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Abstract. This paper deals with theoretical research of the biochemical features of low rank coals (LRC) treatment. 

The biochemical bases of the organic component degradation of LRC and the biochemical principles of bioleaching of 

sulfur compounds and metals from LRC are presented. The analysis of microorganisms’ groups was carried out and 

the optimal conditions of their cultivation were determined. Electronic databases such as KEGG, BacDive, and 

EAWAG-BBD were used to identify the necessary ecological and trophic groups of microorganisms and to realize the 

patterns of trophic interactions in associations of different groups of microorganisms both under anaerobic and aerobic 

conditions. The methodological approach was applied and principle diagram of biochemical research of LRC pro-

cessing was formed in order to develop the environmentally friendly direction of biogas and humic products production. 

Keywords: low rank coal, biochemical features, biogas, humic substances, ecological-trophic groups of micro- 

organisms. 

1 Introduction 

The past fifteen years have seen unprecedented change 

in the consumption of energy resources. Increasing the 

share of renewable energy in Central and Eastern Europe 

is one of the factors that improve the quality of economic 

growth [1]. Unexpected high growth in the renewables 

market, in terms of investment, new capacity and high 

growth rates in different countries have changed the land-

scape for the energy sector. However, coal still provides 

around 40 % of the world’s electricity [2]. 

The coal industry was and remains to be an important 

basis for the Ukrainian economy. Coal is the main energy 

source for this country. Today the importance of the coal 

issue has risen more than ever because of the objective ne-

cessity of Ukraine’s inclusion into the world economy. The 

rise of the coal consumption is accompanied by an increase 

in the anthropogenic impact on the environment, because 

coal burning, and processing produce more harmful by-

products compared to oil and gas [3]. 

One of the ways of solving this problem is expanding 

the scope of use new technological treatment decisions of 

low rank coals (LRC), which will contribute to stabilize 

the fuel and energy balance and create a stock of time for 

the coal industry development. 

In [4] it was shown that with an increase in the duration 

of the process of aerobic treatment brown coal by the bac-

terial strain Acinetobacter calcoaceticus VKPM B-4833 

the relative hydrogen content decreases (by 5.9–

18.6 wt. %) and the oxygen content increases (by 6.4–

11.5 wt. %) in biomodified coals relative to the original 

coal. The most noticeable changes in the content of these 

elements occur when the duration of the biotreatment pro-

cess is 10 h [4]. 

Biomodification of brown coal leads to an increase of 

the humic acids formation by 22.9–30.6 % compared with 

the original LRC. The maximum humic acids formation 

(32.4 wt. %) was received for coal that was bioprocessed 

for 10 h write as [4]. It was determined by Ivanov et al that 

the brown coal biotreatment is accompanied with a change 

its thermochemical properties in the temperature range of 

30–900 °C. 

The LRC such as lignite have a soft, friable con-

sistency, opaque appearance, humidity of 30–45 %, high 

ash content, low fixed carbon content (low energy content) 

and are considered by-products of open pit mining. LRC 

as understood by its low degree of carbonization is a great 

source of humic substances (HS) and has high contents of 

elements that stimulate microbial growth and develop-

ment, and, through different mechanisms, its macrostruc-

ture allows the release of HS. Consequently, LRC could be 
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used as an organic amendment for the management of de-

graded soils. Among the microorganisms that can solubil-

ize LRC to generate substances with similar characteristics 

to HS obtained from LRC by chemical extraction are bac-

teria isolated from coal samples; some genera and species 

of Escherichia freundii, Pseudomonas rathonis, Pseudo-

monas fluorescens, Streptomyces setoni, Pseudomonas 

putida, Bacillus sp., Staphylococcus, Rhodococcus and 

others have been reported. Three new LRC biotransform-

ers were reported: Bacillus mycoides, Acinetobacter bau-

mannii and Microbacterium sp.; these were isolated from 

environmental samples with coal residues, with the ability 

to solubilize LRC, producing up to 300 mg/l of HS in liq-

uid medium (Figure 1) [5]. 

 

Figure 1 – The so-called ABCDE-mechanism of biological con-

version of brown coal (modified after Fakoussa, 1991). The ar-

row syndicate structures that can be attacked by different micro-

bial agents: A – alkaline substances; B – biocatalysts (oxidative 

enzymes); C – chelators; D – detergents; E – esterases [5] 

The nature and direction of the processes occurring 

during diagenesis can be viewed by comparing the proper-

ties of peat and LRC. The most noticeable differences are 

in their group composition. Peat still contains the constit-

uent parts of the original plants (carbohydrates, lignin, 

etc.), but they are almost absent in LRC. Humic acids are 

present in both peat and LRC. However, humic acids are 

formed and accumulated during peat formation and its’ 

quantity decreases in the diagenesis process (Table 1) [6]. 

Table 1 – Group composition of fossil fuels (wt. %) 

Sub-

stance 

groups 

Fossil fuels 

Peat 

Coal 

Soft 

brown 

coal 

(LRC) 

Solid 

brown 

coal 

(LRC) 

Bitumi-

nous 

coal 

Anthra-

cite 

Bi-

tumoids 
8 12 6 5 2 

Poly-

saccha-

rides 

29 3 – – – 

Humic 

acids 
47 65 22 – – 

Humin 

(resid-

ual 

coal) 

16 20 72 95 98 

There are three groups in the brown coal group compo-

sition: bitumoids, humic acids and residual coal. During 

carbonization, humic acids of earthy brown coal are trans-

ferred to residual coal of solid brown coal [7]. 

