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Abstract 
As probably the most complex natural (geological) material, as well as a parent of the industrial revolution and the most 
important source of heat and electricity in the world, coal has attracted and continues to attract special attention of scientists 
and the entire world population. In this context, this lecture text is intended to provide both chemistry and geology students 
as well as teachers of courses on the chemistry and geology of coal with a solid background of the chemistry and geology 
of coal. Various aspects of coal chemistry are covered, including the nature of coal, its composition, coking, gasification, 
liquefaction and production of chemicals. Coal geology concerns major eras of coal formation as well as the processes of 
peatification, coalification and the chemical processes of coalification, coal types and their properties, coal lithotypes and 
coal ranks. Each of these topics is an important subject in its own, and this text is aimed to give only a brief overview of 
each, emphasising the relationship between the geology and chemistry of coal.
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Introduction

Depending on the language, historical period, geographi-
cal area, etc., there are various explanations related to the 
etymology of the modern word coal (in English). Thus, 
the word most often mentioned is coal, which originated 
from the Old English col and means charcoal, live coal, a 
piece of wood or other combustible substance. It is often 
related to Proto-Germanic kula(n), Old Frisian kole, Mid-
dle Dutch cole, Dutch kool, Old High German chol, Ger-
man Kohle, Old Norse kol, etc. [1].

To understand the differences in the composition, 
properties and uses of coal, it is first important to under-
stand the nature of its origin. Coal is the result of an 
accumulation of organic and inorganic material and its 
follow-up transformation over geological times by the 
process of coalification into a fossil fuel with relatively 
high energy density [2, 3] (the coalificiation process is 
explained in detail further down). The energy density 
increases as coalification progresses, which explains the 
wide variation in coal quality that exists in the world today. 
To increase the energy density, the amount of inorganic 
material present must be reduced using various techniques. 
When using coal to generate electricity, the most common 
practice is to pulverise the coal before combustion. Dur-
ing combustion, the organic phases are consumed while 
the remaining inorganic components, such as minerals 
and trace elements, are converted into coal ash. The com-
position, properties and use of the residual ash depend 
on both the inorganic materials present in the fuel and 
the combustion conditions. Various clean coal technolo-
gies (CCTs) have been developed to reduce sulphur and 
nitrogen oxide emissions generated during coal combus-
tion. Consequently, the composition and properties of the 
ash they produce are also quite different [2].

Coal is a combustible black or brownish-black sedi-
mentary rock that contains a variable amount of carbon 
(usually more than 50 wt%) and variable amounts of other 
elements (mainly hydrogen, sulphur, oxygen and nitrogen) 
[4–6].

Unlike mineral rocks, which are composed of inor-
ganic material, coal is formed over millions of years by 
the decay and transformation of plant material into peat 
(sole-like, partially decayed plant material that accumu-
lates in wetlands), which is later converted into coal under 
the pressure and heat of deep burial [6–11].

Coal occurs in underground formations called "coal 
beds" that are about 30 m thick and 1500 km long. It is 
widespread on all continents (the largest reserves are in 
the USA, Russia, China, Australia and India) and occurs 
in the form of peat, lignite, sub-bituminous coal, bitu-
minous coal, anthracite, graphite, cannel coal and 

coking coal [11–13]. Coal can also be classified based 
on its macroscopic appearance (commonly referred to as 
coal rock type, lithotype or kohlentype). Four main types 
are distinguished: vitrain, clarain, durain and fusain 
(which will be discussed later) [14–16].

Depending on the types of coal and their degree of 
purity, coal may produce upon burning different amounts 
of ash. Coal ash is the mineral substance that remains after 
the coal is burned. It contains very little organic matter. 
Chemical constituents of coal ash may include nitrogen 
and sulphur compounds, unburned carbon, heavy metals, 
radioactive elements and polycyclic aromatic hydrocar-
bons (PAHs). Depending on the location of coal mining, 
coal ash typically contains heavy metals such as As, Pb, 
Hg, Cd, Cr, Se as well as, Al, Sb, Ba, Be, B, Cl, Co, Mn, 
Mo, Ni, Tl, V and Zn, mostly in chemically bonded form. 
In general, coal ash consists of fly ash (the fines part of 
the ash carried by the flue gases) and bottom ash (non-
combustible material). Among them, fly ash accounts for 
a major component (80% to 90%) of the total ash, and 
bottom ash accounts for between 10 and 20% [6, 17–20].

Coal, along with petroleum and natural gas, is the most 
abundant non-renewable fossil fuel resource currently in 
use worldwide and is expected to continue to be an impor-
tant component of the world’s energy resources (electric-
ity) for the foreseeable future [21]. It can be considered 
the forefather of the industrial revolution and the principal 
source of heat and electricity in the world [22].

Nevertheless, in the recent decades and even in the pre-
sent time, continuous efforts have been made to replace 
the use of coal with various alternative energy sources 
(solar, hydro, wind, nuclear) [23–25]. The use of coal as 
a fossil fuel resource and the damage caused by its use to 
the environment and human health will be discussed in the 
next issues of ChemTexts.

The studies in the field of coal geology and chemis-
try have been the subject of interest of many researchers, 
the results of which have been published in a plethora of 
scientific papers, monographs, books, educational texts, 
websites, etc. [7, 8, 13, 18, 21, 26–44].

In his modern and comprehensive book Coal Geology, 
Larry Thomas [41] mentions that no single model has 
been identified that can predict the occurrence, evolution 
and type of coal, even though the origin of coal has been 
studied for over a century. A variety of models attempt 
to identify the environment of deposition, but none can 
provide a satisfactory explanation for the cyclic nature of 
coal sequences, the lateral continuity of coal beds and the 
physical and chemical properties of coals. With the advent 
of sequence stratigraphy, however, the geological events 
leading to the different phases of deposition and erosion 
within the coal-bearing sequences has been recognised.
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According to Peter Warwick [21], the various disciplines 
of coal geology aim to better understand the factors that 
influence the formation and distribution of coal beds, such as 
climate, eustacy, tectonics, diagenesis and thermal history. 
The study of coal geology helps scientists to understand the 
complex nature of the many different types of coal and how 
the various disciplines of coal geology can be used together 
to address the environmental problems associated with coal 
utilisation.

As expected, the texts in the above-mentioned mono-
graphs and books are quite extensive and comprehensive, 
being presented on hundreds of pages. On the other hand, 
in the abundance of scientific papers on coal (including coal 
chemistry and coal geology), the texts are of a very high 
scientific level and most refer to the specific topics of coal 
investigations, in which the obtained results are discussed 
in detail, but often not comprehensively. Therefore, we have 
prepared a manuscript on coal chemistry and coal geology in 
which various aspects of coal chemistry (nature of coal, its 
composition, coking, gasification, liquefaction and produc-
tion of chemicals) and coal geology (various types of coal 
formation, peatification, coalification, chemical processes of 
coalification, coal types and their properties, coal lithotypes 
and coal rank) are presented together. To our knowledge, 
there is no manuscript of this type and content in the litera-
ture that presents all the mentioned aspects of coal chemistry 
and geology in a paper of about 20 pages. We hope that 
this type of text will be useful for chemistry and geology 
students as well as for teachers of courses on the chemistry 
and geology of coal.

Chemistry of coal

Composition

Chemical composition is the underlying criterion for the 
oldest coal-classification system, later improved in the 
systems that classified coals based on their hydrogen and 
carbon content [16]. However, because the relationships 
between chemistry and other coal properties are complex, 
these types of classifications are rarely used for practical 
purposes nowadays.

The physical and chemical properties of coal are deter-
mined using proximate, ultimate and calorific value analysis 
[5, 38].

The proximate analysis is used to determine moisture, 
volatile matter, fixed carbon and ash. The volatile matter 
does not exist by itself (with the exception of some adsorbed 
methane), but denotes the volatile compounds that are 
formed and expelled when the coal is heated. For economic 
reasons, it is important to know the moisture and ash content 
of coal as they do not contribute to the heating value of coal. 

The calorific value mainly comes from the volatile matter 
(excluding moisture) and the fixed carbon content.

The ultimate analysis is used to determine ash, carbon, 
hydrogen, nitrogen, oxygen, sulphur and moisture content 
of coal. Additionally, specific chemical analysis may be also 
employed to determine the presence of different forms of 
sulphur in coal (its minerals pyrite, marcasite, gypsum or 
organically bound sulphur) as well as the presence of trace 
elements (e.g. mercury and chlorine).

