components may include humic detritus or dis‑
persed lipoid or mineral matter. The xylites include all frag‑
ments with wood morphology and with a diameter of at least 
1 cm. According to the classification (Kwiecińska and Wag‑
ner 1997), three structural varieties of xylites were deter‑
mined: fibrous, brittle, and loose. Detritic coal is built of fine 
humic particles (detritus), forming the more or less macro‑
scopically homogeneous mass. It can contain up to 10% by 
volume of other component (e.g., xylites, fusain, granular 
accumulations of resinite or gelinite, minerals, etc.). Detro‑
xylitic and xylo‑detritic coal belong to complex (heterogene‑
ous) lithotypes built from xylites and humic detritus. These 
lithotypes form thicker layers in coal seams, which can be 
distinguished based on their petrographic composition and 
texture. The detro‑xylitic coal is dominated by xylites. On 
the other hand, the xylo‑detritic coal is dominated by detri‑
tus. The admixtures (up to 10% by vol.) include: lipoid detri‑
tus, lenticular accumulations of this material (mainly resin 
grains, sapropelic xylites, sapropelic lenses, accumulations 
of leaves and bark), fusains, detritus of carbonized plants, 
gel lenses, and accumulations of minerals.

The petrographic composition of different coal samples 
depends on their lithological development (Table 2). The 

petrographic composition of the examined coal is dominated 
by macerals from the huminite group. The share ranges from 
73.6 to 97.1%. The share of the macerals from the inertinite 
group in the examined samples is up to 4%. The only excep‑
tion is the sample of xylitic coal from the Jóźwin deposit, 
containing 19.9% of macerals from the inertinite group 
(mainly fusinite). The liptinite group in the tested samples 
ranges from 1.7 to 8.5%. The detailed petrographic composi‑
tion of the examined coal is presented in Table 2.

The examined samples are mainly macerals of the hum‑
inite group, which are characterized by a higher oxygen con‑
tent and lower carbon content compared to both inertinite 
and liptinite (Cronauer et al. 1992). A relatively large num‑
ber of aliphatic groups have been observed in the examined 
ortho‑lignite samples. The H/C and O/C atomic ratios and 
the amount of methoxyl groups decrease, while the aroma‑
ticity and the content of carboxyl groups increase as a result 
of biochemical processes (Russell and Barron 1984). At the 
same time, it should be noted that the highly phenolic sig‑
natures of the lignin‑derived material within the huminite, 
with a minor content of aliphatic groups, are characteristic 
for huminite (Stankiewicz et al. 1996). This chemical com‑
position promotes the gasification process.

The porous coals, consisting largely of xylite, are the fast‑
est reacting ones. This is related to the fact that their chemi‑
cal bonds break down more easily. Meanwhile, xylite has a 
higher proportion of aliphatic components. The xylite with 
a lower degree of coalification is mainly built of textinite. 
Textinite consists of humic substances and remains of cel‑
lulose and lignin. During the gasification process, textinite 
produces high yields of both tar and gas. This is related to its 

Fig. 2  Construction of the reac‑
tor for reactivity analysis. 1—
Silicate heaters, 2—the main 
thermocouple (K), 3—absorbers 
filled with glass wool, 4—post‑
reaction gas rotameter, 5—ther‑
mal insulation, 6—chromium–
nickel sieve bottom, 7—valve 
set, 8—oxidation gas rotameter, 
9—Tedlar gas bags, 10—the 
inlet of the oxidizing gas, 11—
porous material, 12—ceramic 
pipe, 13—thermocouple of the 
furnace, 14—gas from the reac‑
tor, 15—the outlet for excess 
post‑reaction gas
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high content of cellulose derivatives and/or resin. The tex‑
tinite char yield is rank dependent (Süss et al. 1968). In the 
case of more gelified xylitic coal with a higher degree of car‑
bonization, the dominant component is ulminite. Ulminite 
produces lower yields of tar and gas and higher amounts of 
char when compared to textinite. Compared with textinite, 
ulminite reacts at lower temperatures (Kurtz 1981). Based on 
the obtained results, it can be stated that both textinite and 
ulminite speed up and favor the gasification of coal.