Table 2 shows the comparative characteristics of 

brown coal and HS by elemental composition [8]. 

Table 2 – LRC and HS similarities 

Element Humic Acid, 

% 

Coal 

Carbon 53.8–58.7 60–70 

Hydrogen 3.2–6.2 6.0–5.8 

Oxygen 32.8 34 

Nitrogen 0.8–4.3 1.5 

Sulfur 0.1–1.5 0.2–10 

The paper focused on theoretical research of the bio-

chemical features of LRC treatment. To achieve the aim, 

the following tasks were set: 

– theoretical analysis of biochemical features of coal 

treatment with the methodological approach forming; 

– review of bioactivators of intensification processes 

of LRC bioconversion. 

2 Research Methodology 

2.1 Biochemical principles of metals leaching 

from coal 

Biological leaching is one of the most successful bio-

technological approaches of heavy metals’ removal [9]. 

Unlike other environmental pollutants, the removal of 

heavy metals from the environment is difficult. These met-

als cannot be chemically or biologically degradable. Vari-

ous methods of physico-chemical treatment are effectively 

used to extract toxic heavy metals from soil and water, but 

they have some unavoidable disadvantages, such as low 

productivity and a huge price, unlike the biological meth-

ods. In the research works [10, 11] several principles and 

mechanisms of the bio-leaching process were determined.  

Fig. 2 shows the flowchart of features of the bio-leach-

ing process. 

 

Figure 2 – Principle diagram of biochemical features of leaching 
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There are two types of mechanisms such as direct and 

indirect. First needs physical contact between bacteria and 

metal sulfide particles. Under the indirect mechanism, bac-

teria oxidize the ferrous ion to the ferric ion state, regener-

ating the ferric ion, which is necessary for the chemical 

oxidation of the sulfide mineral [9]. 

Figure 3 shows the contact, contactless and coopera-

tive mechanisms of the bio-leaching process. 

 
a b c 

Figure 3 – Patterns of direct and indirect interaction of the bacte-

ria with pyrite: a – contact leaching; b – non-contact leaching;  

c – cooperative leaching [12] 

Sulfuric acid is the main inorganic acid that is found in 

leaching conditions. Many organic acids are formed by 

bacterial (and fungal) metabolism that leads to organic ac-

idosis, the complexes and chelates formation [13]. 

The bacteria then enter the reaction by oxidizing fer-

rous ions to the ferric state, thereby regenerating the pri-

mary oxidant. The direct contact mechanism is independ-

ent of the action of ferric ions, requiring only intimate 

physical contact between the bacteria and the sulphide 

mineral under aerobic conditions.  

The dissolution of metal sulphides is controlled by two 

different reactions, i.e. the thiosulfate and polysulfide 

pathways. 

The thiosulfate pathway is applicable only to acid in-

soluble sulfides of metals, such as pyrite. 

The mechanism of the pyrite bio-leaching is given be-

low [13]: 

 

FeS2 + 6Fe3+ + 3H2O → S2O3
2– + 7Fe2+ + 6H+    (1) 

S2O3
2– + 8Fe3+ + 5H2O → 2SO4

2– + 8Fe2+ + 10H+ (2) 

 

In total, these two equations can be presented in this 

form: 

 

FeS2 + 14Fe3+ + 8H2O → 2SO4
2- + 15Fe2+ + 16H+   (3) 

 

The main role of microorganisms in this mechanism is 

to catalyze the regeneration of ferric ions by aeration. It’s 

shown in the equation: 

 

14Fe2+ + 3.5O2 + 14H+ → 14Fe3+ + 7H2O     (4) 

 

Equations (3) and (4) describe the indirect mechanism. 

The general reaction based on the primary of oxygen 

oxidation is given below: 

 

FeS2 + 3.5O2 + H2O → Fe2+ + 2SO4
2– + 2H+   (5) 

 

Equation 5 represents the direct mechanism of pyrite 

removal from coal. 

The polysulfide pathway is applicable to acid-soluble 

metal sulfides, such as PbS, ZnS, FeAsS and CuFeS2. 

The mechanism of the zinc sulfide bio-leaching reac-

tion is shown below: 

 

8ZnS + 14Fe3+ + 2H+→ 8Zn2+ + 14 Fe2++ H2S8  (6) 

H2S8 + 2Fe3+ → S8 + 2Fe2+ + 2H+       (7) 

 

The role of the microorganisms in this mechanism is 

twofold: 

– catalyzation of the regeneration of ferric ions used for 

the chemical oxidation of intermediate hydrogen sulfide to 

elemental sulfur through the formation of polysulfides; 

– catalyzation of the generation of sulfuric acid in order 

to maintain the required number of protons in the first 

stage of the mineral dissolution reaction. 

It is obvious that the high oxidation rate from ferrous 

to ferric iron is important for an efficient biological leach-

ing process of sulfide minerals. 

2.2 Bio-desulphurization of coal 

The organisms can be classified based on whether they 

can remove inorganic or organic sulfur from coal: (a) ob-

ligate autotrophs oxidize only pyritic sulfur, (b) facultative 

autotrophs oxidize pyritic sulfur and some organic sulfur 

compounds, (c) heterotrophs oxidize only some organic 

sulfur compounds [14]. 

