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Abstract. Currently, one of the most promising and dynamically developing areas
in materials science and nanotechnology is the synthesis of composite materials
containing carbon nanofillers. The integration of such nanoscale carbon structures
into the composite matrix allows for significant modification of its physicochemical
properties, including thermal and chemical stability. The aim of the work was to obtain
new composite materials based on the processing product of coal waste modified with
graphene oxide, as well as to study the influence of various factors on the process of
their production, and to study their composition and physical and chemical properties.
The methodology of the work includes the synthesis of composite materials based on
HA using GO was carried out under the action of ultrasound. Synthesis of composite
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materials based on humic acids modified with graphene oxide was carried out at different
ratios of the initial reagents (HA:GO=10:0.1, 20:0.1) and different times of ultrasonic
exposure (0, 15, 30 minutes). The results of the study showed that ultrasonic treatment
has a significant impact on the chemical structure and functional properties of humic
acid-based composites. The optimal ultrasonication time was found to be 30 minutes;
further increases in time lead to destructive processes in the humic acid structure and
a reduction in the number of functional groups. The introduction of graphene oxide
into the humic acid shifts thermal degradation processes to higher temperatures. The
resulting composite materials are characterized by increased thermal stability and a
developed surface structure, making them promising materials for use in wastewater
treatment processes and as components of catalytic systems.

Keywords: composite materials, carbon filler, humic acids, graphene oxide,
ultrasound
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Annoramus. Kazipri tanma marepuanTaHy MEH HAHOTEXHOJOTHS CallaChIHAFbI
€H KapKbIHJbI JaMbIll KeJie >KaTKaH opl Oojamiarbl 30p OaFbITTapiablH Oipi —
KypaMblH/Ia KOMIPTEKTI HAHOTONTBHIPFBIIITAD Oap KOMIO3UTTIK MaTepuasaapibl
cuHTe3ey Oonbin TalObianel. OChIHAAH HAHOOMIEM/I KOMIPTEKTI KYpbUTBIMAAP/IbI
KOMITO3UTTIK MaTpHUIlaFa CHIi3y OHbIH (PU3UKA-XUMUSIIBIK KACUETTEPIH, COHBIH 1IIIH]IE
KBUTYJIBIK JKOHE XUMHMSIIBIK TYPaKTBUIBIFBIH aWTaplibIKTalk e3repTyre MyMKiHIIK
Oepeni. JKyMmbICTBIH MakcaTtbl — TpadeH OKCHIIMEH MOIU(UKANUsIIaHFaH KeMip
KaJIJIBIKTapbIH OHJICY OHIMJIeP] HET131H/1e )KaHa KOMIIO3UTTIK MaTepuasiap ay, COHIa-
aK OJIapJIbIH AJIBIHY TPOLIECIHE dPTYPJIi (haKTOPIIAPIbIH 9CEPIH 3ePTTEY KOHE OJaP/AbIH
KypaMmbl MeH (PU3UKa-XUMUSIIBIK KACHETTEPIH YKaH-)KAKThI TaIay OOJIbII TaOBLIAIbI.
3eprTey oicTeMeciHe coiikec, TyMUH KbIIKbULAapbl (HA) HeriziHaeri KOMIIO3HTTIK
Marepuaigap/sl rpadgen okcuain (GO) KojaHa OTBIPHINT CHHTE3NEY YJIBTPabIObIC
ocepinze xy3ere acbipbuiabl. CHHTE3 OacTanKbl peareHTTepIiH 9pTYPil KaTbIHACKIH/IA
(HA:GO = 10:0.1, 20:0.1) »xoHe yabTPaAbIOBICTBIK OHICYIIH OPTYPJi YaKbIT
apanbikTapsiaaa (0, 15, 30 MuUHYT) KYpriziani. 3epTTey HOTHKeNIepi YIbTPaIblObICTHIK
OHJICY/IIH TYMHMH KbBIIIKbLIIAPbl HETI31HJErT KOMITO3UTTEPAIH XUMUSUIBIK KYPBLIBIMBI
MeH (QYHKIIMOHAJIBIK KaCHETTEPIHE eJeyili dcep eTeTIHIH KOPCETTi. YIbTPaablObICTHIK
OHJICY/IIH OHTaMIbl yakpIThl 30 MUHYT €KCHI aHBIKTaJJIbl; YaKbITThI OJIaH Opi y3apTy
TYMHUH KBIIIKBULIAPBIHBIH ~ KYPBUIBIMBIHIA JISCTPYKTUBTI — @3repicTepre OKellil,
(OYHKIMOHAJIJIBIK TONTAP/bIH CAaHBIHBIH a3aroblHa cebern Oonajel. [padeH okcuiin
€HT13y HOTHXECIH/IE TEPMISUTBIK BIIBIPAYy MPOLIECTEPi )KOFaphl TEMIIEpaTypa aiiMarbiHa
BIFBICA/IBI. AJIBIHFaH KOMITO3UTTIK MaTepHalap »KOFapbl KbUIYJIBIK TYPAKTHUIBIKIICH
JKOHE JJaMbIFaH OeTKi KYpbUIBIMBIMEH epeKiIesieHeal. byl onapasl aFbIHIIBI CylTapibl
Ta3apTy MpOIECTEpiHIe KOHE KaTaJHTHUKAIBIK >KYWelepIiH KOMIIOHEHTTEPi peTiHiae
KOJIZIaHyFa MepCIeKTHBAJIbI MaTepHasiap KaTapblHa *KaTKbI3yFa MYMKIHIIK Oepe/ti.