The calorific value of coal is determined by using the 
bomb calorimeter method.

It should be noted that the results of both proximate and 
ultimate analysis vary slightly depending on the country 
(locality) where the coal is excavated and the type of coal. 
For example, a typical bituminous coal may have an ulti-
mate analysis on a dry, ash-free basis of 84.4% carbon, 5.4% 
hydrogen, 6.7% oxygen, 1.7% nitrogen and 1.8% sulphur (on 
a weight basis) [18]. In this context, the ash composition of 
a typical bituminous coal can vary  (SiO2: 20–40;  Al2O3: 
10–35;  Fe2O3: 5–35; CaO: 1–20; MgO 0.3–4;  TiO2: 0.5–2.5; 
 Na2O +  K2O: 1–4;  SO3: 0.1–12, expressed as oxides, wt%) 
[18]. The average content of minor components of ash 
includes: Hg (0.1 ± 0.01 ppm) [45], As (1.4–71 ppm) [46] 
and Se (3 ppm) [47]. It should be noted that coal is prob-
ably the most complex natural (geological) material. Table 1 
presents chemical composition (wt%) of one of the typical 
bituminous coals.

Figure 1 gives a structural model representation of the 
lignite coal  (C39H35O10NS), bituminous coal  (C18H14O) and 
anthracite coal  (C45H29O2NS) [50–53].

Coking

Coking coal is an essential raw material for the production of 
iron and steel. Coke is a solid carbonaceous residue formed 
from coking coal (a low-ash, low-sulphur bituminous coal, 
also known as metallurgical coal), which is used in make 
steel and other iron products [54]. Coke is produced by burn-
ing coal at temperatures up to 1000 °C in the absence of 

Table 1  Bituminous coal 
composition [48, 49]

Analysed parameter As 
received 
(wt%)

Carbon 63.75
Hydrogen 4.50
Nitrogen 1.25
Sulphur 2.51
Chlorine 0.29
Ash 9.70
Moisture 11.12
Oxygen 6.88
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oxygen to remove the volatile hydrocarbons contained in 
the coal. The resulting coke is mechanically strong, porous 
and chemically reactive, all of which are critical properties 
for stable blast furnace operation. Coke making is extremely 
problematic from an environmental perspective, as many of 
the hydrocarbons expelled during the coking process are 
hazardous (the damage to the environment and human health 
caused by the use of coal will be discussed in a separate 
article in an upcoming issue of ChemTexts).

In addition, not all types of coal are suitable for the pro-
duction of coke [55, 56].

Metallurgical coke is used as a fuel and as a reducing 
agent in the smelting of iron ore in a blast furnace. The addi-
tion of carbon as a heating material during the ongoing pro-
cess of reducing iron ore (hematite,  Fe2O3) to iron results in 
the formation and emission of carbon dioxide:

The impurities in the coal affect the quality of the coke 
produced. Such impurities are moisture, volatile matter, ash, 
sulphur, phosphorus and alkali content. Their levels should 
be kept as low as possible to avoid their migration into the 

2Fe2O3 + 3C → 4Fe + 3CO2

metal [54]. Sulphur and ash are of particular importance 
because if their content increases, coke productivity in the 
blast furnace decreases. The ash content should be below 
8% [55, 56].

The coke must be strong enough to withstand the weight 
of the overburden in the blast furnace, which is why coking 
coal is so important in conventional steelmaking. Coke from 
coal is grey, hard and porous and has a calorific value of 
29.6 MJ/kg. Coal tar, ammonia, light oils and coal gas are 
byproducts of coke production.

The rank and chemistry of the coal have a strong effect on 
the textures of coke (coal types and coal rank are discussed 
later in the individual subchapters). The coking carbonisa-
tion characteristics of the individual constituents of in the 
coal determine the type of coke produced. For coking to 
occur, the coal must fall within a certain rank range. The 
coal must have a comparatively high content of vitrinite (a 
type of maceral) to form a hard metallurgical coke [55, 56].

Gasification

In coal gasification, coal reacts with oxygen, steam and car-
bon dioxide to form syngas containing hydrogen  (H2) and 
carbon monoxide (CO). Gasification is, in fact, a process 
of incomplete combustion. From a chemical and physical 
point of view, these two processes are quite similar, the main 
difference being the nature of the final products. The main 
difference is that gasification consumes heat evolved dur-
ing combustion. In gasification, the sulphur from the coal 
is released as hydrogen sulphide rather than sulphur diox-
ide, and the nitrogen from the coal is mostly converted to 
ammonia rather than nitrogen oxides. These reduced forms 
of sulphur and nitrogen are easily isolated, captured and uti-
lised. Therefore, gasification is a clean coal technology with 
a better environmental performance than coal combustion 
[37, 57].

Depending on the type of gasifier and the operating con-
ditions, gasification can produce a fuel gas suitable for vari-
ous applications (low heating value fuel gas, medium heat-
ing value fuel gas and high heating value gas).

Syngas can also be converted into transportation fuels 
such as gasoline and diesel through the Fischer-Tropsch 
process. Alternatively, syngas can be converted to metha-
nol, which can be blended directly into fuel or converted to 
gasoline via the methanol to gasoline process [37].

In gasification, coal is mixed with oxygen and steam and 
simultaneously heated and pressurised. During the reaction, 
oxygen and water oxidise the coal to carbon monoxide (CO), 
also releasing hydrogen gas  (H2). The process was formerly 
used in underground coal mines, but was also used to pro-
duce town gas, which was piped to customers for lighting, 
heating and cooking.

Fig. 1  Structural models of a lignite coal  (C39H35O10NS), b bitumi-
nous coal  (C18H14O) and c anthracite coal  (C45H29O2NS) (yellow-sul-
phur, blue-nitrogen, grey-carbon, red-oxygen, white-hydrogen atoms 
respectively) (reproduced from Ref. [50] with permission from the 
Royal Society of Chemistry)
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When the refiner wants to produce gasoline, the syngas is 
routed into a Fischer-Tropsch reaction. This is called indirect 
coal liquefaction. However, if hydrogen is the desired end-
product, the syngas is directed to the water gas shift reaction, 
which releases more hydrogen:

Liquefaction

Coal liquefaction is a process of converting coal into liq-
uid fuels or petrochemicals. There are several processes to 
accomplish this task. The two most common are the indirect 
route and the direct route [58, 59].

The indirect route consists of two steps: In the first step, 
coal is gasified with steam and oxygen to produce a synthe-
sis gas (syngas), which is then purified to remove dust, tar 
and acid gases. In the second step, the synthesis gas (syngas) 
goes through the Fischer-Tropsch process in the presence of 
catalysts, which converts the syngas into a range of hydro-
carbon fuels such as gasoline, diesel and methanol [60].

3C (as coal) + O2 + H2O → H2 + 3CO

CO + H2O → CO2 + H2

Direct coal liquefaction involves contacting coal directly 
with a catalyst at elevated temperatures and pressures in the 
presence of a solvent with the addition of hydrogen  (H2) 
to produce a raw liquid product that is further refined into 
liquid fuels. It is referred to as direct liquefaction because 
the coal is converted to liquid without the prior formation of 
syngas (which in turn be converted to liquid products) [60].

Coal liquefaction emits more carbon dioxide than the 
production of liquid fuels from crude oil. Biomass blend-
ing and the use of carbon capture and storage (CCS) would 
emit slightly less than the oil process, but at a high cost [61].

Production of chemicals

The production of certain chemicals from coal dates back 
to its beginnings in the 1950s. Coal is used to produce a 
variety of chemical substances, chemical fertilisers as well 
as dyes, drugs, plastics, explosives, etc. The processes used 
to produce certain chemicals from coal are usually propri-
etary systems with specialised processing equipment. The 
main route for obtaining the above chemicals and fertilis-
ers is coal gasification to produce syngas [62, 63]. Figure 2 
shows a simplified purification scheme of cryogenic partial 
condensation of syngas (CO/H2).

