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Abstract. Our country brown coal reserves are enormous and account for a 
significant share of the fuel balance in energy sector. Brown coal deposits can be found 
in northern, central and southeastern parts of the country. It belongs to the high-ash 
class of coal and has a low calorific value. This research presents the compositional and 
microstructural characteristics of brown coal deposits in the Republic of Kazakhstan. 
Brown coal is typically characterized by a significant content of organic matter, high 
moisture and a significant content of volatile components. All these properties of lignite 
are due to its physicochemical properties. Insufficient knowledge of the compositional 
and microstructural characteristics of brown coal deposits limits their rational use. 
Therefore, a comprehensive study of the properties of lignite is an urgent task. The 
study and further use of brown coal in the chemical industry as sorbents and humate-
containing fertilizers can contribute to the solution of environmental and resourse-
saving problems. The purpose of this study was to study the physical and chemical 
properties of brown coal to determine its further use in the chemical industry as a 
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sorbent and fertilizer. The practical significance of the obtained results for brown coal 
deposits could contribute to improving the economic efficiency of deposit exploitation 
and expanding the potential for further lignite use in the chemical industry. This 
paper presents the results of a structural, physicochemical, and analytical analysis 
of brown coal samples using X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FTIR), and scanning electron microscopy with energy-dispersive X-ray 
analysis (SEM-EDX). X-ray diffraction analysis of the selected samples revealed an 
amorphous structure of the brown coal, as well as a fine crystalline structure with 
inclusions of the minerals illite, kaolinite, and quartz. The absorption spectra of the 
studied lignite clearly show the content of oxygen-containing functional groups. These 
include carboxyl, hydroxyl, and carbonyl functional groups. This indicates a high 
degree of oxidation of the sample under study and the presence of humic substances 
in it. A micrograph obtained using SEM-EDX reveals a heterogeneous surface with 
depressions and microcracks, and also indicates the predominance of carbon and 
oxygen with insignificant contents of Na, Mg, Al, K, and Fe. A comprehensive study 
of the organomineral structure of brown coal samples and the resulting analytical data 
highlight its potential as a raw material for sorption materials and humate fertilizers.
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Аннотация. Республиканың отын энергетикасында қоңыр көмір біраз бөлігін 
алады, қоңыр көмірдің ең үлкен кен орындары мемлекеттің солтүстік, орталық 
және оңтүстік-шығыс бөлігінде кездеседі. Қоңыр көмір көмірдің жоғары күлді 
класына жатады және ылғалдылығы жоғары болғандықтан меншікті жану жылуы 
төмен болып келеді. Бұл зерттеуде лигниттің физико-химиялық қасиеттері мен 
оның құрамдық және микроқұрылымдық сипаттамалары ұсынылған. Зерттелетін 
көмірдің физико-химиялық қасиеттері оның құрамындағы органикалық 
заттардың, жоғары ылғалдылық пен ұщқыштық заттардың бар екенін көрсетеді. 
Республикада кездесетін қоңыр көмір кен орындарының микроқұрылымдық және 
құрамдық сипаттамаларын жеткіліксіз білу және жеткілікті зерттелмегендігі бұл 
құнды ресурсты ұтымды пайдалануды шектейді. Сондықтан қоңыр көмірді жан 
жақты әрі кешенді зерттеу өзекті мәселе болып табылады. Бұл арзан көмір түрін 
химия өнеркәсібінде сорбциялық материалдар немесе тыңайтқыштар ретінде 
пайдалану экологиялық, экономикалық жағынан тиімді және ресурстарды үнемді 
пайдалану мәселелерін шететін еді. Бұл зерттеу жүмысының мақсаты коңыр 
көмірдің физико-химиялық сипаттамаларын кешенді зерттеу және оны кейін 
химия өнеркәсібінде сорбенттер немесе тыңайтқыштар ретінде пайдаланудың 
орындылығын айқындау болып табылады. Көмірдің бұл түрі үшін алынған 
нәтижелердің практикалық маңыздылығы химия өнеркәсібінде лигнитті одан әрі 
пайдалану әлеуетін арттырады және қоршаған ортаны техногенді қалдыөтардан 
қорғау мәселелерін шешеді. Мақалада таңдалған сынамаларға рентгендік 
дифракция (XRD), Фурье түрлендіруінің инфрақызыл спектроскопиясы (FTIR) 
және энергияны дисперсиялық рентендік талдауы бар сканерлеуші электронды 
микроскопия (SEM-EDX) көмегімен алынған нәтижелер келтірілген және 
алынған нәтижелердің аналитикалық талдауы келтірілген. XRD рентгендік 
дифракция зерттеуге алынған қоңыр көмірдік аморфты құрылымға ие екенін, 
одан қоса иллит, каолинит және кварцтың кристалды қосындылары бар екен 
көрсетті. Инфрақызыл спектрлері зерттелетін көмірдің құрамында көп мөлшерде 
гидроксил, карбонил, гидроксил функционалдық тортардың бар екенін 
көрсетті. Функционалды топтардың көп болуы тотығудың жоғары дәрежесін 
және құрамында гуминді заттардың бар екендігін айқындайды. Сканерлеуші 
электронды микроскопия (SEM-EDX) көмегімен микросурет алынып одан 
көмірдің бетіндегі жарықтақтар мен агрегацияланған ламеллялары бар 
кеуекті және гетерогенді бетті анықтады, EDX нәтижелері Na, Mg, Al, K, Fe аз 
мөлшерін, ал оттегі мен көміртегінің басым екендігін анықтап берді. Жан жақты 
біріктірілген аналитикалық деректер лигниттің органоминералды құрылымын 
түсінуге мүмкіндік берді және де химия өнеркәсібінде сорбциялық материалдар 
немесе гуматты тыңайтқыштар үшін тиімді материал болатынын көрсетті. 