Bioleaching process using acidophilic sulfur oxidizing 

bacteria (Acidithiobacillus ferrooxidans, Acidithiobacillus 

thioosidans) and neutrophilic microorganisms (Aspergil-

lus niger) has been intensively investigated for successful 

removal of metals from sediment, municipal solid, and 

sludge [15]. 

Mesophilic and moderately thermophilic acidophilic 

chemolithotrophic bacteria (AСB) and archaea, particu-

larly, mesophilic representatives of the genus Acidithioba-

cillus – Acidithiobacillus ferrooxidans and Acidithiobacil-

lus thiooxidans dominate in the process of inorganic sul-

fur’s removing. Information about the use of other ACB’s 

representatives in the process of coal desulfurization is not 

enough. There is information about the use for these pur-

poses of a representative of the genus Acidithiobacillus – 

a strain of Acidithiobacillus ferrivorans, which has distinc-

tive ability to grow on tripton and soy broth along with the 

properties common to typical representatives of Acidithi-

obacillus.  The strain isolated from the acidic drainage wa-

ters of the Balıkesir field (Turkey) and identified by mo-

lecular genetic analysis using 16S rRNA as Acidithioba-

cillus ferrivorans was able to oxidize sulfur and iron [16].  

The data showed that 26.7 % of sulfur was removed by 

Alicyclobacillus in a few days; however, 49.1 % of sulfur 

was removed by Acidithiobacillus in 30 days. This was in-

teresting since the leachings of zinc, strontium, titanium, 
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and iron by Alicyclobacillus, obtained in a few days, were 

almost the same as the leachings by Acidithiobacillus in 

30 days. The results obtained also showed that the Alicy-

clobacillus cells growing at 55 °C removed most of the 

coal impurities without any change in the carbon content 

of this fuel. To the best of our knowledge, coal leaching by 

Alicyclobacillus is reported for the first time [17]. 

According to study [18] Acidithiobacillus ferrooxidans 

had significantly promoted the biodesulfurization of coal 

and bioleaching of coal’s pyrite. After 16 days of pro-

cessing, the total sulfur removal rate of coal was 50.6 %, 

and among them the removal of pyritic sulfur was up to 

69.9 %. 

The adapting of the Acidithiobacillus ferrooxidans 

population at higher concentrations of ferrous sulphate 

(18g/l Fe2+) determined a raised efficiency of coal desul-

phurization at values between 63.1–88.5 %. In addition, 

raising the solid/liquid ratio from 0.05 to 0.1 g/ml deter-

mined the increasing of the coal biodesulphurization effi-

ciency, which gets to 57.3–76.4 % for the pit coal and 

72.2–82.5 % for lignite. The comparative results regarding 

the efficiency of coal desulphurization in the presence of 

A ferrooxidans cultures illustrated that the P7 population 

oxidized the highest percentages of sulphur from coal 

(54.8–63.1 %) [19]. 

In study [20], low-rank lignite coal sample collected 

from Jining coalfield of Shandong province in China was 

subjected to desulphurization by using a new bacteria and 

Acidithiobacillus ferrooxidans isolated from the native 

coal mine site. The molecular identification of the 

16S rRNA gene showed that the new native bacteria was 

Pseudomonas sp., denoted as NP22, and it is reported for 

the first time for the capability to remove about 46 % of 

total sulphur from the lignite coal. Analytical characteriza-

tion indicated that total sulphur content of lignite coal was 

reduced to 2.8 % and 3.2 % by using two microorganisms. 

In addition, the calorific value of lignite coal was not af-

fected adversely after two microorganisms' desulphuriza-

tion but rather its calorific value increased from 6.2 to 

6.4 kcal/g, and 6.3 kcal/g, however, the ash content of the 

lignite coal was eliminated. 

Accordingly, the removal of sulfur compounds and 

heavy metals from LRC occurs in the same biochemical 

process of the coal components transformation by sulfur-

oxidizing microorganisms under aerobic conditions. 

With certain coals, the direct mechanism for oxidation 

of pyrite may be limited because the microorganisms are 

too large to enter most of the coal pores as shown in  

Figure 4. 

The process is accompanied by the acid’s formation, 

which supports the low pH values, favorable for the vital 

and oxidative activities of ACB [16]. 

Bio-desulphurisation of organic sulphur was carried 

out in most of the literature by using model compounds, 

which are frequently recognized as the organo-sulphur 

compounds in coal. Various organisms such as Rhodococ-

cus erythropolis IGTS8 (ATCC 53968), Shewanella putre-

faciens, Brevibacterium, Rhodococcus sp. IGTS8, thermo-

philic Paenibacillus sp. A11-2 and B. Subtilis WUS2B, 

Mycobacterium sp., Gordonia sp., Microbacterium, 

Lysinibacillus sphaericus and so forth, were also explored 

for bio-desulphurisation of coals. Most of these investiga-

tions stressed upon the relevance of bio-desulphurisation 

of coal with the microbes while testing their potency to de-

grade the organic S-compounds expected in coals [21]. 

 

 

Figure 4 – Bimodal pore structure of coal  

and pyrite oxidation [7, 8] 

Dibenzothiophene (DBT) is a model compound for or-

ganic sulfur in fossil fuels, and its desulfurization pathway 

removes this sulfur. Rhodococcus sp. IGTS8 can use 

dibenzothiophene as a sole source of sulfur [22]. 