Tyiiin ce3mep: KOMIO3HUTTIK MaTepHaiiap, KOMIPTEKTI TOJTHIPFBIN, T'yMHH
KBIIIKBUIAAPHI, TpadeH OKCUI, YIBTPaJbIOBICTHIK
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AunHoramusi: B HacTosimee BpemMs OJHMM U3 HauOojee NepCIEeKTUBHBIX
HalpaBlieHHH B 00IaCTH MaTepHaIOBeICHNs 1 HAHOTEXHOJIOTUH SIBIIsieTCS pa3padoTKa
KOMITO3UTHBIX MarcpuajioB, COACPKAIIUX YIVICPOAHBLIC HAIIOJIHUTCIIN. I/IHTeraHI/IH
HAaHOPAa3MCPHLIX YINICPOAHBIX CTPYKTYp B COCTaB KOMIIO3UTHOM MaTpulbl MMO3BOJIACT
CYIICCTBEHHO MOIAM(PUIIMPOBATh HUX (PU3MKO-XUMHUYECKHE CBONCTBA, BKIIIOYAsI
TEPMUYECKYI0  yCTOMYMBOCTb, XHUMHYECKYIO CTaOWJIBHOCTH U  CTPYKTYpHBIE
XapaKTCPUCTUKH. HCHLIO pa6OTBI SABIIACTCA MOJTYUCHHUE KOMIIO3UTHBIX MAaTCpHUaJIOB HA
OCHOBE ITPOJIYKTOB IEPEPa0OTKH YIIICOTXOA0B, MOTU(PHIIMPOBAHHBIX OKCHIOM rpadeHa,
a TarK)Ke UCCIIENOBAaHUE BIIMAHUS TEXHOJIIOTMYECKUX IAapaMETpOB Ha HUX CTPYKTYpY U
CBOMCTBAa. METONONOTHS HMCCIENOBAHUS BKIIOYAET CHHTE3 KOMIIO3UTOB Ha OCHOBE
TYMHHOBBIX KHCJIOT, MOJAM(DUIIMPOBAHHBIX OKCHIOM TpadeHa, ¢ HCIOIb30BaHUEM
yABTPa3ByKOBOU 00pabOoTKU. CHHTE3 MPOBOIWICS IMPH PA3IUYHBIX COOTHOIICHHSIX
xommoneHnToB (I'K:OI' = 10:0,1 u 20:0,1) u BpeMenu ynsrpa3BykoBoro Bo3aeictusi (0,
15 u 30 MmunyT). Pe3ynbrarhl HCCIIEI0OBaHUS TTOKA3aJIM, YTO YIbTPa3ByKOBasi 00paboTKa
OKa3bIBACT 3HAYUTENFHOE BIHMSIHAE Ha XUMHYECKYIO CTPYKTYpy W (PyHKIHMOHAJbHBIC
CBOMCTBA IMMOJTYYCHHBIX KOMIIO3UTOB. YCTaHOBJ'IeHO, 4YTO ONTHUMAJIBHOC BpPEMsA
YABTPa3BYKOBOW 00paboTKu cocTanisieT 30 MUHYT, TOT/Ia KaK JajbHEHIIee YBeIUICHNE
BPEMEHHU IPUBOIUT K INECTPYKLUUU CTPYKTYPHl T'YMUHOBBIX KHCJIOT M CHHUXKCHUIO
cofepkanus (DYHKIIMOHAIBHBIX TpyIi. BBemenue okcuaa rpadeHa crocoOCTBYeET
MOBBIIICHHIO TEPMUYECKON YCTOWYMBOCTH KOMITO3UTOB 32 CUET CMEIICHUS TPOIIECCOB
TEPMHUECKOH JeCTpyKUuH B o0nacth Oojiee BBICOKHX Temreparyp. [lomyueHHbIe
MaTepHaJIbl XapaKTEpU3YIOTCS PA3BUTON MMOBEPXHOCTHOM CTPYKTYPOI U MOBBILIEHHON
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TEPMOCTOMKOCTBIO MO CPaBHEHUIO C MCXOAHBIMM TYMHHOBBIMH KHCJIOTaMH.
[IpakTuueckass 3HAYMMOCTH paOOTBHI 3aKIOYAETCs B BO3MOKHOCTH TPUMEHEHHS
pa3paboTaHHBIX KOMIIO3UTOB B MPOLIECCAX OYUCTKHU CTOYHBIX BOJ, & TAK)KE B Ka4eCTBE
KOMITOHEHTOB KaTaIUTUYECKUX CUCTEM..