Fig. 2  Scheme of the production of chemicals from coal [63] (provided by the US Department of Energy’s National Energy Technology Labora-
tory)
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Chemicals produced directly from syngas include metha-
nol, hydrogen and carbon monoxide (highlighted in dark 
green in Fig. 2). They are subsequently the chemical building 
blocks from which various chemical derivatives are manu-
factured, including olefins, acetic acid, formaldehyde, ammo-
nia, urea and others. The versatility of syngas as a feedstock 
for primary chemicals and high-value downstream products 
provides the opportunity to use coal to produce a wide range of 
products. However, it should be mentioned that in the twenty-
first century, the use of coal bed methane is becoming increas-
ingly important [63].

In the following discussion, a very brief description of the 
valuable properties and processes of some important chemi-
cals such as carbon monoxide, acetic acid, formaldehyde and 
olefins is given [62, 63].

Methanol

In recent years, there has been growing interest in the use of 
methanol as an alternative liquid fuel. Methanol is produced by 
conversion or derived from syngas, natural gas, coal, refinery 
off-gas or petroleum:

Coal-derived methanol contains no sulphur or other impu-
rities and could replace petroleum in transportation, provide 
a hydrogen source for fuel cells or be used as a peak fuel in 
combustion turbines.

In addition to using the methanol directly as a fuel, it can 
be converted into gasoline using a special catalyst. Methanol 
is also used in the process of production of dimethyl ether and 
also for gasoline according to the reaction [64]:

Hydrogen

Various methods are used for the production of hydrogen. The 
most common among them is the so-called steam methane 
reforming. In this process, methane is converted into a mixture 
of hydrogen and carbon dioxide:

The process of partial oxidation of hydrocarbons (coal, nat-
ural gas, heavy oils and solid biomass) is also used to produce 
hydrogen. Below is given an example reaction for this type of 
partial oxidation:

2H2 + CO → CH3OH

Methanol → dimethyl ether → ethylene

→ oligomerization → gasoline

CH4 + H2O → CO + 3H2

CH4 + H2O → CO + 3H2CO + H2O → CO2 + H2

Syngas (CO +  H2) obtained from coal:

can be further converted to hydrogen:

Ammonia

The fuel-bound nitrogen of coal is transformed during 
the pyrolysis of coal (gasification) to ammonia. Then, the 
residual gas containing ammonia is washed with a spray of 
sulphuric acid so that ammonium sulphate is formed.

In addition to using syngas as a feedstock for the produc-
tion of a variety of organic and inorganic materials, it can 
also be used as a source of hydrogen (H2) for the synthesis 
of ammonia:

Carbon monoxide

Syntheses of certain chemicals require high purity carbon 
monoxide (CO) as a feedstock. This is obtained by separa-
tion from syngas, which can be accomplished by several 
commercial processes: cryogenic purification, pressure 
swing adsorption, membrane separation and salt solution 
absorption. Cryogenic purification is usually the preferred 
method unless the syngas feed contains large amounts of 
nitrogen  (N2), since the boiling points of CO and  N2 are 
close [TB(CO) – TB(N2) = − 4.3 K)]. Under this situation, 
copper salt solution absorption can be used instead.

Acetic acid and derivatives

Acetic acid  (CH3COOH), an important industrial chemi-
cal, can be produced from coal-derived methanol indirectly 
through carbonylation of methanol over rhodium or iridium 
catalysts (with various iodide or other additives) according 
to the following reaction:

The rhodium catalysed process is highly selective 
(> 98% acetic acid) and operates under mild reaction pres-
sure (⁓3.45 Pa) in a liquid phase reactor. Acetic acid reacts 
with methanol to form methyl acetate  (CH3COOCH3), 

2C8H18 + 2H2O + 9O2 → 12CO + 4CO2 + 20H2

C (as coal) + H2O → CO + H2

CO + H2O → H2 + CO2

N2(g) + 3H2(g) → 2NH3(g)

CH3OH + CO → CH3COOH
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which further reacts with CO to produce acetic anhydride, 
 (CH3CO)2O.

Formaldehyde

Formaldehyde can be produced from coal indirectly through 
dehydrogenation and partial oxidation of methanol using a 
silver catalyst, based on the following reactions:

Equilibrium conversion and potential side reactions are 
highly temperature dependent. The overall reaction tempera-
ture is controlled by the quantity of air (oxygen) used and the 
addition of inerts, such as water and/or nitrogen.

Olefins

Olefins, such as ethylene and propylene, can be produced 
from coal gasification indirectly by catalytic cracking of 
methanol  (CH3OH), commonly called the methanol-to-
olefins (MTO) process. The final product from distillation 
separation typically consists of polymer grade ethylene and 
propylene, a methane-rich fuel gas, plus a small amount 
of ethane, propane, butane, pentane and higher molecular 
weight liquids.

Humic substances

Interest in soil humus has increased during the last years 
[103]. Humus is formed by the decomposition of plant and 
animal residues by microorganisms in soils, composts, 
peat bogs and water basins [65]. It is a complex material of 
brown- to dark-coloured substances. Humic substances con-
sist of complex aromatic macromolecules with amino acids, 
peptides and amino sugars [66], while humic fertilisers are 
derived from brown coal [67]. Details of the procedures used 
to isolate humic acids from brown coal have been described 
by Hänninen et al. [68] and Demirbas [69].

Geology of coal

Formation

In general, most of the coal (and the other two fossil fuels, 
oil and natural gas) excavated today is thought to have origi-
nated from plants that grew in and adjacent to swamps in 
warm, moist regions hundreds of millions of years ago [7, 
8, 16, 36, 70‒72]. At various times in the geological past, 
material from these dense forest plants in low-lying wetlands 

CH3OH → HCHO + H2

CH3OH + 1∕2O2 → HCHO + H2O

(which remained wet most of the time) was converted to peat 
(soil-like, partially decayed plant material) by the activity of 
microorganisms. This organic plant material continued to 
accumulate and was later converted to coal. There are three 
main sources of evidence that coal was derived from plants. 
The first relates to lignite (the lowest coal rank), which often 
contains recognisable plant remains. The second evidence 
is sedimentary rock layers above, below and adjacent to 
coal seams that contain plant fossils (leaves and stems) in 
the form of imprints and charred films. The third piece of 
evidence is related to the fact that even high rank coal may 
contain plant precursor material.

Precambrian coal is thought to have originated from resi-
dues of algae [7]. An example is anthracite, the highest coal 
rank material from the Proterozoic Eon (2.5 billion to 541 
million years ago) of Precambrian time, which has this ori-
gin. Fossil algae and fungi (any of about 144,000 known spe-
cies of organisms from the fungal kingdom, which includes 
yeasts, rusts, smuts, mildews, moulds and mushrooms) have 
also been found in the siliceous rocks of the same age.

Otherwise, two major eras of coal formation in geology 
are registered [16, 73]. The older one includes the Carbonif-
erous Period (358.9 million to 298.9 million years ago) and 
the Permian Period (from 298.9 million to 251.9 million 
years ago) of the Paleozoic Era. Much of the bituminous 
coal in Europe and eastern North America, for example, is 
of Carboniferous Period, while most of the coal in Siberia, 
eastern Asia and Australia is of Permian Period.

The younger era of coal formation began about 145 mil-
lion years ago, during the Cretaceous Period, and peaked 
about 66 million to 2.6 million years ago, during the Paleo-
gene and Neogene periods of the Cenozoic Era. Most of the 
coals formed during this later era are lignites and subbitumi-
nous (brown) coals, which are widely distributed in western 
North America (including Alaska), southern France and 
central Europe, Japan and Indonesia [16, 74] (see Fig. 3).

Although coal is known from most geological periods, 
about 90% of all coal beds were deposited in the Carbonifer-
ous and Permian periods, accounting for only about 2% of 
Earthʹs history [8].

In addition to favourable geographic conditions (tem-
perature, sea level, river delta erosion, etc.), other factors 
(such as a high oxygen content > 30%, a high carbon dioxide 
content that promotes plant growth and the nature of the 
Carboniferous forests, which included lycophyte trees) con-
tribute to the rapid deposition of coal through the formation 
of extensive coal beds [8].

Peatification

Peat is a soil-like, partially decayed plant material that 
accumulates in wetlands (distinct ecosystems that are 
inundated by water) and is the precursor material from 
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which coal is derived [6, 76]. Peat formation is controlled 
by at least three factors: (1) the evolutionary development 
of plant life; (2) the climatic conditions (warm enough 
to promote plant growth and moist enough to allow partial 
decomposition of plant material and preserve peat); (3) 
physical conditions of the area (its geographic location rel-
ative to the sea or other water bodies, subsidence or uplift 
rates, etc.) [16, 77, 78]. Warm humid climates are suitable 
for the production of bright coal, known as bituminous 
coal, which is characterised by its fine banding and high 
concentrations of nitrogen, sulphur and moisture. Cooler 
temperate climates, on the other hand, are favourable for 

the production of so-called detrital coal with relatively 
little bright coal.