Pseudomonas sp. C18 can metabolize dibenzothio-

phene, naphthalene and phenanthrene by a single pathway. 

The names of the enzymes in the pathway are not given, 

only the DOX operon, which encodes them in its 9 open 

reading frames (ABDEFGHIJ). The pathway is very simi-

lar to the one of naphthalene and the enzymes have high 

sequence identity with the naphthalene enzymes, thus the 

corresponding names have been used for the enzymes. 

Naphthalene dioxygenase, the enzyme that initiates this 

pathway, is used in a biotechnological process to synthe-

size the blue jean dye indigo. This versatile enzyme has 

many other catalytic abilities, which are documented in a 

table of the Reactions of Naphthalene 1,2-Dioxygenase 

[23] (Figure 5). 

http://eawag-bbd.ethz.ch/naph/naph_map.html
http://eawag-bbd.ethz.ch/naph/naph_map.html
http://eawag-bbd.ethz.ch/naph/naph_map.html
http://eawag-bbd.ethz.ch/naph/ndo.html
http://eawag-bbd.ethz.ch/naph/ndo.html
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a b 

Figure 5 – Graphic representation of biotransformation paths in coal desulphurisation processes:  

a – dibenzothiophene desulfurization graphical pathway map; b – dibenzothiophene degradation graphical pathway map 

2.3 Development of the methodological 

approach of the biotechnological integrated 

processing of LRC with biogas production 

Bioconversion is accomplished by adapting microor-

ganisms to coal in the presence of other appropriate nutri-

ent components. This processing can have several step that 

includes different type of transformation LRC under aero-

bic and anaerobic conditions (Figure 6). 

 

Figure 6 – Integrated MicGAS™ biotechnology  

process flow scheme [8] 

The model for biochemical parameters determining has 

been developed (Figure 7) to assess the effectiveness of the 

coal use as a mineral substrate by various groups of micro-

organisms. 

In the work [24], mixed cultures of T. ferrooxidans AM 

and T. thiooxidans AM were used for desulphurization of 

coal. These cultures were isolated from sediments of river, 

which flows through a coal belt containing high sulphur. 

Isolated cultures were stored and maintained on a nutrient 

medium with coal containing sulphur. 

 

Figure 7 – Principle model of biochemical researches 
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Seeding methods on dense and in liquid nutrient sub-

strates consider only viable cells of microorganisms. If we 

need to isolate and consider the widest possible range of 

microorganisms inhabiting this substrate, we use the Koch 

method and at the same time select a substrate where mi-

croorganisms with different properties can grow. How-

ever, it is not possible to identify all groups of microorgan-

isms on the same substrate due to significant physiological 

and biochemical differences between them. The basis for 

isolating and determining the number of representatives of 

microorganisms’ individual groups is the obtaining of ac-

cumulative cultures by creating elective conditions. This 

was in similarity with findings in different studies by 

[25, 26]. 

Bacteria are isolated from the soil in the following way. 

Individual soil samples are taken with a clean tool from 

each horizon, mixed samples are taken across several ho-

rizons by a cylindrical drill from no less than five points of 

the field along one or two diagonals. The larger the field 

area, the more individual samples are needed. According 

to [27] numbers of colonies appearing on solid media were 

determined by examining the plates at a magnification of 

×10 with a stereomicroscope. Each count represents the 

mean for a series of dilution steps with three plates at each 

dilution and was calculated based on the dry weight of the 

soil and dilution factors. 

Further, a soil suspension is prepared from water and 

the soil protected from impurities, and it is used to prepare 

dilutions. Dilutions are made in sterile 0.5 % aqueous so-

lution of NaCl. Decimal dilutions are most often made; 

that was confirmed in [28]. 

The suspension of microorganisms obtained after dilu-

tion is used to determine the number of microorganisms by 

sowing on various nutrient substratum and/or to consider 

the number of microorganisms using direct microscopy, as 

well as to study the qualitative composition and morphol-

ogy of microorganisms by microscopic methods. 

Vinogradsky–Shulgin–Brida method is used in various 

modifications to determine the number of microorganisms 

in a variety of natural substrates – in soil, polluted water, 

optically opaque environments. Counting cells on fixed 

stained smears is reduced to the fact that in a certain vol-

ume of the investigated suspension, directly under the mi-

croscope, the number of microorganism cells is counted. 

The use of fixed smears makes it possible to save prepara-

tions for a long time and to count not in the course of ex-

perience, but at a time convenient for the researcher. 

Meat-peptone agar (MPA) is often used as a nutrient 

substrate for cultivating soil microorganisms. It is suitable 

for cultivating of many heterotrophic microorganisms. Mi-

croorganisms of various systematic and physiological 

groups grow on MPA after seeding from the soil: Gram-

negative bacteria of the genus Pseudomonas, Flavobacte-

rium, gram-positive spore-forming bacillus of the genus 

Bacillus, cocci of the Micrococcus and Sarcin genus, vari-

ous mycobacteria (Mycobacterium genus) and some 

higher actinomycetes (Streptomyces genus). 

The microbes that are present in the test material and 

grow on a selective substrate can be isolated into pure cul-

ture. This can be confirmed by microscopy. The Gram 

stain was carried out in accordance with the generally ac-

cepted method [29]. Identification of cultures was carried 

out according to Bergey’s Manual of Determinative Bac-

teriology [30] based on data from morphology, physiology 

and biochemical properties of microbial cells. 