KuaroueBble cjioBa: KOMITO3UTHBIE MaTepUalbl, YIIEPOIHBIH HAMOJHUTEND,
TYMHHOBBIE KHCIIOTBI, OKCH/[ rpad)eHa, YIbTpa3ByK

Introduction. In recent decades, the rapid development of nanotechnology has led to
increased interest in the development of composite materials using nanoparticles. One of
the most promising areas is the creation of composites based on organic polymer matrices
and nanosized fillers (Chai et al., 2021; Lima et al., 2021). Such materials are widely
used in various fields of science and technology due to their improved physicochemical,
mechanical, and functional properties compared to tradition-al polymers (Li et al.,
2024). Natural polymers, which are highly available, low cost, and have pronounced
stabilizing properties, are attracting particular attention from researchers.

One of the promising natural polymers capable of serving as a matrix for the creation
of composites are humic acids (HA), products of the transformation of organic matter
from coals of varying degrees of metamorphism. HA are a complex set of high-molecular
compounds that differ in structure, degree of aromaticity, and content of functional groups.
Depending on the formation conditions, such as the degree of metamorphism, genesis,
and oxidation level, their composition may be dominated by both low-molecular-weight
and high-molecular-weight components, including aromatic and aliphatic fragments in
various ratios (Feng et al., 2024; Sazawa et al., 2026). Recent studies have shown the
effectiveness of using humic acids as sorbents for organic pollutants and heavy metals,
as well as in membrane technologies for wastewater treatment (Zhakina et al., 2024;
Papadaki et al., 2023).