The process of partial decomposition of plant material 
accumulated in wetlands is called peatification [6, 76, 77, 
79] (see Fig. 4).

Figure 5 shows the peat cutting face and the cuttings 
obtained from the peat banks, which were formed during the 
process of coal formation at thick peat deposits developed at 
various conditions (explained below in the text) [80].

The area where the coal beds may have developed must 
have been elevated to allow plant growth to develop (areas 

Fig. 3  Schematic presentation of coal formation through the hundred million years [75]. (Credit: B. Cornell, available at http:// ib. bioni nja. com. 
au)

Fig. 4  Schematic presentation of peat formation process [6]. (Credit: 
Kentucky Geological Survey, University of Kentucky)

Fig. 5  Neat stacks of peat drying at the side of the area from which 
it was cut [80]. (Credit: Jonathan Wilkins, under https:// creat iveco 
mmons. org/ licen ses/ by- nc/2. 0/)

http://ib.bioninja.com.au
http://ib.bioninja.com.au
https://creativecommons.org/licenses/by-nc/2.0/
https://creativecommons.org/licenses/by-nc/2.0/
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near seacoasts or low-lying areas near streams remain moist 
enough for peat to form). The process of coal formation in 
thick peat deposits developed in places where the following 
conditions prevailed: slow, continuous subsidence; the pres-
ence of levees, beaches and bars that provided protection 
from frequent flooding; and a limited supply of incoming 
sediment that would have interrupted peat formation.

Microorganisms (bacteria) attack the plant material and 
convert it into peat. Very near the surface, where oxygen is 
still readily available (aerobic/oxidising conditions), decom-
position of the plant material produces mainly gaseous and 
liquid products. As depth increases, conditions (increasingly 
anaerobic/reducing) become favourable for the development 
of moulds and peat. The process of peat formation (biochem-
ical coalification) is most active in the upper few metres of 
a peat deposit. Fungi are not found below about 0.5 m, and 
most forms of microbial life are eliminated at depths below 
about 10 m. When either the rate of subsidence or the rate 
of influx of new sediment increases, the peat is buried and 
soon thereafter the coalification process (geochemical coali-
fication or physicochemical coalification) begins. This cycle 
can repeat many times, which explains the numerous coal 
seams found in some sedimentary basins [16, 78, 81, 82].

Peat deposits vary and include former plant parts (roots, 
bark, spores, etc.) and decayed plant parts as well as other 
decay products, sediment and charcoal. A wide variety of 
organic and inorganic constituents in the resulting coals 
formed during the process of peatification are present, 
including various minerals derived from sediments carried 
by wind and water [6, 83, 84].

Coalification

The coalification process is characterised by chemical and 
physical changes in organic and inorganic compounds. It 
continues until the highest heating during the Earth’s history 
[6, 78, 85, 86].

There are three important physical factors that can influ-
ence the coalification process: duration, increasing tempera-
ture and increasing pressure [29, 85, 87].

In general, the geological age of a coal was found to 
have no effect on rank, i.e. time was not considered to be an 
important factor influencing coal rang. However, modern 
research has shown that the length of time that the organic 
compounds and coal are exposed to elevated heating can also 
influence rank [88]. In addition, different rates of chemical 
and physical changes occur during coalification and organic 
maturation, which can be considered as time-influenced 
parameters [89].

The most widely accepted explanation is that coalification 
takes place in response to increasing temperature. In general, 
temperature increases with depth, averaging about 30 °C per 
kilometre. The temperature gradient ranges from < 10 °C 

per kilometre in regions undergoing very rapid subsidence 
to > 100 °C per kilometre in areas of igneous activity. Meas-
urements of the thicknesses of the sedimentary cover and 
the corresponding coal ranks suggest that temperatures < 
200 °C are sufficient to produce anthracite coal.

Increasing pressure due to depth of burial is not thought 
to cause coalification. In fact, increasing overburden pres-
sure could have the opposite effect in retaining volatile com-
pounds such as methane that must escape during coalifi-
cation. The pressure may affect the porosity and moisture 
content of the coal [16, 29]. Figure 6 illustrates the coalifi-
cation process (as the first step of coal formation), which is 
characterised by the physical, bacterial and chemical decom-
position of plant parts (roots, bark, stems, leaves and other 
plant tissues) followed by the later process of formation of 
vitrinites (one of the main constituents of coal), liptinites 
(finely-ground remains in coal deposits) and inertinites 
(oxidised organic material). The formed coal beds contain 
organic components from plants and mineral components 
from various sources [90]. Vitrinites, liptinites and inerti-
nates constitute the so-called macerals and can be identified 
by ore microscopy [91].

Chemical processes of coalification

Cellulose, hemicellulose and lignin are the main components 
of the woody tissue of plants. Peat consists largely of lignin, 
while the content of cellulose and hemicellulose ranges from 
5 to 40% (in the text, the content is given in wt%). However, 
the presence of various other organic compounds, such as 
waxes and nitrogen- and sulphur-containing compounds, 
has also been noted [92]. Lignin contains ~ 54% carbon, 6% 
hydrogen and 30% oxygen, while cellulose contains ~ 44% 
carbon, 6% hydrogen and 49% oxygen. Bituminous coal 
has a composition of about 84.4% carbon, 5.4% hydrogen, 
6.7% oxygen, 1.7% nitrogen and 1.8% sulphur, on a weight 
basis [18]. Clearly, during coalification, chemical processes 
remove most of the oxygen and much of the hydrogen, 

Fig. 6  An overview of the progression of plant and fungal tissues and 
burned material from peat [90] (under https:// creat iveco mmons. org/ 
licen ses/ by- nc- nd/4. 0/)

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
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leaving carbon, which is why the process is called carboni-
sation [40].

The process of carbonisation consists of three sub-pro-
cesses: dehydration, decarboxylation and demethanation.

In dehydration, water is removed from the maturing coal 
via the following reactions [30]:

Decarboxylation removes carbon dioxide from the matur-
ing coal, which occurs through a reaction [30]:

while demethanation proceeds through the next two reac-
tions (R represents the remainder of a cellulose or lignin 
molecule to which the reacting groups are attached):

The processes of dehydration and decarboxylation take 
place at an early stage of coalification, while demethanation 
occurs much later, when the coal has already reached the 
bituminous rank [43].

During the process of carbonisation,  aliphatic com-
pounds  (chain carbon compounds) are replaced by aro-
matic compounds (ring carbon compounds) and polyaro-
matic compounds (linked rings of carbon atoms) [93].

Coal types and their properties

Coal, as one of the three fossil fuels (along with oil and 
gas), generates ~ 40% of the world's electricity and about 
25% of the world's primary energy). According to the World 
Coal Association, coal is the largest single source of elec-
tricity in the world and will still contribute 22% of electric-
ity generation in 2040 [94]. The quality of coal is directly 
determined by its carbon content and the amount of ther-
mal energy the coal can produce [95]. Higher-quality coal 

2 R−OH → R−O−R + H2O

2 R − CH2 − O − CH2 − R → R − CH = CH − R + H2O

RCOOH → RH + CO2

2R − CH3 → R − CH2 − R + CH4

R − CH2 − CH2 − CH2 − R → R − CH = CH − R + CH4

contains greater amounts of carbon and produces less smoke, 
burns longer and provides more energy than lower quality 
coal. Consequently, coal is generally classified into four 
main types or ranks (from highest to lowest): anthracite, 
bituminous, sub-bituminous and lignite [96].

Table 2 lists various types of coal, distinguished by their 
carbon content, moisture content, volatile content and heat 
content.

In the following fragment, an overview of the different 
grades of coal, ordered from the lowest to the highest qual-
ity, is given.

Peat is the first step in the formation of coal. It is a soft, 
crumbly, dark brown material formed over generations 
from dead and partially decaying organic matter. To be con-
verted to coal, peat must be buried in sediment at a depth of 
4–10 km [70]. Peat has the lowest carbon content (< 60%) 
and the lowest energy density (see Table 2 and Fig. 7 [97]).