Түйін сөздер: лигнит, қоңыр көмір, минералды құрам, беттің морфологиясы
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Аннотация. Бурый уголь занимает значительную долю в топливно-
энергетическом балансе Республики Казахстан и характеризуется крупными 
запасами, сосредоточенными в северных, центральных и юго-восточных 
регионах страны. Несмотря на широкую распространенность, бурые угли 
отличаются повышенной зольностью и сравнительно низкой теплотой сгорания, 
что ограничивает их традиционное энергетическое использование. В связи с 
этим особый интерес представляет изучение их физико-химических свойств для 
расширения направлений промышленного применения. В работе представлены 
результаты исследования составных и микроструктурных особенностей образцов 
бурого угля (лигнита) Казахстана. Актуальность исследования обусловлена 
недостаточной изученностью структурных характеристик лигнита с точки 
зрения его дальнейшего использования при получении сорбционных материалов 
и гуматных удобрений. Целью работы являлось комплексное исследование 
физико-химических свойств бурого угля для оценки перспектив его применения 
в химической промышленности и решении экологических задач, связанных с 
переработкой техногенных отходов. Исследования проводились с использованием 
методов рентгенофазового анализа (XRD), инфракрасной спектроскопии с 
преобразованием Фурье (FTIR), а также сканирующей электронной микроскопии 
с энергодисперсионным рентгеновским анализом (SEM-EDX). Результаты XRD 
показали, что исследуемый лигнит характеризуется преимущественно аморфной 
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структурой с небольшими кристаллическими включениями иллита, каолинита 
и кварца. По данным FTIR установлено наличие значительного количества 
кислородсодержащих функциональных групп - карбоксильных, гидроксильных 
и карбонильных, что соответствует природе лигнита и свидетельствует о 
присутствии гуминовых веществ. Исследования методом SEM-EDX выявили 
неоднородную шероховатую поверхность с развитой системой микротрещин. 
Элементный состав характеризуется высоким содержанием углерода и кислорода, 
а также присутствием Na, Mg, Al, K и Fe в небольших количествах. Полученные 
результаты позволяют более полно охарактеризовать органоминеральную 
структуру бурого угля и подтверждают перспективность его использования в 
качестве сырья для получения сорбционных материалов и гуматных удобрений.

Ключевые слова: бурый уголь, лигнит, рентгенофазовый анализ, FTIR-
спектроскопия, SEM-EDX, минеральный состав, морфология поверхности, 
гуминовые вещества, сорбционные материалы

Introduction. In terms of energy resources Kazakhstan is one of the richest countries 
in the world. There are located more than 400 coal deposits. The most significant and 
rich deposits identified in Northern and central Kazakhstan, including the Karaganda, 
Ekibastuz, Maikube, Torgai, Shubarkol and Karazhyra coal bassins. Coal reserves of 
country are estimated at about 170 billion tons, of which approximately 36 billion tons 
extracted through open-pit mining. The share of oxidized brown coal is relatively small 
in these deposits, among the famous deposits are Maykubinsky near Pavlodar region, 
Karazhira in Semey region and Lengersky in Turkestan region, the content of humic 
substances in these deposits ranges from 15 to 40%. In ZKO, the Mamyt field is also 
known for its humic acid content of 27-44% and coal reserves of 1486 million tons. A 
significant content of humic acids in lignite makes them attractive for the production 
of humates and sorption materials (Pehlivan et al., 2006). The southern region of the 
country contains several brown coal deposits, including the Lengerskoye deposit in the 
Tolebi district, the Boraldai, Shakpak, and Kelte-Mashat deposits, which are of interest 
to the chemical industry. The abundance of coal resources in our country indicates 
potential for large-scale use in the production of fertilizers and sorbents (Franklin et 
al., 1988). Oxidized brown coals, which are the main raw material, are divided into 
three groups depending on the purpose of extraction and their humic acid content (Shi 
et al., 2025):