Literary review. In Kazakhstan, where coal remains one of the main energy
sources, a significant share of the coal balance consists of low-energy coals and coal
waste, which are not suitable for efficient use in traditional power plants. The disposal
and processing of such carbon-containing materials represent both an environmental
and technological challenge that requires modern solutions. One promising area is
the extraction of humic acids from them — natural high-molecular substances with a
wide range of functional properties. Due to their ability to sorb heavy metals, organic
pollutants, and ions, humic acids are used in wastewater treatment technologies, the
creation of sorbents and nanocomposites, and in electrochemical systems. The use of
coal waste as a raw material for the production of humic acids not only promotes rational
environmental management but also increases the added value of low-grade carbon raw
materials. Graphene and its derivatives serve as a promising source for the creation of
nanocomposite materials (Brahma et al., 2025; Ibragimova et al., 2026). Graphene and
its oxidized form (graphene oxide, GO) have become new promising materials in the
field of nanotechnology due to their unique thermal, chemical, mechanical, electronic,
electrical, and optical properties (Haque et al., 2025; Lin et al., 2024). This material
is applicable in various fields, from medicine to the oil industry and nanoelectronics
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(Huang et al., 2025; Milka et al., 2026; Amigues et al., 2026). Additionally, its sensory
qualities make it a potential sensor for detecting hazardous elements (Elhaes and
Ibrahim, 2025; Harini and Ponraj, 2024).

Graphene oxide is small islands of graphene with sp2-hybridized bonds, randomly
distributed over the surface of the substrate, surrounded by large ar-eas with sp3-
bonds, functionalized with oxygen-containing groups (epoxy, hy-droxyl, carbonyl
and carboxyl) (Jirickova et al., 2022). Graphene oxide has a relatively high exchange
capacity (from 5 to 8 mmol-eq/g) due to the ion-exchange properties of its carboxyl
groups, which effectively extract cations of transition metals, rare earth elements,
actinides, and radionuclides.

In the future, this material can be used in tap water purification systems or portable
bactericidal filters, avoiding chemical oxidation processes (Gayen et al., 2024; Tiwary
et al., 2024). The significant advantage of this material is its low consumption and easy
regeneration (Avila-Aviles, 2025).

The combination of natural polymers and graphene oxide is a promising direction
in the field of creating multifunctional nanocomposite systems. However, there are
still open questions related to optimizing the synthesis conditions, ensuring uniform
distribution of nanoparticles, and studying the physical and chemical properties of the
composite.

The primary objective of this study is to produce composites based on humic acids
and graphene oxide, as well as to investigate the influence of various factors on the
production process, their composition, structure, and physicochemical properties.
This work is a logical continuation of research conducted in the “Polymer Chemistry”
laboratory of the “Institute of Organic Synthesis and Coal Chemistry of the Republic
of Kazakhstan”, aimed at creating new functional materials based on man-made carbon
sources.

Materials and methods. Materials: Composite materials modified with graphene
oxide were obtained from humic acids (HA) isolated from samples of weathered coal
from the Shubarkol deposit (Karaganda, Kazakhstan) using a method we developed
earlier (Zhakina et al., 2020).

The following were used as a composite modifier:

— graphene oxide (GO) from Sigma Aldrich (USA, 796034-1G) with the following
characteristics: powder, 15-20 sheets, 4-10% oxidation at the edges, average number of
layers 15-20.

Methods: As a source of ultrasonic radiation, an IL 100-6/2 ultrasonic unit with a
maxi-mum power of 1200 W and a cylindrical waveguide, equipped with an IL10-1.0
ultrasonic generator with a magnetostrictive transducer operating at a frequency of 22
kHz, was used. An “Anion-4100” (Infraspec-Analyte, Novosibirsk, Russia) laboratory
conductivity meter was used to measure the total content of oxygen-containing functional
groups (COOH+OH). Measurements were performed sequentially with three sample
weights, and the average value of the three runs was taken as the final value.

The elemental composition (C, H, O) of the starting humic acids, GO, and composites
was determined by elemental analysis using an Elementar Unicube analyzer (Germany).
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Fourier-transform infrared spectroscopy was used to study the chemical composition
of the composites and identify functional groups. Spectra were recorded in the 400-
4000 cm-1 range with an error of no more than 2 cm-1 using an FSM-1201 spectrometer
(Infraspec Company, St. Petersburg, Russia).

The morphology and surface structure of the starting compounds and the resulting
composites were examined using a MIRA 3 scanning electron microscope (Tescan
Orsay Holding, Brno-Kohoutovice, Czech Republic).

Synthesis of composite materials.