The coal with a high detrohuminite (especially attrinite) 
content is the least responsive. At early stages of coalifica‑
tion, detrohuminite is derived from demethylated dehydrated 
lignin monomers mixed with lipids, such as polymethylene 
long‑chain acids, esters, or triterpenoids of higher plant and 
microbial origin (Taylor et al. 1982). Attrinite, a maceral 
from the huminite group (detrohuminite subgroup), con‑
sists of a mixture of fine huminitic particles (< 10 μm) with 
variable shape and spongy to porous ungelified amorphous 
huminitic substances. Attrinite consists of humic substances 
and cellulose and lignin residues. A lower reactivity of 

detrohuminite macerals, and a low content of bitumens, was 
observed by Süss et al. (1968) and Shibaoka (1982).

The moisture content on air‑dry basis in the examined 
samples varies from 4.6% in xylo‑detritic coal from Szczer‑
ców deposit to 12.0% in detritic coal from Bełchatów deposit 
(Table 3). The ash content (dry basis) in the examined coal 
ranges from 2.3 to 46.2%. It can be observed that in some 
seams the ash content is clearly higher in the case of detritic 
coal. The volatile matter decreases with the rank of coal 
from 49.4 to 63.1%. The sulfur content (dry basis) in the 
examined samples is not clearly related to the lithotype or 
rank of coal and is in the range from 0.5 to 3.9%. The car‑
bon content in dry, ash‑free basis varies with the degree of 
coalification from 61.8 to 70.7%. The porosity ranges from 
8.4 to 35.9% and is largely dependent on the lithotype and 
the amount of mineral matter in coal. The oxide composition 
of the ash depends on the deposit. The Jóźwin and Turów 
deposits are dominated by  SiO2 and  Al2O, while the Sieni‑
awa and Szczerców by CaO.