1. More than 45% humic acids, for the production of solid-phase humates.
2. Humic acid content greater than 20%, for the production of liquid fertilizers.
3. Coals containing 10-20% humic acids.
Coal has a high-molecular structure and consists of complex compounds formed 

by aromatic, hydroaromatic, and heterocyclic structures with various aliphatic and 
functional groups (Jones et al., 1995). The main element in coal is carbon, which occurs 
in hybridized form. Therefore, the organic component of coal consists of C, H, O, S, 
and N atoms, linked by condensed aromatic rings and aliphatic bonds. Oxygen atoms 
act as bridging groups in coal, connecting the organic and inorganic fractions. The 
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nuclei of the condensed aromatic rings in lignite are linked by aliphatic side chains, 
which in turn form spatial polymer layers. Hydrogen bonds facilitate the creation of 
spatial structures and molecular association. Images taken using Google Earth show 
accumulations of coal waste dumps in the Lenger region.

These waste dumps have encroached upon the city’s boundaries, adversely affecting 
the environmental conditions and the quality of life of local residents, as shown in the 
figure below.

 

  
Slag heap 5

 
Slag heap 6

 
Slag heap 7

Figure 1 – Slag heaps of brown coals
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Literary review. 
Domestic scientists were engaged in the study of brown coal deposits and the 

solution of environmental problems and rational use of lignite, they revealed a number 
of specific features of this type of coal. Scientists from Karaganda, Almaty and Taraz 
were engaged in the study of the physical and chemical composition and further use 
of humic acids from lignite from the Kumuskudud and Kuznetsk deposits. They 
synthesized humic acids from lignite and conducted a comparative analysis using the 
latest analytical instruments. The study revealed significant differences in the chemical 
composition, functional groups and thermal stability due to differences in the geological 
conditions of the formation of each deposit. In particular, variations in the content of 
carboxyl and hydroxyl groups were found, which affect the sorption and complex-
forming properties of humic acids (Allen et al., 1997). Scientists from KazNU named 
al-Farabi studied lignite from the Kiyak deposit and revealed the peculiarities of the 
chemical composition of lignite extracts with the help of IR-Fourier spectroscopy. 
Thanks to the obtained results, they presented that coal can serve as a raw material for 
the production of complex organic fertilizers, as well as the basis for the development 
of effective processes for the production of valuable chemical products (Kairbekov et 
al., 2025).

The study of physico-chemical and biological characteristics of lignite wastes 
of the Southern region revealed the problems of ecological character and biological 
transformation of carbon-containing components of lignite wastes (Alikhan et al., 
2025).

Materials and methods.
 Brown coal samples that were used in our study were selected from different 

deposits, these deposits are located in the central and southern regions of the country. 
The selected samples were first dried at room temperature, then crushed in a mortar 
to a fraction of 0.2 μm and sieved to a fraction smaller than 100 μm. Such analysis is 
necessary to ensure homogeneity before analyzing the sample. Lignite samples were 
stored in sealed glass containers to prevent moisture and oxidation of the obtained 
samples.

The selected brown coal samples were analyzed by X-ray diffraction analysis using 
a diffractometer based on source radiation (λ = 1.5406 Å), and the diffractometer works 
at a voltage of 40 kV and a current of 30 mA, the scanning range of this device was 
2θ = 10–80°, with a step of 0.02° and a scanning speed of 2°/min. As a result of 
the conducted analysis, a diffractogram was obtained and further they were used to 
determine amorphous phases, in the diffractogram special attention was paid to the 
presence of reflections of quartz, kaolinite and illite.

Fourier Transform Infrared (FTIR) spectroscopy was employed to investigate the 
functional groups and chemical structure of the organic and inorganic components. 
The spectra were recorded using a Nicolet iS10 spectrometer in the range of 4000–
400 cm⁻¹ with a resolution of 4 cm⁻¹. Samples for FTIR analysis were prepared by 
homogenizing 1 mg of fine powder with 200 mg KBr of spectroscopic purity and 
pressing the resulting mixture into a transparent tablet form. The obtained spectra 
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of the studied samples were corrected according to the baseline and normalized for 
further comparative analysis. Assignment of peaks was carried out based on literature 
data characteristic of humic substances and materials obtained from brown coal (Zhao 
et al., 2020). The main emphasis was placed on vibrational modes O – H, C – H, C=O 
and Si – O.