Synthesis of HA-based composite materials using GO was accomplished using
ultrasound. The synthesis was performed using various ratios of the starting reagents
(HA:GO = 10:0.1, 20:0.1) and different ultrasonic exposure times (0, 15, 30 min). To
form the composite material, the mixture after ultrasonic treatment was subjected to
thermal holding at 90°C for 6 hours. Ultrasonic treatment has a significant impact on
the chemical structure and functional properties of humic acid-based composites. One
of the key indicators is the content of oxygen-containing groups, which determine the
sorption and reactivity properties of the composite.

Results. Table 1 evaluates the change in the total content of oxygen-containing
functional groups X(COOH+OH) under the influence of ultrasonic irradiation (0, 15,
30 minutes) at different mass ratios of the HA:GO components. The composition
of the HA:GO composites varied in HA:GO mass ratios of 10:0.1 and 20:0.1, with
ultrasonic treatment durations of 0, 15, and 30 minutes. A study examining the effect
of ultrasonication on the production of HA:GO composites revealed that ultrasonic
irradiation leads to a slight but consistent increase in the total oxygen-containing
functional groups X(COOH+OH). The most pronounced effect is observed after 30
minutes of treatment, after which the Z(COOH~+OH) values stabilize.

Table 1 — Effect of the ratio of initial components and the time of ultrasonic treatment on the product
yield and other characteristics

Composite . -
(mass%) US, min Z(COOH+OH), mg-eq/g Yield, %
HA:GO — 4.24+0.2 82.15
‘ 15 4.2+0.2 82.74
10:0.1
30 4.4+0.2 83.07
HA:GO - 4.5+0.2 87.64
20:0.1 15 4.5£0.2 87.99
30 4.6+0.2 88.53

This effect is explained by the fact that ultrasound improves the dispersion of graphene
oxide in the humic acid matrix and activates the surface through cavitation processes,
which create localized zones of high temperatures and pressures. With an increase in
the content of graphene oxide from 10 to 20 wt.%, an increase in X(COOH+OH) to
4.6 mg-eq/g and an increase in the product yield to 88.53% are observed with a ratio
of HA:GO=20:0.1 and an ultrasonic treatment duration of 30 minutes, which can be
considered the optimal combination of synthesis parameters.
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Table 2 presents the results of elemental analysis of composites based on humic acid
with graphene oxide.

Table 2 — Characteristics of synthesized composites.

Composite (mass, %) Ce, % Hg, % 0g, %
HA:GO 10:0.1 (US=30 min) 48.91+0.2 3.04+0.1 48.05+0.2
HA:GO 20:0.1 (US=30 min) 45.63+0.2 3.33+0.1 51.04+0.2

Elemental analysis revealed that all composites contain three main elements: carbon,
hydrogen, and oxygen, the ratio of which reflects the characteristics of the chemical
interaction of HA with GO. The oxygen content varies from 0O%=48.0 to 51.0%, which
is explained by the presence of numerous oxygen-containing groups in the structure of
graphene oxide (C—OH, C=0, C-OOH).

The structure of the starting compounds and the HA:GO composite was evaluated
using IR spectroscopy. Figure 1 shows the IR spectra of the starting components and
the HA:GO composite (20:0.1) obtained by ultrasonic treatment for 30 min. The IR
spectrum of HA (a) is characterized by a broad, intense band in the 3000-3600 cm
region, corresponding to the stretching vibrations of hydroxyl groups (—OH) involved
in the hydrogen bond system. The band at ~1710 cm™ is due to the stretching vibrations
of carbonyl groups (C=0) of carboxyl fragments. A set of bands in the 1595-1500 cm!
range is due to vibrations of aromatic C=C bonds, as well as asymmetric vibrations of
COO" groups. The bands at 1270-1230 and 1030-1010 cm™ correspond to the stretching
vibrations of C—O in phenolic, alcohol, and ester groups, reflecting the polyfunctional
nature of the humic matrix.
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Figure 1 - IR spectra: graphene oxide (c), humic acids (b),
composite HA:GO (20:0.1, US=30 min) (a).

