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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.
Keywords: brown coal, lignite, surface morphology, mineral composition
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AnHoTanus. Pecry0OnrkaHblH OTBIH SHEPreTHKACHIH/Ia KOHBIP KoMip Oipas Oeirid
ajiaJibl, KOHbIP KOMIPJIIH €H YJIKCH KE€H OPbIHIapbl MEMJICKETTIH COJITYCTIK, OPTAJIBIK
JKOHE OHTYCTIK-IIBIFbIC Oodirinae kezaeceni. KOHbIp KoMip KOMIpAiH KOFaphl KYJi
KJIAChIHA JKaTa][bl XKOHE BUIFaJIbUIBIFBI )KOFAaphl OOJIFAHIBIKTaH MEHIIIKTI )KaHy JKbLITYbI
TeMeH OoJbI Keseai. byl 3eprreyine TUrHUTTIH (U3NKO-XUMUSIIBIK KACHETTEpi MEH
OHBIH KYPaM/IbIK )KOHE MUKPOKYPBUTBIMIBIK CUTIATTaMaIaphl YCHIHBUIFaH. 3epTTeIeTiH
KOMIPJiH (QHU3UKO-XUMHSIIBIK KACHETTepi OHBIH KYpPaMbIHIAFbl OPraHUKAaJBIK,
3aTTapAbIH, JKOFaphl bUIFAJIBUIBIK ITEH YIKBIIITHIK 3aTTap/AblH O0ap eKeHiH KopceTei.
PecnyOnukana ke3aeceTin KOHBIP KOMip KeH OPbIHIaPbIHBIH MUKPOKYPBUIBIMIBIK JKOHE
KYpaMJIbIK CHIIaTTaMallapbiH )KETKITIKCI3 01Ty )KOHE JKETKUTIKTI 3epTTeIMEreH/Iir Oyt
KYH/IBI peCypCThI YTHIM/IbI Maiiaanany/as! mekrelai. COHABIKTaH KOHBIP KOMIpIIi *KaH
KAKTBI 9pi KEeIIeH Ii 3epTTey ©3eKTi Mocesie OombI TadblIaabl. byl ap3an kemip TYpiH
XUMHSI OHEPKOCIOIHIE COPOIMSIIBIK MaTepuagap HeMece ThIHAUTKBIIITAP PETiHJIEe
naiaisany SKOJIOTHSUIBIK, DKOHOMHKAJIBIK JKaFbIHAH THIMJII )KOHE peCypCTapabl YHEM I
naiiiajgany MoceJeliepiH MeTeTiH eni. bys 3epTrey >KYMBICHIHBIH Makcarhl KOHBIP
KOMIpJiH (U3NKO-XUMUSIIBIK CUIIaTTaMalapblH KEUICH[I 3epTTey JKOHE OHBI KeHiH
XUMHSI OHEPKICIOIH/IEe COPOCHTTEP HEMECE THIHAWTKBIIITAP PETIHAC INaiaiaHyIbIH