The research is carried out in two directions: the first 

one – the allocation of accumulated culture from the soil 

or another environment; the second is the research of the 

development’s dynamics of the required ecological and 

trophic microorganisms’ groups on the proposed substrate 

(LRC, etc.). 

The advantage of deep cultivation is that this method 

does not require large areas and cumbersome equipment, 

the capacity of fermenter can be increased by the height 

enlargement. Easy maintenance, the possibility of automa-

tion, convenience of removing the intact solid product 

from the culture fluid are also the advantages of this 

method. 

In this case the removal of aerobic bacterias occurs on 

the surface in a laboratory thermostat TGU-01-200, where 

microorganisms receive oxygen directly from the air. 

Chemical methods include: 

1) the use of chemicals that absorb molecular oxygen. 

Pyrogallol alkaline solution, sodium dithionite (Na2S2O4), 

metallic iron, monovalent copper chloride and some other 

reagents are used as molecular oxygen absorbers in labor-

atory practice. 

2) the use of reducing agents that are added to most 

substrates for decreasing their redox potential: sodium thi-

oglycolate, cysteine, ascorbic acid. 

The methods that limit the access of air to the growing 

culture for the cultivation of anaerobic bacteria use: 

– growing in a high layer of substrate; 

– growing in a dense substrate’s layer; 

– cultivation in viscous substrates where the diffusion 

of molecular oxygen into a liquid decrease with an increas-

ing its density; 

– filling the substrate with a high layer of sterile vase-

line oil or paraffin. 

Research has been continued on seeking new and mu-

tant microorganisms for different biotransformations and 

on biodegradation of organic compounds as models for mi-

crobial studies such as destructions of lignin, organic sul-

fur compounds, car-boxyl groups and organic nitrogen 

bonds [31]. 

The most common compound used as a model for or-

ganic sulphur compounds in coal is dibenzothiophene 

(DBT) [21]. Two new bacterial isolates capable of diben-

zothiophene (DBT) degradation to benzoic acid through 

the 4S-pathway were isolated from different Egyptian hy-

drocarbon polluted soil samples. These organisms, desig-

nated NShB1 and NShB2, were tentatively identified as 

Aureobacterium sp. and Enterobacter sp., respectively as 

determined by 16S rDNA gene sequence analysis. DBT 

degradation pathway has been identified by GC-MS. The 

NShB1 and NShB2 strains were capable to degrade up to 
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approximately 49 % and 36 % of 1 000 ppm DBT, respec-

tively within 7 days of incubation at 30 °C and pH 7 [32]. 

However, the important direction is the research of the 

natural microorganisms’ associations capable to effec-

tively carry out complex bioconversion of LRC with the 

formation of an integral biochemical model of the process 

in artificially created cultivation conditions. 

The analysis of the ecological-trophic groups of micro-

organisms was carried out and Table 3 with the conditions 

of their cultivation was formed with using electronic data-

bases such as KEGG database, BacDive and EAWAG-

BBD. Thus, the main groups of microorganisms and the 

conditions in which they can be cultivated were analyzed, 

which will further help to choose the best option for com-

bining them for carrying out a complex bioconversion of 

brown coal. 

Table 3 – Analysis of the cultivation conditions of different ecological-trophic microorganisms’ groups  

involved in the desulfurization and methanogenesis in the LRC processing 

Genus 
Bacterium spe-

cies 
Culture substrate рН Temperature 

Aerobic or an-

aerobic 

Acinetobacter Acinetobacter 

calcoaceticus 

strain is undemanding to growth 

factors, grows well on conven-

tional nutrient substrates (meat 

peptone broth (MPB), meat pep-

tone agar (MPA), dry nutrient 

agar (SPA)). It forms small, 

round, non-pigmented colonies, 

shiny, with a smooth edge on 

agar substrates 

7.0–7.2 30 °С Aerobic 

Acidithiobacillus Acidithiobacil-

lus ferrooxidans 

strain is cultivated on substrates 

with iron (II), manganese (II) 

ion, elemental sulfur, thiosulfate 

and sulfide ions as the sole 

source of energy. It is not able to 

use sugar and peptone 

1.0–4.0 25–30 °С Aerobic 

Acidithiobacil-

lus thiooxidans 1.5–2.15 20–23 °С Aerobic 

Aureobacterium – strain is cultivated with constant 

mixing (150 rpm) during 

12 days in an environment that 

does not contain phosphates, and 

which is prepared on 50 mm 

HEPES buffer 

7.2 28 °С Aerobic 

Desulfobacter – cultivated in the substrate of 

Postgate C 
7.0–7.6 28 °С Anaerobic 

Methanosaeta Methanosaeta 

concilii 

De Ley Method 
8.0 37 °С Anaerobic 

Methanosarcina Methanosarcina 

barkeri 

tested with 0.1 M sodium for-

mate or with a headspace of 

200 kPa H2-CO2 (80:20) substi-

tuted for trimethylamine. 