The IR spectrum of graphene oxide is inert and lacks any clearly defined peaks.
Weak vibrations in the spectrum are due to the minimal content of oxygen-containing
reaction centers. The IR spectrum of the HA:GO composite (b) retains the main spectral
signatures of both initial components but exhibits a number of significant changes.
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A redistribution of the —OH band intensity is noted in the 3100-3400 cm™ region,
indicating increased hydrogen bonding between the humic acid functional groups and
the oxygen-containing groups of graphene oxide. A slight shift of the carbonyl band
in the 1710 cm™ region in the composite spectrum demonstrates a change in intensity
and indicates the involvement of the carboxyl groups of HA and GO in interfacial
interactions. The weakening and smoothing of the bands in the 1200-1000 cm™ region
may be due to partial shielding of the C—O groups of the humic matrix during adsorption
on the graphene oxide surface. Overall, the combination of spectral changes confirms
the formation of a HA:GO composite system.

Discussions. The thermal stability of the resulting HA:GO composite and a
comparative assessment with the original components (HA and GO) were determined
using thermogravimetric analysis (TGA). Thermograms of all samples are shown in
Figure 2. As Figure 2 shows, the thermogravimetric curve combining data for the
three samples (HA, GO, and HA:GO) reveals marked differences in thermal behavior,
reflecting the specific features of their chemical composition and structural organization.
The curve for humic acids is characterized by a three-stage mass loss. The first stage
records moisture removal of ~5%. In the range of 180-600°C, intense decomposition
of organic matter is observed, with a mass loss of approximately 45%, corresponding
to the destruction of aliphatic and aromatic fragments containing oxygen functional
groups. At the final stage (600-1000°C), further destruction of heat-resistant structural
fragments occurs, accompanied by an additional mass loss of approximately 25%. The
total mass loss is approximately 75%, reflecting the relatively low thermal stability of
humic acids.

Graphene oxide is characterized by a multi-step curve shape. In the range of 30-
770°C, adsorbed moisture is removed and oxygen-containing functional groups
(hydroxyl, carboxyl, and epoxy) undergo sequential degradation, accompanied by a
total mass loss of approximately 25%. An additional loss (~5%) in the range of 770-
1000°C is due to the destruction of residual functional groups and the onset of oxidation
of the carbon core. The total residue after heating is approximately 70%, indicating a
high degree of ordering of the carbon layers and good thermal stability of GO.

110 4
100 o
90 -|
80 4
70
60 -
50
40 -
30 -
20 |

— HA
] GO
104 |—— HA+GO

0

200 400 600 800 1000
Temperature, °C

Figure 2 - Thermograms: HA, GO and HA:GO (20:0.1, US=30 min).
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The TGA curve of the HA:GO composite demonstrates an intermediate behavior
between the initial components. At the first stage (30-190°C), moisture evaporation
(~5%) is recorded. The second stage (190-570°C) corresponds to the main stage of
destruction, including the decomposition of the organic components of humic acids
and partial destruction of the functional groups of graphene oxide, with a mass loss of
about 40%. At the final stage (570-1000°C), a number of less pronounced processes
associated with the oxidation of stable structural fragments are observed, accompanied
by an additional mass loss of about 12%. The total mass loss is approximately 57%,
the remainder is 43%. A combined analysis of the TGA curves showed that the thermal
stability of the studied samples increases in the following order: HA < HA:GO < GO.

Thus, the introduction of graphene oxide into the humic acid structure reduces
overall mass loss and shifts thermal degradation processes to higher temperatures. This
indicates a stabilizing effect of the graphene filler, associated with enhanced interfacial
interactions and the formation of a denser compo-site structure. The resulting composite
exhibits improved heat-resistant properties compared to the original humic acids,
making it a promising material for the creation of heat-resistant sorbents and functional
coatings.

Figure 3 shows topographic images of the surface morphology of the initial
components and the composite of the composition HA:GO (20:0.1, US=30 min),
obtained using scanning electron microscopy (SEM). Humic acids (Figure 3a) exhibits
a complex porous structure with a distinctly uneven and rough surface containing
numerous pores and cracks. HA particles have an irregular, predominantly rounded
shape, often indicative of its natural origin and complex chemical composition. At
x100,000 magnification, pores of varying sizes are observed, which is important for the
sorption properties of the composite.