In this study, to study the microstructure and elemental composition of the surface 
of coal, analysis was carried out using scanning electron microscopy (SEM) in 
combination with energy dispersive analysis. The surface morphology of brown coal 
was observed using a field emission SEM JEOL JSM-7600F at a voltage of 15 kV. 
Samples of low-grade coal under investigation were fixed on aluminum holders and 
covered with a thin layer of gold before obtaining images to reduce charging effects. 
The spectra obtained after energy dispersive analysis were recorded using Oxford 
Instruments. This allowed to obtain the results of the semi-quantitative composition 
of elements (C, O, N, Na, Mg, Al, Si, K, Fe). The combination of SEM-EDX analyzes 
showed a more detailed and complete picture of the distribution of organic and mineral 
phases in the studied samples.

In general, in this study, the sample preparation process and the analysis scheme 
were developed in order to preserve the natural structure of coal and at the same 
time ensure accurate identification of functional groups and inorganic mineral 
components. The integration of the selected methods, XRD, FTIR, and SEM–EDX, 
allowed to comprehensively consider the characterization of structural, chemical 
and morphological features of brown coal, which contributed to the subsequent 
interpretation of their physico-chemical and functional properties. 

Figure 2 – XRD Pattern of Brown Coal Sample

Results. 
The obtained X-ray diffraction pattern of the lignite sample shows the amorphous 

and weakly crystalline structure of the substance with several broad, low-intensity 
reflections superimposed on a slightly raised background. The results show that the 
diffraction maximum is clearly expressed at 2θ ≈ 26.7°, this reflection corresponds to 
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quartz (SiO₂), as it is the main mineral impurity in lignite and sub-bituminous coals. 
This peak is relatively intense and sharp, which indicates the presence of small but 
well-ordered quartz crystallites that were dispersed in the organic component.

In the lower range of the 2θ spectrum (15–25°), several weak and broad peaks 
are clearly visible, which indicates a disordered carbonaceous matrix and interlayer 
structure of kaolinite and illite. The highly scattered character shows the turbostratic 
arrangement of aromatic plates and the limited orderliness of stacking, which is 
characteristic of low-grade coals rich in humic substances. The broadness of these 
reflections suggests an abundance of amorphous organic matter and the predominance 
of functionalized aromatic and aliphatic components rather than extended crystalline 
domains (Pyshyev et al., 2025). 

As can be seen from the spectrum, the peaks in the mid-range of 30° - 40° are weak 
and poorly visible, indicating a small amount of mineral impurities such as feldspars 
or aluminosilicates. These remain in brown coal after oxidation and weathering of 
lignite seams. The broad background signal in the diffraction pattern also indicates the 
amorphous structure of the sample. This reflects the high content of humic acids and 
oxygen-containing functional groups found in the chemical composition.

The diffraction pattern fully confirms that the brown coal under study has a 
heterogeneous structure, containing both organic amorphous material and a small 
amount of crystalline inclusions of silicate materials. The dominant reflection peaks 
of quartz and the broad diffuse peaks of humic substances demonstrate a mixed 
composition. This is typical of oxidized lignite deposits, where mineral impurities 
coexist with partially aromatic organic components that formed under moderate 
diagenetic conditions (Ravich et al., 2025).

Figure 3 – FTIR Spectrum of Brown Coal Sample

The FTIR spectrum of the studied lignite sample reveals a complex organic-mineral 
composition, dominated by oxygen-containing functional groups (carboxyl, carbonyl, 
etc.), typical of lignite and humic substances. A broad and intense vibrational band 
centered in the 3400-3300 cm-1 range corresponds to absorption vibrations of hydroxyl 
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groups where hydrogen bonds are present. This indicates the presence of phenolic, 
alcohol, and carboxyl functional groups and adsorbed structural water. Absorption 
bands in the 2920-2850 cm-1 range indicate C-H stretching vibrations in aliphatic CH2 
and CH3 groups, reflecting the contribution of long-chain hydrocarbons and methylene 
bridges linking aromatic units in the coal macromolecule (Melnykov et al., 2026). Th܁e 
pronounced absorption bands in the region of 1710 cm-1 correspond to the stretching 
vibrations of C=O carbonyl and carboxyl groups, which confirms the oxidative change 
in the coal structure and the accumulation of derivatives of humic acids and fulvic 
acids.