Table 3  Proximate and ultimate analyses of the examined lignite

1L 2L 3L 4L 5L 6L 7L 8L 9L 10L 11L 12L 13L

Moisture Mt
ad (%) 7.6 8.2 9.6 8.4 10.0 10.5 7.6 9.3 9.8 8.7 12.0 11.6 4.6

Ash Adb (%) 46.2 6.2 24.6 5.0 3.8 6.9 2.3 6.5 16.2 7.2 19.8 2.7 23.2
Volatile matter Vdaf (%)f 56.2 58.8 56.9 57.4 56.8 55.8 63.1 58.0 55.8 56.2 55.4 64.2 49.4
Sulfur Stdb (%) 1.6 1.6 2.8 1.9 0.8 1.0 0.5 0.5 1.7 3.6 3.6 1.0 3.9
Gross calorific value GCV (MJ/kg) 23.9 25.9 26.1 28.9 29.2 26.2 24.8 26.3 25.6 26.9 25.5 26.7 27.6
Net calorific value NCV (MJ/kg) 9.8 18.1 14.8 21.8 20.9 18.8 20.2 12.7 18.0 19.0 14.4 17.54 18.7
Carbon Cdaf (%) 64.0 64.9 66.3 69.2 70.7 66.0 61.8 66.5 65.7 63.4 65.4 65.0 67.4
Hydrogen Hdaf (%) 4.7 5.3 5.1 5.8 6.0 5.2 5.6 5.3 5.0 5.2 4.8 5.8 5.2
Nitrogen Ndaf (%) 0.6 0.2 0.4 0.4 0.5 0.5 0.1 0.8 0.7 0.2 0.9 0.1 0.9
Oxygen Odaf (%) 27.7 27.8 24.5 22.5 22.0 27.2 31.9 26.9 26.6 27.3 24.4 28.1 21.5
Total cumulative volume  (mm3/g) 258.5 196.0 290.2 95.5 259.9 400.1 303.0 198.5 57.4 170.5 127.5 283.3 216.7
Total porosity (%) 33.4 25.0 31.5 11.5 26.5 35.9 31.6 22.9 8.4 19.9 18.3 28.6 25.9
Bulk density (g/cm3) 1.3 1.3 1.1 1.2 1.0 0.9 1.0 1.2 1.5 1.2 1.4 1.0 1.2
Apparent density (g/cm3) 1.9 1.7 1.6 1.4 1.4 1.4 1.5 1.5 1.6 1.5 1.8 1.4 1.6
Aromaticity factor fa 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7 0.5 0.7
Ash composition
 SiO2 66.8 37.4 64.3 19.3 18.2 20.4 – 7.4 25.5 19.7 20.4 18.4 63.4
 Al2O3 16.9 9.9 3.0 15.0 19.0 3.5 – 3.2 16.7 13.8 13.9 7.4 11.8
 Fe2O3 2.2 7.8 6.3 21.9 6.2 11.7 – 17.6 7.2 8.6 9.7 7.6 16.4
 MgO 1.6 3.5 2.3 6.4 11.0 2.4 – 2.1 2.2 1.6 1.3 2.2 0.3
 CaO 6.1 18.1 9.4 4.9 8.4 26.1 – 30.0 23.6 24.4 24.5 25.6 1.2
 Na2O 0.1 0.3 0.1 7.8 12.3 0.3 – 0.1 0.5 0.1 0.0 0.2 0.1
 K2O 0.6 0.6 0.2 1.2 1.0 0.3 – 0.1 0.2 0.4 0.2 0.4 0.8
 TiO2 1.7 0.6 0.5 1.6 2.4 0.3 – 0.3 0.6 0.8 0.7 0.5 2.9
 P2O5 0.0 0.3 0.0 0.2 0.2 0.0 – 0.0 0.2 0.2 0.1 0.1 0.1
 MnO 0.1 0.1 0.2 0.0 0.0 0.1 – 0.2 0.2 0.1 0.1 0.1 0.0
 Cr2O3 0.2 0.1 0.2 0.1 0.1 0.0 – 0.0 0.0 0.1 0.0 0.1 0.0
 Others 3.8 21.2 13.6 21.5 21.2 34.9 – 38.9 23.1 30.3 29.1 37.6 2.9

Alkali index 5.4 3.6 6.1 5.7 3.6 10.5 – 27.7 11.6 6.9 18.0 3.3 5.5
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Determining the reactivity of coal

The main purpose of the study was to determine the quantity 
and composition of gases released from coal during heat‑
ing. The main phenomenon observed during the experi‑
ment is pyrolysis, while the gasification process starts at 
900 °C (Solomon and Hamblen 1985; Tremel and Spliethoff 
2013). The first study was presented by Solomon and Ham‑
blen (1985), who claimed that the boundary between the 
pyrolysis process and lignite gasification is around 900 °C. 
These studies have been confirmed by Tremel and Spliethoff 
(2013). The pyrolysis process is associated with the destruc‑
tive distillation of organic substances by thermal energy 
in the absence of air. The tested coal was gasified in  CO2 
atmosphere.

Ladner (1988) has determined several stages of coal 
heating:

1. Below 350 °C, where the volatiles are mainly a result of 
evaporation rather than thermal degradation; in addition, 
water, volatile organics, hydrocarbons, and aromatic 
hydrocarbons such as benzene, toluene, and even HCl 
are also released.

2. 400–750 °C, the main area of thermal decomposition, 
commonly referred to as the low‑temperature carboni‑
zation area; the products are mainly gas and char (tar, 
liquor, and hydrogen are produced in lower amounts).

3. 750–900 °C, medium temperature carbonization; gas, 
char, tar, liquor, and hydrogen are released.

4. 900–1100 °C, the so‑called high‑temperature carboni‑
zation region, where appreciable thermal cracking of 
volatiles is taking place.