Lignite or brown coal is the least valuable type of coal 
with a carbon content of 65% to 70% [96]. Compared to 
other types of coal, it contains the largest amount of com-
pounds other than carbon, such as sulphur and mercury [98]. 
Lignite is the youngest fossil fuel, with an age of about 60 
million years. It has a fairly low energy density of 18 MJ/kg 
(see Table 2). The higher moisture content and lower carbon 
content of lignite (Fig. 8, [99]) compared to other higher-
grade coals (Table 2) results in lower carbon dioxide emis-
sions compared to other coals.

Table 2  Types of coal [96] Coal Dry, Carbon con-
tent (%)

Moisture content before 
drying (%)

Dry, volatile con-
tent (%)

Heat Con-
tent (MJ/
kg)

Anthracite 86–92 7–10 3–14 32–33
Bituminous coal 76–86 8–18 14–46 23–33
Sub-bituminous coal 70–76 18–38 42–53 18–23
Lignite 65–70 35–55 53–63 17–18
Peat  < 60 75 63–69 15

Fig. 7  Lump of peat [97]
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Sub-bituminous coal or black lignite is a greyish black 
to dark brown coal that ranges from hard to soft and is an 
intermediate stage between low quality lignite and higher-
quality bituminous coal. The carbon content of sub-bitu-
minous coal varies from 70 to 76% [71]. It belongs to 
the younger coals and is approximately 251 million years 
old. Therefore, the longer burial time compared to lignite 
increases its energy density, which ranges from 18 to 23 MJ/
kg (Table 2). This type of coal is the most commonly used, 
with 30% of coal resources being sub-bituminous [100] (see 
Fig. 9, [101]).

Bituminous coal is the second highest quality of coal, 
with a carbon content of 76–86% [71]. It is the most abun-
dant type and one of the longest buried fossil fuels with 
an age of about 300 million years. Therefore, its energy 
density  is relatively high ranging from 23 to 33 MJ/kg 
(Table 2). The high carbon and low moisture content of this 
type of coal makes it ideal for the production of steel and 
cement as well as for power generation and coke production 
[73] (see Fig. 10, [102]).

Anthracite is a dark black form of coal with the highest 
quality. It is very hard, has a low moisture content and has 
a carbon content of almost 95% [71]. Anthracite is usually 
the oldest type of coal, having been formed from biomass 
buried 350 million years ago. With an energy density 33 MJ/

Fig. 8  Lignite from Moab, Grand County, Utah, USA [99]

Fig. 9  Samples of sub-bituminous coal [101]

Fig. 10  Bituminous coal, Washington Township, Licking Co., Ohio, 
USA [102] (under https:// creat iveco mmons. org/ licen ses/ by- sa/2. 0/)

Fig. 11  Anthracite from  Ibbenbüren, Germany [103] (under https:// 
creat iveco mmons. org/ licen ses/ by- sa/3. 0/)

Fig. 12  Coal burning image [104] (under https:// creat iveco mmons. 
org/ publi cdoma in/ zero/1. 0/)

https://creativecommons.org/licenses/by-sa/2.0/
https://creativecommons.org/licenses/by-sa/3.0/
https://creativecommons.org/licenses/by-sa/3.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
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kg [96], it has the highest calorific value of all coal types 
(see Fig. 11) [103].

This fuel is exceptional at heating up quickly and burns 
very hot [70]. As one of the cleanest coals, producing less 

smoke than other coals, anthracite is used for space heat-
ing. It burns longer than wood, which makes it attractive 
for use in home heating stoves [100] (see Fig. 12). The use 
of anthracite coal is necessary and useful especially in the 
current energy crisis in the world.

Schematic presentation of the process of formation of 
coal types is given in Fig. 13 [105].

Sometimes three other types of coal are mentioned in the 
literature: graphite, cannel coal and coking coal.

Graphite is difficult to ignite and is mostly used in pen-
cils or as powder for lubrication, but not as fuel [26] (see 
Fig. 14, [106]).

Cannel coal (or candle coal) is a finely ground, high-
rank coal with a considerable hydrogen content, consisting 
mainly of liptinite (finely ground remains in coal deposits) 
[14].

Coking coal (or metallurgical coal) is burnt at high tem-
peratures to produce steel.

Otherwise, coal quality (coal rank) within a small area 
is defined by Hiltʹs law, which is based on a geological 
observation that: the deeper the coal, the higher its rank (or 
grade). It should be noted that it applies when the thermal 
gradient is completely vertical, because regardless of depth, 
metamorphism can cause lateral changes in rank [107].

Coal types/lithotypes

“Coal type” is a specific geological classification based on 
the general appearance of the coal and refers to the rank of 
the coal (lignite, bituminous, etc.) or the grade of coal (low 
sulphur coal, steam coal, met-coal, etc.). However, most 
coals have internal layering, called banding. Coal types, and 
subsets of types, called lithotypes, are based on the presence 
or absence of banding and the brightness or opacity of each 
bands. Coal lithotypes are further subdivided into micro-
scopic microlithotypes, which consist of different types of 
microscopic coal components, called macerals. Macerals are 
to coal what minerals are to rocks (building blocks) [14, 15, 
108, 109]. From this perspective, there are two basic types 

Fig. 13  Scheme of formation of different coal types [105]. (Credit: 
Stephen Greb, Kentucky Geological Survey, University of Kentucky)

Fig. 14  Sample of graphite [106] (under https:// creat iveco mmons. 
org/ licen ses/ by- sa/3. 0/ deed. en)

Table 3  Lithotypes and types of coal [6]

Coal type Lithotype Appearance

Humic (banded) Vitrain Bright, black, shiny and brittle bands, usually with cracks or fissures. Tends to break into small cubes
Clarain Semi-bright (between vitrain and clarain), black and finely interlayered bands (mm-scale) of vitrain, 

durain and sometimes fusian
Durain Dull, black to grey-black bands which have rough surface. Bands have less cracks (fissures) than vitrain. 

Tends to break into lumps
Fusain Black to grey bands with sily lustre (shine). Sometimes fibrous. Soft and friable, sometimes like charcoal

Sapropelic (non-banded) Cannel Black to dark grey, non-banded coal with dull to greasy lustre (shine). Often breaks with conchoidal 
(glass-like) fracture

Boghead Similar to cannel but brownish colour

https://creativecommons.org/licenses/by-sa/3.0/deed.en
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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of coal, and both can occur in a single coal seam: humic 
(banded) and sapropelic (non-banded) (see Table 3).

Coal rank

In general, the definition of coal rank is based on the rec-
ognisable changes in coal parameters during the stages of 
physical and chemical changes in the transformation of peat 
into coal (called coalification). Slightly different categories 
and parameters are used in different countries, but in general 
one proceeds in ascending order from lignite through sub-
bituminous and bituminous coal to anthracite. The different 
ranks of coal cannot always be differentiated by appearance 
alone. Testing of various parameters is often required to dis-
tinguish the coal ranks (see Table 4) [31, 34, 35, 110, 111].

Conclusions

Coal is formed over millions of years during the decomposi-
tion of plant material into peat (sole-like, partially decayed 
plant material that accumulates in wetlands), which is later 
converted into coal under the pressure and heat of deep 
burial.

It is a combustible black or brownish-black sedimentary 
rock containing a variable amount of carbon (usually > 50 
wt%) and variable amounts of other elements (mainly hydro-
gen, sulphur, oxygen and nitrogen).

Coal can probably be considered the most complex 
natural (geological) material and is also the origin of the 

industrial revolution and the most important source of heat 
and electricity in the world.

It occurs in underground formations called "coal beds" 
with a thickness of about 30  m and a length of about 
1500 km, and it occurs in the form of peat, lignite, sub-
bituminous coal, bituminous coal, anthracite, graphite, can-
nel coal and coking coal.

Coal can also be classified by its macroscopic appearance 
(commonly referred to as coal rock type, lithotype or kohlen-
type). Four main types are distingusihed: vitrain, clarain, 
durain and fusain.

The study of coal chemistry and geology makes it pos-
sible to understand the complexity of various types of coal 
both in terms of their composition and their nature, forma-
tion, types, rank, etc.

Next to petroleum and natural gas, coal is the most abun-
dant non-renewable fossil fuel resource currently used in the 
world. It is expected to continue to be an important com-
ponent of the world’s energy resources (electricity) for the 
foreseeable future.