The strong band at approximately 1610 cm⁻¹ signifies the aromatic C=C skeletal 
vibrations, combined with deformation modes of associated O–H groups in conjugated 
structures, which together reveal the presence of condensed aromatic clusters 
interspersed with oxygenated moieties. The absorption region of 1420–1380 cm-1 
indicates bending vibrations of aliphatic C–H bonds, confirming the existence of 
aliphatic side chains linked to the aromatic core. A strong absorption band near 1200 
cm-1 indicates bending vibrations of C–O and O–H bonds of alcohols, phenols, and 
carboxylic acids. These peaks highlight the abundance of oxygen-containing organic 
compounds derived from lignocellulosic precursors (Yufang et al., 2025).

Several peaks located below the 1000 cm-1 absorption region correspond to 
inorganic components. Peaks near 900 and 780 cm-1 exhibit bending vibrations of 
aromatic C–H bonds and Si–O–Al bonds from kaolinite or illite impurities. Absorption 
bands in the 700-500 cm-1 range are characteristic of lattice vibrations of silicate and 
aluminosilicate minerals. The band near 460 cm-1 indicates Si–O–Si vibrations in 
quartz and feldspar phases. Based on the above, the combined spectral pattern fully 
reflects the mixed organomineral structure of the studied lignite sample, which consists 
of humic substances enriched in hydroxyl, carboxyl, and carbonyl functional groups, 
which are closely associated with clay and silicate minerals. The resulting structure is 
consistent with the partial oxidation of lignite, its sorption properties, and its potential 
use as a precursor for the creation of sorbents and humic fertilizers.

Figure 4 – SEM-EDX analysis of brown coal sample
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The scanning electron microscopy (SEM) analysis yielded a micrograph 
demonstrating a highly heterogeneous, rough surface with cracked blocky particles 
and an uneven surface. This surface is characteristic of humic-rich brown coals. 
The micrograph of the sample under study shows microaggregates with numerous 
microcracks and depressions, which formed naturally during the ventilation and drying 
of the coal. These depressions and microcracks indicate a brittle organic matrix of 
the lignite with embedded mineral inclusions. The micrograph shows the absence 
of developed crystalline facets, confirming that the studied brown coal is highly 
amorphous at the microscale. Scanning electron microscopy (SEM) results generally 
reveal a surface morphology with a porous structure and a significant internal surface 
area. This is consistent with the nature of humic-rich brown coals (Zhang et al., 2024).

The resulting spectrum indicates that the material is composed primarily of a 
carbonaceous matrix; the weak C peak confirms the coal origin of the sample and 
the predominance of organic matter. The distinct N peak confirms the presence of 
nitrogen-containing functional groups and humic macromolecules derived from the 
biomass (Küçükbayrak et al., 2001). Inorganic elements Na, Mg, Al, K, and Fe are 
also visible in the resulting spectrum at lower intensities. Here, sodium and potassium 
may be associated with ion-exchange cations, which in turn are associated with the 
carboxylate and phenalate groups of humic substances.

In the spectrum, peaks of aluminum and magnesium indicate the presence of 
finely dispersed clay minerals that are characteristic of aluminosilicate phases. The 
iron signal is typically characteristic of iron oxides, hydroxides, or finely dispersed 
pyrite residues, which are commonly found as cohesive minerals in lignite seams. They 
facilitate the redox activity of coal. 

Discussion
The combined results of scanning electron microscopy and energy-dispersive X-ray 

diffraction analysis indicate that the brown coal under study is a composite material 
consisting of a continuous organic matrix rich in humic substances with embedded 
mineral particles and exchangeable inorganic cations. All of this determines the 
sorption properties of lignite, its surface chemistry, and its subsequent use in sorption 
materials and as humate-containing fertilizers.

Conclusion. Water treatment is currently a pressing issue in the southern region, 
as it is insufficient to meet all agricultural and other needs. Industrial facilities and 
treatment systems require efficient methods and developments for environmentally 
friendly reuse. Organic and inorganic metallic impurities, such as lead, cadmium, 
copper, nickel, dyes, and microplastics, remain in water even after treatment. 
Therefore, the development of multifunctional sorbents from affordable raw materials 
offers significant potential for addressing this issue. In this study, the physicochemical 
properties of brown coal are characterized and demonstrated using the obtained results. 
A comprehensive and integrated analytical approach provided a complete picture of 
the organomineral matrix of the studied lignite, highlighting its potential as a basis for 
sorption materials and fertilizers.
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