6.0–7.0 25 °C Anaerobic 

Rhodococcus Rhodococcus 

erythropolis 

agar medium (meat-peptone 

agar, wort agar, glucose-po-

tato agar agar) 

6.0–8.5 28–30 °С Aerobic 

Lysinibacillus Lysinibacillus 

sphaericus 

cultivation on the Munz’s agar 

substrate 
6.5–8.0 10–37 °С Aerobic 

The goal of some coal bed producers is to extend coal 

bed methane productivity and to utilize hydrocarbon 

wastes such as coal slurry to generate new methane. How-

ever, the process and factors controlling the process, and 

thus ways to stimulate it, are poorly understood. Subbitu-

minous coal from a nonproductive well in south Texas in 

[33] was stimulated to produce biogas in microcosms 

when the native population was supplemented with nutri-

ents (biostimulation) or when nutrients and a consortium 

of bacteria and methanogens enriched from wetland sedi-

ment were added (bioaugmentation). The native popula-

tion enriched by nutrient addition included Pseudomonas 

spp., Veillonellaceae, and Methanosarcina barkeri. The bi-

oaugmented microcosm generated methane more rapidly 
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and to a higher concentration than the biostimulated mi-

crocosm. Dissolved organics, including long-chain fatty 

acids, single-ring aromatics, and long-chain alkanes accu-

mulated in the first 39 days of the bioaugmented micro-

cosm and were then degraded, accompanied by generation 

of methane. The bioaugmented microcosm was dominated 

by Geobacter sp., and most of the methane generation was 

associated with growth of Methanosaeta concilii. 

The ability of the bioaugmentation culture to produce 

methane from coal intermediates was confirmed in incu-

bations of culture with representative organic compounds. 

Thus, methane production could be stimulated at the 

nonproductive field site and that low microbial biomass 

may be limiting in situ methane generation. In addition, the 

microcosm study suggests that the pathway for generating 

methane from coal involves complex microbial partner-

ships.  

Figure 8 shows that only completely unspecific en-

zymes have a chance of attacking the coal structure re-

cently according to [35]. 

 

 

Figure 8 – Flow diagram of different features of coal-derived  

humic and fulvic acids, modelling their heterogeneity  

(the relation of humic to fulvic acid is optional) [35] 

The population isolated in [34] includes strains of the 

genera Rhodococus sp., Pseudomonas sp., 

Mycobactenum sp. and sulfate-reducing microorganisms. 

Clostridium sp. and Bacillus sp. were morphologically 

defined. 

The concentration of microorganisms in the mixture in-

jected into the LRC is equal to the sum of their concentra-

tion in the sludge and in the accumulative culture, diluted 

20 times during preparing the mixture of accumulative cul-

ture and sludge from digester in a ratio of 5:95. 

Should be noted, in Ukraine humic products are mainly 

used as soil regulator for fruit trees, oil vegetables and 

short-term nutrition absorbing crops such as rice, wheat, 

etc. It can also be used as multi-functional high effective 

compound fertilizer after combination with the elements of 

nitrogen, phosphorus and potassium.  

Further research is expected to lab-scale investigate 

ability to support biomethane production under brown coal 

bioconversion. The important direction of the research is 

microbiological investigation of the natural microorgan-

isms’ associations capable to effectively carry out complex 

bioconversion of LRC with the formation of an integral bi-

ochemical model of the process in artificially created cul-

tivation conditions. 

3 Conclusions 

The biochemical parameters of LRC treatment were 

analyzed and methodological model of their using was 

formed to assess the effectiveness of the coal use as a min-

eral substrate by various groups of microorganisms. Thus, 

biotechnological approach is the promising way for the in-

tegrated processing of LRC to produce biogas and humic 

substances. At the same time, an important technological 

aspect is the removal of sulfur compounds and heavy met-

als from processing products. In this way, it is important to 

expand the bioenergy potential of brown coal to produce 

methane after biogas purification from impurities.  

Different bacteria genera were considered under LRC 

biotreatment with biogas production and their cultivation 

conditions such as Desulfobacter sp., Methanosaeta sp., 

Methanosarcina sp., Rhodococcus sp., Lysinibacillus sp. 

etc. Thus, the main groups of bioactivators were analyzed, 

which will further help to choose the best option for com-

bining them for carrying out a complex bioconversion of 

brown coal. 

References 

1. Marinaș, M. C., Dinu, M., Socol, A. G., Socol, C. (2018). Renewable energy consumption and economic growth. Causality rela-

tionship in Central and Eastern European countries. PLoS One, Vol. 13(10), e0202951, doi: 10.1371/journal.pone.0202951. 

2. World Energy Resources. World Energy Council, 2016, http://www.worldenergy.org. 

3. Burlakova, I. M., Us, Ya. O. (2015). The current state and prospects of development of the coal industry in Ukraine. Economic 

Problems of Sustainable Development, pp. 207–208, https://essuir.sumdu.edu.ua/bitstream/123456789/43674/3/Byrla-

kova_vygilna.pdf. 

4. Ivanov., I. P., Teremova, M. I., Yeremina, A. O., Golovina, V. V., Fetisova, O. Yu., Skvortsova, G. P., Chesnokova, N. V., 

Kuznetsov, B. N. (2014). Aerobic processing of brown coal by Acinetobacter calcoaceticus strain. Journal of Siberian Federal 

University, Chemistry, Vol. 2(7), pp. 209–220. 

http://www.worldenergy.org/
http://www.worldenergy.org/
https://essuir.sumdu.edu.ua/bitstream/123456789/43674/3/Byrlakova_vygilna.pdf
https://essuir.sumdu.edu.ua/bitstream/123456789/43674/3/Byrlakova_vygilna.pdf
https://essuir.sumdu.edu.ua/bitstream/123456789/43674/3/Byrlakova_vygilna.pdf
https://essuir.sumdu.edu.ua/bitstream/123456789/43674/3/Byrlakova_vygilna.pdf


 

Journal of Engineering Sciences, Volume 6, Issue 2 (2019), pp. H 1–H 10 H 9 

 

5. Hinojosa, C., Guillermo, J., et al. (2017). Effect of a low rank coal inoculated with coal solubilizing bacteria for the rehabilitation 

of a saline-sodic soil in field conditions. Revista Facultad Nacional de Agronomia, Vol. 70(3), pp. 8271–8283. 