Nevertheless, continuous efforts have been made in the 
last decades and even in the present time to replace the use 
of coal with various alternative energy sources (solar, hydro, 
wind, nuclear).

Coal is used for the production of a wide range of chemi-
cal substances (e.g. methanol, hydrogen, carbon monoxide, 
acetic acid, formaldehyde, ammonia, urea, olefins and many 
others) as well as chemical fertilisers, dyes, drugs, plastics 
and explosives. The main way to obtain the above chemicals 
and fertilisers is coal gasification to produce syngas (con-
taining hydrogen,  H2 and carbon monoxide, CO).

Table 4  US coal rank system showing the parameters used to define ranks [6]

Peet 
Low-rank coal Medium-rank coal High-rank coal Method  

for 
determining 

rank 
(dmmf) 

(U.S. ASTM) 
 

Lignite Sub-bituminous 
Bituminous Anthracitic 

high 
volatile C

 

high 
volatile B

 

high 
volatile A

 

m
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low
 

volatile 

Sem
i- 
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A
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A
 

C
 

B
 

A
 

              
Caloric 
value 

(Btu/lb.) 

5,000 

6,300 

8,300 

9,500 

10,500 

11,500 

13,000 

14,000 

Less distinct for changing rank 

              

 

             
Volatile 
matter 

(%) 
Less distinct for changing rank 

31 

22 

14 

8 2 

~ 0  

             

 

             
Fixed 

Carbon 
(%) 

Less distinct for changing rank 

69 

78 

86 

92 

98 

~ 100  

             



 ChemTexts             (2023) 9:2 

1 3

    2  Page 14 of 16

Author contributions All authors wrote the main manuscript text and 
reviewed the manuscript.

Data availability Authors can confirm that all relevant data are included 
in the article.

Declarations 

Competing interests The authors declare no competing interests.

References

 1. https:// www. etymo nline. com/ search? q= coal. Accessed 20 Dec 
2022

 2. Robl T, Oberlink A, Jones R (2017) Coal combustion products 
(CCPs) – characteristics, utilization and beneficiation 3–20, 
Woodhead Publishing, p 564

 3. Crelling JC (1989) The nature of coal material In: Introduction 
to carbon science. In: Marsh H et al (eds.), Butterworth-Heine-
mann, pp 259‒284

 4. Blander M, Sinha S, Pelton A, Eriksson G (1989) Calculations 
of the influence of additives on coal combustion deposits. Am 
Chem Soc Div Fuel Chem 34:340–346 (Preprints of papers)

 5. Rahman R, Widodo S, Azikin B, Tahir D (2019) Chemical com-
position and physical characteristics of coal and mangrove wood 
as alternative fuel. J Phys Conf Ser 1341:052008

 6. https:// www. uky. edu/ KGS/ coal/ index. php. Accessed 20 Dec 
2022

 7. Mancuso JJ, Seavoy RE (1981) Precambrian coal anthraxolite; a 
source for graphite in high-grade schists and gneisses. Econ Geol 
76:951–954

 8. McGhee GR Jr (2018) Carboniferous giants and mass extinc-
tion—The late Paleozoic Ice Age World. Columbia University 
Press, p New York

 9. Cleal CJ, Thomas BA (2005) Palaeozoic tropical rainforests and 
their effect on global climates: is the past the key to the present? 
Geobiology 3:13–31

 10. Sahney S, Benton MJ, Falcon-Lang HJ (2010) Rainforest col-
lapse triggered carboniferous tetrapod diversification in Euramer-
ica. Geology 38:1079–1082

 11. https:// educa tion. natio nalge ograp hic. org/ resou rce/ coal. Accessed 
30 Dec 2022

 12. Suárez-Ruiz I, Diez MA, Rubiera F (2019) 1 – Coal In: New 
trends in coal conversion, Woodhead Publishing, pp 1‒30

 13. Taylor TN, Taylor EL, Krings M (2009) Paleobotany: the biology 
and evolution of fossil plants, 2nd edn. Elsevier, Amsterdam

 14. Hutton AC, Hower JC (1999) Cannel coals: implications for clas-
sification and terminology. Int J Coal Geol 41:157–188

 15. O’Keefe JM, Bechtel A, Christanis K, Dai S, DiMichele WA, 
Eble CF, Esterle JS, Mastalerz M, Raymond AL, Valentim BV, 
Wagner NJ, Ward CR, Hower JC (2013) On the fundamental 
difference between coal rank and coal type. Int J Coal Geol 
118:58–87

 16. https:// www. brita nnica. com/ scien ce/ coal- fossil- fuel/ Coal- types. 
Accessed 20 Dec 2022

 17. Cwirzen A (2020) Properties of SCC with industrial by-products 
as aggregates In: Self-compacting concrete: materials, properties 
and applications, Woodhead Publishing, pp 249‒281

 18. William R (1973) Chapter 9: Heat generation, transport, and stor-
age In: Perry R, Chilton C (eds.) Chemical engineersʹ handbook 
(5th edition)

 19. Canpolat F (2011) The role of coal combustion products in sus-
tainable construction materials. Indian Concr J 85:26–38

 20. https:// www. eia. gov/ energ yexpl ained/ coal/. Accessed 20 Dec 
2022

 21. Warwick PD (2003) Coal geology and resources In: Geology 
Vol. V. Encyclopedia of life sistems, EOLSS

 22. Whitaker J (1959) The nature of coal. Nature 183:1438–1440
 23. Andrews CJ, Dewey-Mattia L, Schechtman JM, Mathias Mayr 

M (2011) Alternative energy sources and land use In: Ingram 
GK, Hong Y-H (Eds) Climate change policies and land poli-
cies. Lincoln Institute of Land Policy, pp 91‒121

 24. Michaelides EES (2012) Alternative energy sources. Springer, 
Berlin, p 460

 25. https:// www. strat erra. co. nz/ lets- talk- about- coal-2/ future- of- 
coal/ alter nativ es- to- coal/. Accessed 20 Dec 2022

 26. Schopf JM (1966) Definitions of peat and coal and of graphite 
that terminates the coal series (graphocite). J Geol 74:584–592

 27. Berkowitz (1979) An introduction to coal technology. Aca-
demic Press, New York, p 345

 28. Ward CR (ed) (1984) Coal geology and coal technology. Black-
well scientific publications, Melbourne, p 345

 29. Teichmüeller M (1989) The genesis of coal from the viewpoint 
of coal petrology. Int J Coal Geol 12:1–87

 30. Hatcher PG, Faulon JL, Wenzel KA, Cody GD (1992) A struc-
tural model for lignin-derived vitrinite from high-volatile bitu-
minous coal (coalified wood). Energy Fuels 6:813–820

 31. Levine JR (1993) Coalification: The evolution of coal as source 
rock and reservoir rock for oil and gas In: Law BE, Rice DD 
(Eds.) Hydrocarbons from Coal. AAPG studies in geology, pp 
9–77

 32. De MK, Hatcher PG (1996) Characterization of peatified and 
coalified wood by tetramethylammonium hydroxide (TMAH) 
thermochemolysis. Int J Coal Geol 32:217–228

 33. Taylor GH, Teichmüller M, Davis A, Diessel CFK, Little R, 
Robert P (1998) Organic petrology. Gebrüder Borntrager, Ber-
lin, p 704

 34. Alpern B, Lemos de Sousa MJ (2002) Documented interna-
tional enquiry on solid sedimentary fossil fuels; coal: defini-
tions, classifications, reserves-resources, and energy potential. 
Int J Coal Geol 50:3–41

 35. Hower JC, Gayer RA (2002) Mechanisms of coal metamor-
phism: case studies from Paleozoic coalfields. Int J Coal Geol 
50:215–245

 36. Orem WH, Finkelman RB (2003) Coal formation and geo-
chemistry. Treatise Geochem 7:191–222

 37. Shadle L, Berry D, Syamlal M (2007) Coal gasification. Kirk-
Othmer encyclopedia of chemical technology. John Wiley & 
Sons, New York, pp 771–832

 38. Speight JG (2013) The chemistry and technology of coal (third 
edition). CRC Press Taylor & Francis Group, Boca Raton, p 
845