5. Above 1650 °C, where acetylene formation is favored.

It is clearly visible that the temperature is the most impor‑
tant parameter affecting the pyrolysis process. As a conse‑
quence, it has a direct impact on the produced char, liquids, 
and gases.

The first stage of the study examined the weight loss of 
carbon during the heating to a temperature of 815 °C in  CO2 
atmosphere.

Figure 3 presents how the individual samples responded 
to increasing temperature. A clear relationship between the 
lithotype of coal and the speed of reaction can be observed. 
Detritic coal (sample 1L—detritic Jóźwin, 13L—xylo‑
detritic Szczerców) with high mineral matter content loses 
weight more slowly. However, xylitic coal (7L—xylitic Sie‑
niawa, 12L—xylitic Szczerców), with high porosity starts to 
react at lower temperatures; at temperatures of 500–600 °C, 
60% of the sample mass is converted. Interestingly, xylitic 
coal of higher rank (Ro = 0.28%), e.g., from the Turów and 
Bełchatów deposits, does not react as easily as the lower‑
rank xylitic coal. Generally, it can be concluded that a 50% 
reaction at a temperature of 600 °C was observed in the 
majority of the tested samples.

Fig. 3  Weight loss of lignite 
heated in a  CO2 atmosphere
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Comparing the weight losses for lignite with and coals 
of higher rank (Fig. 4), it is clearly visible that ortho‑lignite 
is losing mass at lower temperatures. In addition, the final 
weight loss is higher for lignite. This is related to the lower 
amount of chemical bonds in lignite, which are difficult to 
break down.

In the next stage of the study, the amount and composi‑
tion of gas released at 600–1100 °C in a  CO2 atmosphere 
was determined and subjected to an analysis. Figure 5 pre‑
sents the relationship between the gas flow and increasing 
temperature. In some of the samples (4L, 5L, and 13L), 
two phases of increased gas release, at temperature ranges 
of 700–800 °C and 900–1100 °C, are clearly visible. This 
applies to xylitic and xylo‑detritic coal samples. At the same 
time, the mentioned samples are characterized by the highest 
carbon content and gross calorific value. It is suggested that 
aliphatic hydrocarbons, which due to the higher degree of 
carbonization are more strongly bound to the carbon skele‑
ton and are not released during the initial degassing process, 
are released in the first phase. Gas released at temperatures 
between 900 and 1100 °C is the result of thermal cracking 
of lignite and the formation of syngas. The highest gas flow 
in this phase is observed mainly for xylitic coal (samples 2L, 
10L, and 7L) and xylo‑detritic coal (samples 6L and 5 L).

In the case of coal with random vitrinite reflectance 
higher than 0.5%, two phases of gas release were clearly 
observed in the flow analysis. The first phase has a maximum 

temperature of approximately 900 °C, and the second phase 
has the temperature range from 950 to 1100 °C (Fig. 6). 
The first phase involves the degassing of coal, when volatile 
components, consisting of gas products and tar vapor formed 
during the thermal decomposition of solid fuel without air 
access, are released. The amount of volatiles decreases with 
increasing coalification of solid fuels, which can be observed 
at temperatures of 950 °C and higher (Fig. 6). This is associ‑
ated with changes in the organic structure of the carbona‑
ceous matter during the coalification process, the reduction 
of heteroatoms, and the increasing share of heat‑resistant, 
aromatic core of structural units at the expense of the periph‑
eral part. During the second phase, mostly CO and  CO2, 
accompanied by limited amounts of methane, are released. 
The first phase, at temperatures of up to 950 °C, is related 
to devolatilization, while the second phase of gas release 
is associated with the gasification process (Solomon et al. 
1993). The gasification starts after the completion of the 
devolatilization process. In the second phase, when the gasi‑
fication process takes place, the most commonly observed 
are heterogeneous reactions with coal, Boudouard, and 
hydrogenation reactions (Higman et al. 2008). Meanwhile, 
the largest gas density for low‑rank coal is observed at tem‑
peratures in the range 800–1000 °C, which indicates that the 
lignite gasification process occurs at lower temperatures than 
for medium‑ and high‑rank coal.