6. Samoylik, V. G. (2016). Classification of Solid Fossil Fuels and Their Research Methods. Kharkiv, Vodnyy Spektr GMP, 

http://scicenter.online/gornoe-delo-scicenter/uglefikatsiya-143353.html. 

7. Samoylik, V. G., Korchevskiy, A. N. (2016). Theory and Technique of Experiment in the Enrichment of Minerals. Donetsk, 

Tekhnopark DonGTU “UNITEKH” Ltd., http://scicenter.online/gornoe-delo-scicenter/izmenenie-gruppovogo-sostava-tgi-

protsesse-143385.html. 

8. Daman, S. W. (2015). Coal biotechnology: A creative approach for carbon reduction, environmental foot print, while moving coal 

up the value chain. 32nd International Pittsburgh Coal Conference, Pittsburgh, Pennsylvania, USA, http://www.arctech.com. 

9. Satarupa, R., Madhumita, R. (2015). Bioleaching of heavy metals by sulfur oxidizing bacteria: A review. International Research 

Journal of Environment Sciences, Vol. 4(9), pp. 75–79. 

10. Costaa, M. C., Carvalhoa, N., Iglesiasb, N., Palencia, I. (2003). Bacterial leaching studies of a Portuguese flotation tailing. 15th 

International Biohydrometallurgy Symposium Athens, pp. 75. 

11. Brandl, H. (2008). Microbial Leaching of Metals. Zürich, Switzerland, pp. 194–197. 

12. Chandra, S. G. (2009). Possibilities to Use Industrial Oxidic By-products as Neutralising Agent in Bioleaching and the Effect of 

Chloride on Biooxidation. Lulea University of Technology. 

13. Krebs, W., Brombacher, C., Bossard, P. P., Bachofen, R., Brandl, H. (1997). Microbial recovery of metals from solids. FEMS 

Microbiology Reviews, Vol. 20, pp. 605–610. 

14. Sattar, A., Shaheen, J., Suhail, A., Soomro, A. (2016). Biological removal of sulfur from coal through use of microorganism. A 

review. 4th International Conference on Energy, Environment and Sustainable Development. 

15. Yang, J., Wang, Q.-H., Wang, Q., Wu, T. (2009). Heavy metals extraction from municipal solid waste incineration fly ash using 

adapted metal tolerant Aspergillus niger. Bioresource Technology, Vol. 100(1), pp. 254–260. 

16. Blayda, I. A., Vasyl’yeva, T. V. (2017). Bacterial desulphurization of coals (review). Microbiology and Biotechnology, Vol. 3, 

pp. 6–23, doi: 10.18524/2307-4663.2017.3(39).110877. 

17. Etemadzadeh, S. S., Emtiazi, G., Etemadifar, Z. (2018). XRF analysis of coal bioleaching by chemolithoheterotrophic Alicyclo-

bacillus HRM5 and chemolithoautotrophic Acidithiobacillus ferrooxidans. Journal of Mining and Environment, Vol. 9(3), 

pp. 559–566, doi: 10.22044/jme.2017.5573.1369. 

18. Hong, F.-F., He, H., Liu, J.-Y., Tao, X.-X., Zheng, L., Zhao, Y.-D. (2013). Comparison analysis of coal biodesulfurization and 

coal’s pyrite bioleaching with Acidithiobacillus ferrooxidans. The Scientifc World Journal, Hindawi, Vol. 2013, 184964, doi: 

10.1155/2013/184964. 

19. Cismasiu, C. M. (2010). The acidophilic chemolithotrophic bacteria involved in the desulphurization process of lignite and pit 

coal from Halanga, Mintia and Petrila mines. Romanian Biotechnological Letters, Vol. 15(5), pp. 5602–5610. 

20. Liu, T., Hou, J.-H., Peng, Y.-L. (2017). Effect of a newly isolated native bacteria Pseudomonas sp. NP 22 on desulfurization of 

the low-rank lignite. International Journal of Mineral Processing, Vol. 162, pp. 6–11, doi: 10.1016/j.minpro.2017.02.014. 

21. Abhilash, P., Pandey, B. D., Natarajan, K. A. (2015). Microbiology for Minerals, Metals, Materials and the Environment. 1st 

Chapter: Microbial Biodesulphurisation of Coal. CRC Press Editors, pp. 153–179. 

22. Dibenzothiophene Desulfurization Map. EAWAG Biocatalysis/Biodegradation Database. Retrieved from http://eawag-

bbd.ethz.ch/dbt/dbt_map.html. 

23. Dibenzothiophene Degradation Pathway. EAWAG Biocatalysis/Biodegradation Database. Retrieved from http://eawag-

bbd.ethz.ch/dbt2/dbt2_map.html. 