 39. Nelsen MP, DiMichele WA, Peters SE, Boyce CK (2016) Delayed 
fungal evolution did not cause the Paleozoic peak in coal produc-
tion. Proc Natl Acad Sci 113:2442–2447

 40. Ulbrich M, Preßl D, Fendt S, Gaderer M, Spliethoff H (2017) 
Impact of HTC reaction conditions on the hydrochar properties 
and  CO2 gasification properties of spent grains. Fuel Process 
Technol 167:663–669

 41. Thomas L (2020) Coal Geology, 3rd edn. Wiley Blackwell, New 
York, p 536

 42. Shifeng D, Bechtel A, Eble CF, Flores RM, French D, Graham 
IT, Hood MM, Hower JC, Korasidis VA, Moore TA, Püttmann 
W, Wei Q, Zhao L, O’Keefe JMK (2020) Recognition of peat 
depositional environments in coal: a review. Int J Coal Geol 
219:103383

https://www.etymonline.com/search?q=coal
https://www.uky.edu/KGS/coal/index.php
https://education.nationalgeographic.org/resource/coal
https://www.britannica.com/science/coal-fossil-fuel/Coal-types
https://www.eia.gov/energyexplained/coal/
https://www.straterra.co.nz/lets-talk-about-coal-2/future-of-coal/alternatives-to-coal/
https://www.straterra.co.nz/lets-talk-about-coal-2/future-of-coal/alternatives-to-coal/


ChemTexts             (2023) 9:2  

1 3

Page 15 of 16     2 

 43. https:// epcamr. org/ home/ conte nt/ refer ence- mater ials/ coal- types- 
forma tion- and- metho ds- of- mining/. Accessed 20 Dec 2022

 44. https:// www. iso. org/ ics/ 73. 040/x/. Accessed 20 Dec 2022
 45. Yudovich YE, Ketris MP (2005) Mercury in coal: a review Part 

1. Geochemistry. Int J Coal Geol 62:107–134
 46. Kolker A, Palmer CA, Bragg LJ, Bunnell JE (2006) Arsenic in 

Coal. USGS science for a changing world, US Geological survey, 
p 4

 47. Lakin HW (1973) Chapter 6 – Selenium in our environment In: 
Trace elements in the environment, advances in chemistry series 
123, pp 96–111

 48. Luo J, Emelogu O, Morosuk T, Tsatsaronis G (2019) Exergy-
based investigation of a coal-fired allam cycle. Res Develop 
Power Eng 137:1–6

 49. Weiland NT, White CW (2018) Techno-economic analysis of an 
integrated gasification direct-fired supercritical  CO2 power cycle. 
Fuel 212:613–625

 50. Bhoi S, Banerjee T, Mohanty K (2016) Insights on the combus-
tion and pyrolysis behavior of three different rank coals using 
reactive molecular dynamic simulation. RSC Adv 6:2559–2570

 51. Mathews JP, Chaffee AL (2012) The molecular representations 
of coal—a review. Fuel 96:1–14

 52. Narkiewicz MR, Mathews JP (2008) Improved low-volatile bitu-
minous coal representation: incorporating the molecular-weight 
distribution. Energy Fuels 22:3104–3111

 53. Wender I (1976) Catalytic synthesis of chemicals from coal. 
Catal Rev Sci Eng 14:97–129

 54. https:// www. world coal. org/ coal/ uses- coal/ how- steel- produ ced. 
Accessed 20 Dec 2022

 55. Ozbayoglu G (2018) Energy production from coal. In: Dincer I 
(ed) Comprehensive energy systems, vol 3. Elsevier, Amsterdam, 
pp 788–821

 56. https:// www. scien cedir ect. com/ topics/ engin eering/ coking- coal. 
Accessed 20 Dec 2022

 57. Shadle L, Berry D, Syamlal M (2002) Coal conversion processes, 
gasification. Kirk-Othmer encyclopedia of chemical technology, 
vol 6. John Wiley & Sons, New York, pp 771–832

 58. https:// energ yeduc ation. ca/ encyc loped ia/ Coal_ lique facti on. 
Accessed 20 Dec 2022

 59. White PC, Zahradnik RL (1976) Coal liquefaction. Quarterly 
report pp. 1‒73

 60. https:// www. netl. doe. gov/ resea rch/ Coal/ energy- syste ms/ gasifi cati 
on/ gasifi pedia/ direct- lique facti on. Accessed 20 Dec 2022

 61. Liu W, Wang J, Bhattacharyya D, Jiang Y, DeVallance D (2017) 
Economic and environmental analyses of coal and biomass to 
liquid fuels. Energy 141:76–86

 62. Demirbas A (2007) Utilization of coal as a source of chemi-
cals. Energy Sources Part A Recov Utilization Enviro Effects 
29:677–684

 63. https:// netl. doe. gov/ resea rch/ coal/ energy- syste ms/ gasifi cati on/ 
gasifi pedia/ coal- deriv ed- chem. Accessed 20 Dec 2022

 64. Chmielniak T, Sciazko M (2003) Co-gasification of biomas and 
coal for mrthanol synthesis. Appl Energy 74:393–403

 65. Demirbas A (2002) Humid acid derivatives (HAD) from low rank 
brown coals. Energy Sources 24:117–123

 66. Steinberg C, Münster U (1985) Geochemistry and ecological 
rol of humic substances in lakewater. In: Ailen GR, McKnight 
DM, Wershaw RL, MacCarthy P (eds) Humic substances in soil, 
sediment and water. Wiley, New York, pp 105–145

 67. Syabryai VT, Reutov VA, Vigdergauz LM (1965) Preparation of 
humic fertilizers from brown coal. Geol Zh Akad Nauk Ukr RSR 
25:39–47

 68. Hänninen K, Mälkönen P, Hyvärinen K (1986) Cupric oxide oxi-
dation products of humic acids from Finnish milled peat. In. Peat 
and water. Fuchsman CH (Ed.) London, Elsevier, pp.241‒261

 69. Demirbas A (2003) Characterization of humic substances from 
lignite samoles. Energy Sources 25:23–32

 70. Marshak S (2015) Earth: Portrait of a planet (3rd edition). WW 
Norton & Company, New York, p 880

 71. Kraushaar J, Ristinen R (2015) Energy and the environment (2nd 
edition). John Wiley & Sons, Hoboken, p 384

 72. Fensome R, Williams G, Achab A, Clague J, Corrigan D, Mon-
ger J, Nowlan G (eds) (2014) Four billion years and counting: 
Canada’s geological heritage, 1st edn. Canadian Federation of 
Earth Sciences and Nimbus Publishing, Halifax, p 402

 73. Feulner G (2017) Formation of most of our coal brought Earth 
close to global glaciation. Proc Nat Acad Sci 114:11333–11337

 74. Vereshchagin VN (1961) Formation of coal during the Crata-
ceous priod and its role in the global processes of coal accumula-
tion. Int Geol Rev 3:482–484

 75. Cornell B (2016) https:// ib. bioni nja. com. au/ stand ard- level/ 
topic-4- ecolo gy/ 43- carbon- cycli ng/ fossil- fuels. html Available 
at: http:// ib. bioni nja. com. au. Accessed 20 Dec 2022

 76. Hatcher PG, Lerch HE III, Verheyen TV (1990) Organic geo-
chemical studies of the transformation of gymnospermous xylem 
during peatification and coalification to subbituminous coal. Int 
J Coal Geol 16:193–196

 77. Xintu L (2009) Conditions of peat formation. In: Encyclopedia 
of life lupport lystems: coal, oil shale, natural bitumen, heavy oil 
and peat Vol. II. Jinsheng G (ed.), UNESCO-EOLSS 298–308

 78. Diessel CFK (1992) The conditions of peat formation. In: Coal-
bearing depositional systems. Springer, Berlin,pp 5‒39

 79. Topcuoğlu B, Turan M (2018) Introductory chapter: Introduction 
to Peat. In: Topcuoğlu B (ed) Peat. IntechOpen, London, pp 3–8

 80. https:// www. geogr aph. ie/ photo/ 36212 72. Accessed 20 Dec 2022
 81. Chaudhuri SN (2016) Coalification. In: Tiess G, Majumder T, 

Cameron P (eds) Encyclopedia of mineral and energy policy. 
Springer, Berlin, pp 1–2

 82. Francis W (1961) Coal—its formation and composition. Edward 
Amold, London, p 806

 83. Finkelman RB, Dai Sh, French D (2019) The importance of min-
erals in coal as the hosts of chemical elements: a review. Int J 
Coal Geol 212:103251