Fig. 4  Weight loss in coal 
samples with different degree of 
coalification
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The percentage of  H2,  O2, CO,  CO2,  CH4,  N2, and  H2S 
was determined in the gas samples collected at the tempera‑
tures of up to 950 °C and 1050 °C (Fig. 7).

At a temperature up to 950 °C (600–900 °C), the hydro‑
gen generation in the examined lignite is maximally up to 
3%, as observed in the case of detritic coal sample from 
the Sieniawa deposit. In addition, xylitic coal from the Szc‑
zerców and Sieniawa deposits contained 2.8% of hydrogen 
(Fig. 7). In the remaining samples, the  H2 content slightly 
exceeds 2%. At a temperature of 950–1050 °C, the amount 
of generated  H2 is much lower compared to amounts gen‑
erated under lower temperature conditions (up to 900 °C). 
The lowest amount of  H2 (0.2%) was released in the case of 
detritic coal with mineral matter from the Jóźwin deposit. 
In contrast, the highest amount of  H2 (1.6%) released at a 
temperature of up to 1050 °C was reported for xylo‑detritic 
coal from the Sieniawa deposit. In the remaining samples, 
these contents vary from 0.5 to 1.4%.

When it comes to gases resulting from the gasification 
processes carried out at temperatures between 600 and 
950 °C and up to 1050 °C, the  CH4 and hydrogen contents 
are higher for the former than for the latter. The highest con‑
tents (up to 0.5%) are observed for xylo‑detritic coal from 
the Turów and Sieniawa deposits. At temperatures between 
950 and 1050 °C, the methane content in the examined gas 
does not exceed 0.3%.

Both the reactivity and the amount of released gas are 
affected by different properties of coal. It is commonly 
accepted that the reactivity of coal decreases with increas‑
ing degree of coalification, while the reactivity of low‑rank 
coals can vary (Hashimoto et al. 1986; Miura et al. 1987).

To determine the relationship between the yield of indi‑
vidual gases at temperatures between 950 and 1050 °C and 
proximate, ultimate, and petrographic parameters, a cor‑
relation analysis has been performed. Table 4 presents the 

Fig. 5  Gas flow  (dm3/h) as a 
function of temperature in the 
Polish lignite
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Fig. 6  Gas flow  (dm3/h) as a 
function of temperature with a 
different rank of coal
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results of the correlation and the Pearson correlation coef‑
ficients. It presents only significant relationships (p = 0.05).

The results of the analysis have confirmed that the gas 
composition is affected by different parameters depending 
on different temperature conditions (temperatures until 950 
and 1050 °C).

Higher moisture content at temperatures up to 200 °C has 
a significant impact on the weight loss of coal. High ash con‑
tent negatively affects weight loss up until the temperature 
of 815 °C. At the same time, the  CH4 content decreases with 
increasing ash content up until the temperature of 950 °C. 
The ash content has a negative impact on the  H2, CO, and 
 CH4 contents in the case of gas produced at 950–1050 °C 
and the  CO2 and  H2S contents in the syngas. The volatile 
matter content in lignite significantly affects weight loss 
during heating. In addition, an increase in the volatile mat‑
ter content in synthetic gas is accompanied by an increase 
in  H2, CO, and  CH4 contents and a decrease in  CO2 and 