24. Pandey, R. A., Raman, V. K., Bodkhe, S. Y., Handa, B. K., Bal, A. S. (2005). Microbial desulphurization of coal containing pyritic 

sulphur in a continuously operated bench scale coal slurry reactor. Fuel, Vol. 84(1), pp. 81–87. 

25. Steubing, P. M. (1993). Isolation of an unknown bacterium from soil. Proceedings of the 14th Workshop/Conference of the Asso-

ciation for Biology Laboratory Education (ABLE), pp. 81–114. 

26. Gougoulias, C, Clark, J. M., Shaw, L. J. (2014). The role of soil microbes in the global carbon cycle: tracking the below-ground 

microbial processing of plant-derived carbon for manipulating carbon dynamics in agricultural systems, Journal of the Science of 

Food and Agriculture, Vol. 94(12), pp. 2362–2371. 

27. Janssen, P. H., Yates, P. S., Grinton, B. E., Taylor, P. M., Sait, M. (2002) Improved culturability of soil bacteria and isolation in 

pure culture of novel members of the divisions Acidobacteria, Actinobacteria, Proteobacteria, and Verrucomicrobia. Applied and 

Environmental Microbiology, Vol. 68(5), pp. 2391–2396. 

28. Begum, K., Mannan, S., Rezwan, R., Rahman, M. M., Rahman, M. S., Kamal, A. (2017). Isolation and characterization of bacteria 

with biochemical and pharmacological importance from soil samples of Dhaka city. Dhaka University Journal of Pharmaceutical 

Sciences, Vol. 16(1), pp. 129–136. 

29. Sato, T. A. (1973). Simple rapid polychrome stain for epoxy-embedded tissue. Stain. Technol, Baltimore, Williams and Wilkins, 

Vol. 8, pp. 223–227. 

30. Khoult, D., Krig, N., Spit, P. (1997). Bergey’s Manual of Determinative Bacteriology. Moscow, Mir, Vol. 1. 

31. Tanyolac, A., Durusoy, T., Ozbaş, T., Yurum, Y. (2013). Bioconversion of coal. Clean Utilization of Coal, pp. 97–107. 

http://scicenter.online/gornoe-delo-scicenter/uglefikatsiya-143353.html
http://scicenter.online/gornoe-delo-scicenter/uglefikatsiya-143353.html
http://scicenter.online/gornoe-delo-scicenter/izmenenie-gruppovogo-sostava-tgi-protsesse-143385.html
http://scicenter.online/gornoe-delo-scicenter/izmenenie-gruppovogo-sostava-tgi-protsesse-143385.html
http://scicenter.online/gornoe-delo-scicenter/izmenenie-gruppovogo-sostava-tgi-protsesse-143385.html
http://scicenter.online/gornoe-delo-scicenter/izmenenie-gruppovogo-sostava-tgi-protsesse-143385.html
http://www.arctech.com/
http://www.arctech.com/


 

 

H 10 CHEMICAL ENGINEERING: Environmental Protection 

 

32. El-Gendy, N. S. (2006). Biodegradation potentials of dibenzothiophene by new bacteria isolated from hydrocarbon polluted soil 

in Egypt. Biosciences Biotechnology Research Asia, Vol. 31(1), pp. 95–106. 

33. Elizabeth, J., Jones, P. M., Voytek, A., William, H. (2010). Stimulation of methane generation from nonproductive coal by addition 

of nutrients or a microbial consortium. Еnvironmental Microbiology, Vol. 76(21), pp. 7013–7022. 

34. Patent of RF for utility model No. 2139426. Coal Processing Method. Published on 10.10.1999. Retrieved from http://www.find-

patent.ru/patent/213/2139426.html. 

35. Fakoussa, R. M., Hofrichter, M. (1999). Biotechnology and microbiology of coal degradation. Applied Microbiology and Biotech-

nology, Vol. 52, pp. 25–40. 

 

УДК 552.57 

Екологічно безпечні напрямки біоконверсії низькоякісного вугля 

Черниш Є.1*, Пляцук Л.1, Аблєєва І.1, Яхненко О.1,  

Рубік Г.2, М’якаєва Г.1, Батальцев Є.1, Ліс Д.1 

1 Сумський державний університет, вул. Римського-Корсакова, 2., 40007, м. Суми, Україна;  
2 Чеський агротехнічний університет, вул. Камицка, 129, 165 00, м. Прага, Чехія 

Анотація. У цій статті наведені теоретичні дослідження біохімічних особливостей оброблення низькоякіс-

ного вугілля. Представлені біохімічні основи деградації органічних компонентів низькоякісного вугілля і біо-

хімічні принципи біологічного вилучення з нього металів та сполук сірки. Проведено аналіз груп мікрооргані-

змів і визначені оптимальні умови вирощування останніх. Для ідентифікації необхідних екологічних і трофіч-

них груп мікроорганізмів, а також для реалізації закономірності трофічних взаємодій у асоціаціях різних груп 

мікроорганізмів як в анаеробних, так і в аеробних умовах використовувались електронні бази даних KEGG, 

BacDive і EAWAG-BBD. З метою розроблення екологічно безпечного напрямку виробництва біогазу і гуміно-

вих продуктів застосовано методологічний підхід та сформована принципова схема біохімічних досліджень 

переробки низькоякісного вугілля. 

Ключові слова: низькоякісне вугілля, біохімічні особливості, біогаз, гумінові кислоти, еколого-трофічні групи 

мікроорганізмів. 
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