 84. Alekseev LS (1960) Mineral impurities in coal. Dokl Earth Sci 
Sect 124:186–188

 85. Straka P, Sýkorová I (2018) Coalification and coal alteration 
under mild thermal conditions. Int J Coal Sci Technol 5:358–173

 86. Teichmüller M (1987) Recent advances in coalification stud-
ies and their application to geology. Geol Soc Lond Spec Publ 
32:127–169

 87. Barker CE (1983) Influence of time on metamorphism of sedi-
mentary organic matter in liquid-dominated geothermal systems, 
Western North America. Geology 11:384–388

 88. Bostick NH (1973) Time as a factor in thermal metamorphism of 
phytoclasts (coaly particles). Compte Rendu VII Congrès Inter-
national de Stratigraphie et de Géologie du Carbonifère, Krefeld 
1971(2):183

 89. Burnham AK, Sweeney JJ (1989) A chemical kinetic model of 
vitrinite maturation and reflectance. Geochim Cosmochim Acta 
53:2649–2657

 90. Dai S, Bechtel A, Eble CF, Flores RM, French D, Graham IT, 
Hood MM, Hower JC, Korasidis VA, Moore TA, Püttmann WW, 
Zhao L, O’Keefe JMK (2020) Recognition of peat depositional 
environments in coal: A review. Int J Coal Geol 219:103383

 91. https:// igws. india na. edu/ Coal/ Macer als. Accessed 20 Dec 2022
 92. Andriesse JP (1988) The main characteristics of tropical 

peats. Nature and management of tropical peat soils. Food and 
Agriculture Organization (FAO) of the United Nations, Rome

 93. Ibarra J, Muñoz E, Moliner R (1996) FTIR study of the evolution 
of coal structure during the coalification process. Org Geochem 
24:725–735

https://epcamr.org/home/content/reference-materials/coal-types-formation-and-methods-of-mining/
https://epcamr.org/home/content/reference-materials/coal-types-formation-and-methods-of-mining/
https://www.iso.org/ics/73.040/x/
https://www.worldcoal.org/coal/uses-coal/how-steel-produced
https://www.sciencedirect.com/topics/engineering/coking-coal
https://energyeducation.ca/encyclopedia/Coal_liquefaction
https://www.netl.doe.gov/research/Coal/energy-systems/gasification/gasifipedia/direct-liquefaction
https://www.netl.doe.gov/research/Coal/energy-systems/gasification/gasifipedia/direct-liquefaction
https://netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/coal-derived-chem
https://netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/coal-derived-chem
https://ib.bioninja.com.au/standard-level/topic-4-ecology/43-carbon-cycling/fossil-fuels.html
https://ib.bioninja.com.au/standard-level/topic-4-ecology/43-carbon-cycling/fossil-fuels.html
http://ib.bioninja.com.au
https://www.geograph.ie/photo/3621272
https://igws.indiana.edu/Coal/Macerals


 ChemTexts             (2023) 9:2 

1 3

    2  Page 16 of 16

 94. https:// www. world coal. org/ coal- facts/ coal- elect ricity/. Accessed 
20 Dec 2022

 95. Schweinfurth SP (2009) An introduction to coal quality In: Pierce 
BS, Dennen KO (eds) Chapter C of the national coal resource 
assessment overview. US Geological Survey Professional Paper 
1625–F, pp 1‒16

 96. Breeze P (2015) Chapter 2 – Coal types and the production and 
trade in coal. In: Coal-fired generation. Academic Press, Cam-
bridge 9–16

 97. https:// oslor ay. files. wordp ress. com/ 2010/ 10/ peat. jpg. Accessed 
20 Dec 2022

 98. Wolfson R (2012) Energy, environment and climate  (2nd edition). 
WW Norton & Company, New York 95–96

 99. https:// www. mindat. org/ photo- 968284. html (Accessed 20 Dec 
2022)

 100. Sunshine WL (2015) Sub-Bituminous Coal (online) http:// energy. 
about. com/ od/ Coal/a/ Sub- Bitum inous- Coal. htm. Accessed 20 
Dec 2022

 101. https:// www. shsco al. com/ sub- bitum inous- coal. Accessed 20 Dec 
2022

 102. https:// www. mindat. org/ photo- 323792. html. Accessed 20 Dec 
2022

 103. https:// en. wikip edia. org/ wiki/ Anthr acite#/ media/ File: Ibben 
bueren_ Anthr acite. JPG. Accessed 20 Dec 2022

 104. https:// pixah ive. com/ photo/ burni ng- coal/. Accessed 20 Dec 2022
 105. https:// www. uky. edu/ KGS/ coal/ coal- diagr am- downl oad. php. 

Accessed 20 Dec 2022
 106. https:// commo ns. wikim edia. org/ wiki/ File: Native_ Carbon_ Graph 

ite. jpg. Accessed 20 Dec 2022

 107. Darton HN (1916) Guidebook of the Western United States: Part 
C - The Santa Fe Route, with a side trip to Grand Canyon of the 
Colorado. US Geological Survey Bulletin. 613:81

 108. Stach E, Mackowsky M-T, Teichmüller M, Taylor GH, Chan-
dra D, Teichmüller R (1982) Stach’s textbook of coal petrology. 
Gebrüder Borntraeger, Stuttgart, p 428

 109. Stopes M (1919) On the four visible ingredients in banded bitu-
minous coal. Proc R Soc Lond Philos Trans R Soc R Soc Lond 
B9:470–487

 110. Friedman GM, Sanders JE (1982) Time-temperature-burial 
significance of Devonian anthracite implies former great (~6.5 
km) depth of burial of Catskill Mountains, New York. Geology 
10:93–96

 111. Laubach SE, Marrett RA, Olson JE, Scott AR (1998) Char-
acteristics and origins of coal cleat: a review. Int J Coal Geol 
35:175–207

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Authors and Affiliations

Gligor Jovanovski1  · Blazo Boev2 · Petre Makreski3 

 * Gligor Jovanovski 
 gligor@pmf.ukim.mk

 * Petre Makreski 
 petremak@pmf.ukim.mk

1 Research Center for Environment and Materials, Academy 
of Sciences and Arts of North Macedonia, MASA, Bul. 
Krste Misirkov 2, Skopje, North Macedonia

2 Faculty of Natural and Technical Sciences, Goce Delčev 
University, Štip, North Macedonia

3 Institute of Chemistry, Faculty of Natural Sciences 
and Mathematics, Ss. Cyril and Methodius University 
in Skopje, Skopje, North Macedonia

https://www.worldcoal.org/coal-facts/coal-electricity/
https://osloray.files.wordpress.com/2010/10/peat.jpg
https://www.mindat.org/photo-968284.html
http://energy.about.com/od/Coal/a/Sub-Bituminous-Coal.htm
http://energy.about.com/od/Coal/a/Sub-Bituminous-Coal.htm
https://www.shscoal.com/sub-bituminous-coal
https://www.mindat.org/photo-323792.html
https://en.wikipedia.org/wiki/Anthracite#/media/File:Ibbenbueren_Anthracite.JPG
https://en.wikipedia.org/wiki/Anthracite#/media/File:Ibbenbueren_Anthracite.JPG
https://pixahive.com/photo/burning-coal/
https://www.uky.edu/KGS/coal/coal-diagram-download.php
https://commons.wikimedia.org/wiki/File:Native_Carbon_Graphite.jpg
https://commons.wikimedia.org/wiki/File:Native_Carbon_Graphite.jpg
http://orcid.org/0000-0002-1041-6275
http://orcid.org/0000-0003-0662-5995

	Chemistry and geology of coal: nature, composition, coking, gasification, liquefaction, production of chemicals, formation, peatification, coalification, coal types, and ranks
	Abstract 
	Graphical Abstract
	Introduction
	Chemistry of coal
	Composition
	Coking
	Gasification
	Liquefaction
	Production of chemicals
	Methanol
	Hydrogen
	Ammonia
	Carbon monoxide
	Acetic acid and derivatives
	Formaldehyde
	Olefins
	Humic substances


	Geology of coal
	Formation
	Peatification
	Coalification
	Chemical processes of coalification
	Coal types and their properties
	Coal typeslithotypes
	Coal rank

	Conclusions
	References