OPBIHABUIBIFBIH aHKbIHAAY OOJNbIN TaObUTagel. KemipaiH Oyl Typi YUIiH aiblHFaH
HOTHKEJIEP/IiH MPAKTUKAJIBIK MaHbI3IbUIBIFBI XUMUSI OHEPKOCIOIH IE JINTHUTTI OJIaH 9pi
naiiiajgany olieyeTiH apTThIpajbl )KOHE KOpIIaraH OpTaHbl TEXHOTEHII KaJAbIoTapJaH
KOpFay MocelleliepiH mmemeai. Makanaga TaHJaidFaH ChlHAMalapra pPEHTTeHIIIK
mudpakuust (XRD), dypwe Typaennipyini uadpaxsizbul crnekrpockonuschl (FTIR)
JKOHE DHEPTHUSHBI JUCIEPCUSUIBIK PEHTEHAIK Talaaybl Oap CKaHepIeylli dIIEKTPOHIbI
mukpockonusi (SEM-EDX) kemeriMeH ajblHFaH HOTHIKENEp KEeNTIPUITeH IKOoHe
QIbIHFAH HOTWXKEJIEPHiH aHAIUTHKAIBIK Tanaaybl kenTipiareH. XRD pentrenmik
TuQpakiusl 3epTTeyre ajiblHFaH KOHBIP KOMIpAiK aMop(Thl KypbUIbIMFa W€ EKEHiH,
OJlaH KOCa WJUINT, KAOJIWHUT JKOHE KBAPITHIH KPUCTAJABI KOCHIHIBLIAPHI 0ap eKeH
kopceTTi. THpaKbI3bUT CIEKTPIIEpi 3ePTTENETIH KOMIPIIiH KYpaMbIH/a KOII MOJIIIEpAe
TUAPOKCHII, KapOOHWJ, THIPOKCHUI (DYHKIUOHAIABIK TOPTApAbIH Oap eKeHiH
kopcerTi. DyHKIMOHAIABI TONTAPABIH KOm OOMybl TOTHIFYABIH JKOFapbl JIOPEKECiH
JKOHE KypamblHJa TYMUHI 3arTapiblH 0ap eKeHJIriH adlkbiHmaiael. CkaHepieyi
anekTpouabl Mukpockonus (SEM-EDX) kemeriMeH MHUKPOCYpET albIHBIN OJaH
KOMIp/iH OeTiHJerl JKapbIKTAaKTap MEH arperaiusulanfaH JaMmeJUsuiapel  0ap
KEYeKTi yoHe rereporeni 0erti anbikTaasl, EDX notmxkenepi Na, Mg, Al, K, Fe a3
MOJIIIEPIiH, ajl OTTETl MEH KOMIPTETiHiH 0achiM €KEHJITIH aHbIKTan Oep/i. YKaH skaKkThl
OIpIKTIpUITeH aHATUTHKAIBIK JIEPEKTEp JUTHUTTIH OPraHOMUHEPANIbl KYPHUTBIMBIH
TYCiIHyre MYMKIHZIK Oeplli doHe Jie XUMHUsI OHEPKICiOiHIe COPOLUSIIBIK MaTepuaiiap
HeMece TyMaTThl TRIHAUTKBIIITAD YIIiH THIM/I MaTepuan 00IaTbIHbIH KOPCETTI.