 H2S contents. This is related to the fact that volatiles are 
mainly composed of hydrogen, carbon monoxide, carbon 
dioxide, water vapor (e.g., crystallization water), methane, 
and other hydrocarbons (Speight 2016). Higher net calorific 
value, gross calorific value, carbon, and hydrogen contents 
significantly affect weight loss during heating and increase 
the  CH4 content in the gas produced at a temperature of 
up to 950 °C. In the case of gas produced at 950–1050 °C, 
higher net calorific value and gross calorific value increase 
the  H2 and CO content, while reduce the  CO2 content in 
the gas. The higher the total porosity of lignite, the higher 
the  O2 content in the syngas. The petrographic composi‑
tion is of no great significance to the syngas composition. 
It was reported that the CO content decreases, while the 
 CO2 and  H2S contents increase with increasing content of 
macerals from the liptinite group; this is observed up to a 
temperature of 950 °C. It has been shown that semifusinite 
negatively affects the conversion process. In addition, an 

Fig. 7  Percentage of  H2,  O2, CO,  CO2,  CH4 (vol%), and gas density (kg/m3), in the gas samples collected at the temperatures of up to 950 °C and 
1050 °C
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increase in the semifusinite content reduces weight loss of 
the examined sample and the  CH4 and  H2 contents in the 
syngas. Compared to other maceral groups, inertinite has 
a high carbon and a low oxygen and hydrogen content (van 
Krevelen 1993). The average reflectance and structure of 
semifusinite, a maceral of the inertinite group, are similar 
to that of humotelinite/vitrinite and fusinite (ICCP 2001). 
The higher the aromatic factor, the smaller the weight loss 
of the sample during heating. The chemical composition of 
ash has a limited impact on the syngas composition. The 
mentioned impact is observed only for  SiO2, CaO,  TiO2, and 
 Cr2O3. The degree of the conversion decreases with increas‑
ing  SiO2 content in lignite sample. On the other hand, higher 
CaO content is related to higher weight loss of lignite dur‑
ing heating. This is associated with the thermal conversion 
of minerals forming the ash. Carbonate minerals, such as 
calcite, break down at temperature of 950 °C.

In addition, it has been shown that the hydrogen and CO 
contents in the gas in a temperature range of 600–950 °C 
and the CO content in the gas in a temperature range of 
950–1050 °C increase with increasing weight losses dur‑
ing heating. An inverse relationship is observed in the case 
of  CO2,  H2S, and gas density; their content in the syngas 
decreases with increasing weight losses during heating.

Conclusion

The main objective of this experimental study was to deter‑
mine the suitability of lignite to the gasification process in 
 CO2 atmosphere. The study used various lithotypes of humic 
lignite. It has been confirmed that the composition of lig‑
nite affects the responsiveness and quality of the produced 
syngas.

In addition, the impact of the petrographic composition 
of the produced syngas has also been confirmed. When it 
comes to the petrographic composition, it has been found 
that humic coal is ideally suited for the gasification process 
due to its chemical structure. It has been confirmed that lig‑
nite is significantly converted already at a temperature of 
600 °C. In addition, it has been shown that xylite, which is 
mainly made of porous textinite, is more prone to gasifica‑
tion. The lowest efficiency of gasification was found in the 
case of detritic coal, mainly made of attrinite and densin‑
ite. The most negative impact on the composition of the 
produced syngas is attributed to the increased amounts of 
macerals of the inertinite group, mainly semifusinite. These 
macerals increase the content of undesirable CO and  CO2. 
The increased ash content negatively affects the reaction 
speed and the quality of the produced syngas. The weight 
loss of the sample during heating decreases with increase in 
aromatic factor.

There are two phases of increased conversion in the case 
of coal with a higher degree of coalification and gelifica‑
tion; their nature is similar to those observed in medium‑
rank coals. The highest gas flow during the gasification of 
ortho‑lignite is observed at temperatures in the range of 
900–1050 °C, where aromatic bonds break. However, the 
process itself and the usefulness of the coal for the gasifica‑
tion process are affected mainly by moisture and ash con‑
tent. They form ballast that hinders the gasification process. 
Therefore, when examining the suitability of the lignite for 
the gasification process, it is necessary to perform not only 
the proximate and ultimate analyses, but also the analysis of 
petrographic composition.
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