Tyiiin ce3aep: IUTHUT, KOHBIP KOMIp, MUHEPAJIIBI KypaM, OETTiH MOP(OIOTHSCHI
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AHHOTanusi. DBypblii yroiap 3aHMMAaeT 3HAYUTENBHYIO JIOJO B TOIUIMBHO-
sHepreTuueckoM Oanance PecryOnukm Kazaxcran m xapakTepu3yeTcsi KpyHTHBIMH
3aracaMi, COCPEAOTOYEHHBIMU B CEBEPHBIX, LEHTPAIBHBIX M IOT0-BOCTOYHBIX
pernoHax cTpaHbl. HecMOTps Ha IIMPOKYIO paclpOCTPaHEHHOCTb, Oypble YU
OTJINYAIOTCS ITOBBILIEHHON 30JbHOCTBIO U CPABHUTEIBHO HU3KOHM TEIUIOTOM CrOpaHusl,
YTO OrPaHUYMBAET UX TPAJULUOHHOE HHEPreTUUYECKOE MCIOJIb30BaHME. B cBs3M C
9THM OCOOBIN HHTEPEC MPEACTABISIET U3yYeHHE UX (PUBNKO-XUMUYECKUX CBOHCTB IS
paciMpeHus HanpaBIeHUH MPOMBIIIICHHOTO TPUMEHeHHs. B paboTe mpencTaBieHbl
PE3YyNBTaThl HCCIIEAOBAHMSI COCTABHBIX U MUKPOCTPYKTYPHBIX 0COOEHHOCTEH 00pa31oB
Oyporo ymis (nuramra) Kaszaxcrana. AKTyanbHOCTh HCCIENOBaHHUS 0O0yCIIOBJICHA
HEJOCTATOYHOM M3YUYEHHOCTBIO CTPYKTYPHBIX XAPAaKTEPUCTHK JIMTHUTA C TOYKH
3pEeHHs eT0 JallbHEHINEeTo UCTIONb30BAHUS TIPH MTOTyUYeHHH COPOIMOHHBIX MaTepHajoB
W TyMaTHBIX ynoOpenuit. llenbio paboThl SBISIOCH KOMIUIEKCHOE HCCIEHOBAHHE
(UBNKO-XMUMHUYECKUX CBOHCTB OypOro yIiist Uit OIICHKH MEPCIIEKTHB ero MPUMEHEHHS
B XMMUYECKON NPOMBIIUIEHHOCTH U PEIICHUM 3KOJIOIMYECKMX 3a/1a4, CBSI3aHHBIX C
nepepaboTKON TEXHOTEHHBIX OTXOA0B. M ccienoBaHust TPOBOAMIMCH C UCTIOIB30BAHUEM
METOIOB peHTreHodaszoporo anamuza (XRD), wH(pakpacHOW CIEKTPOCKONUU C
npeobpazoBanueM Dypoe (FTIR), a Tak:ke CKaHUPYIOLIEH JIEKTPOHHON MUKPOCKOITUN
C DHEPTOJUCIIEPCHOHHBIM peHTreHoBcKuM aHanuizoMm (SEM-EDX). Pesynerarsr XRD
MOKAa3aJiv, YTO UCCIICAYEMBIi JTUTHUT XapaKTepHU3yeTcsl IPEUMYIIeCTBEHHO aMOp(hHOM
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CTPYKTYpO# ¢ HEOONBIIUMH KPHCTANIMYECKUMHU BKJIIOYEHUSIMH WIIUTA, KAOJTUHHUTA
n kBapua. Ilo panHeiM FTIR ycTaHOBIEHO HalMuMe 3HAYUTENBHOIO KOJIMYECTBA
KHCIOPOACOAECPKAMMX (PYHKIHOHAIBHBIX TPYMI - KAPOOKCHIBHBIX, THAPOKCHIBHBIX
U KapOOHMJIBHBIX, YTO COOTBETCTBYET NPHUPOJE JUTHUTA W CBUACTEIBCTBYET O
NPUCYTCTBUU TYMUHOBBIX BemlecTB. WccnenoBanus meronom SEM-EDX BwisBuin
HEOJHOPOJHYIO IIEPOXOBATYH) IIOBEPXHOCTh C Pa3BUTOM CUCTEMON MHUKPOTPELIUH.
OJeMEeHTHBIHN cOCTaB XapaKTepU3yeTCsl BBICOKUM COJEPKaHUEM YITIEpOa U KUCIOpOo/a,
a taxoke npucyrcreueM Na, Mg, Al, K u Fe B HeOonpmmx xonnuecrsax. [lomydennsie
pe3ynbTaThl MO3BOJSIOT 0Oojiee TOJHO OXapaKTepH30BaTh OPraHOMUHEPAIbHYIO
CTPYKTYpy Oyporo yrisi ¥ MOATBEPKIAIOT MEPCIEKTUBHOCTh €0 HCIIOJIIb30BaHUS B
KaueCTBE ChIPbsS AJIS TIOJyUYEHUs COPOIIMOHHBIX MaTepHUajoB U I'yMaTHbIX yIOOpeHUH.

KuroueBbie cioBa: Oypelii yroib, JHTHHT, peHTreHoga3oBblii aHamu3, FTIR-
cnekrpockonusg, SEM-EDX, muHepanbHbI cocTaB, MOpP(}OJOTHs MOBEPXHOCTH,
T'YMHUHOBBIE BEIIECTBA, COPOLIMOHHbBIE MaTePHAIIbI

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 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 pm and sieved to a fraction smaller than 100 pm. 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 (A = 1.5406 A), and the diffractometer works
at a voltage of 40 kV and a current of 30 mA, the scanning range of this device was
20 = 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™ with a resolution of 4 cm™!. 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=0
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.

Simulated XRD Pattern of Brown Coal Sample with Labeled Peaks
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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 20 = 26.7°, this reflection corresponds to
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quartz (Si0O:), 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 20 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).

Simulated FTIR Spectrum of Brown Coal Sample
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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=0 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™' 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.

Counts

N Mg Fe

Energy (keV)

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 (Kiigiikbayrak 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.

Conflict of interest. The authors declare no conflict of interest regarding the
publication of this article.
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