Figure 3 - Electron microscopic images: HA (a), GO (b) and composite HA:GO (20:0.1, US=30 min)
().

Graphene oxide (Figure 3b) appears in microscopic images as a multilayered, flaky
structure typical of graphene. The plates vary in size and thickness, forming loose
agglomerates. The particle surface appears rough and wavy, due to the presence of
oxygen-containing functional groups (hydroxyl, carboxyl, and epoxy) that deform the
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graphene crystal lattice. The samples exhibit non-uniform particle sizes, which may
be due to incomplete oxidation of the original graphite and partial aggregation of GO
sheets. Micrographs confirm that the synthesized graphene oxide is a thin-platelet,
porous material with a high degree of exfoliation and a developed specific surface area,
suitable for modification and the formation of composites.

The presented micrograph (Figure 3¢) shows the surface morphology of a composite
HA:GO (20:0.1, US=30 min). The sample exhibits a dense, uniform surface morphology
with aggregated particles of predominantly rounded and irregular shapes. Unlike pure
graphene oxide, which is characterized by a pronounced layered, flaky structure, this
composite exhibits a reduced degree of delamination and a more compact structure,
indicating the intercalation of GO layers into the organic HA matrix. The particle surface
appears relatively smooth and compact, indicating the formation of strong interactions
between the functional groups of HA and the oxygen-containing centers of GO. Small
pores and microcracks are locally present, which could act as active sites for the
sorption of metal ions or other target molecules. Composite formation is accompanied
by chemical and physical modification of the surface, during which the layered GO
structure is partially degraded, and amorphous humic acids fill the interlayer spaces
and bind individual graphene oxide sheets. This results in a stable hybrid structure with
a uniform distribution of components, a high degree of compaction, and a developed
specific surface area. Ultrasonic treatment also has an additional effect, promoting the
breakdown of agglomerates and uniform dispersion of GO nanoparticles within the
organic matrix of the HA.

This results in the formation of a stable hybrid structure with a uniform distribution
of components, a high degree of compaction, and a developed specific surface area.
Ultrasonic treatment has an additional effect, promoting the breakdown of agglomerates
and the uniform dispersion of GO nanoparticles within the organic matrix of the HA.
Cavitation effects, arising from the prop-agation of ultrasonic waves in a liquid medium,
improve the homogeneity of the composition and activate interfacial interactions.
According to SEM data, it can be concluded that the obtained HA:GO composite is a
dense but porous nanostructured material with a developed surface microrelief, which
makes it promising for use in sorption and catalytic systems.

Conclusion. During the study, composites based on humic acids and graphene
oxide were synthesized. Using modern physicochemical methods, the composition and
structure of the resulting composites were studied. The effect of ultrasonic irradiation
on the structure and properties of the resulting composites was examined. The optimal
ultrasonication time was found to be 30 minutes; further increases in time lead to
destructive processes in the humic acid structure and a reduction in the number of
functional groups.

The introduction of graphene oxide into the humic acid structure reduces overall mass
loss and shifts thermal degradation processes to higher temperatures. This indicates a
stabilizing effect of the graphene filler, associated with enhanced interfacial interactions
and the formation of a denser composite structure. A composite of HA:GO, 20:0.1, with
a 30-minute ultrasonic treatment, exhibits improved heat-resistant properties compared
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to the original humic acids, making it a promising material for creating heat-resistant
sorbents and functional coatings.

It was found that at low HA content, ultrasound causes partial destruction of oxygen-
containing groups, whereas with an increase in the HA proportion to the optimal ratio,
activation of the functional groups is observed without their destruction. Thus, regulating
the composition and duration of ultrasonic expo-sure allows one to control the chemical
properties of the material.

IR spectroscopic analysis confirmed the formation of physicochemical interactions
between the HA and GO components, including hydrogen and electrostatic bonds,
which ensure the structural stability and homogeneity of the material.

Micrographs of the HA:GO composite are characterized by a dense yet porous
nanostructure with a developed surface microrelief, which increases its effectiveness in
sorption and catalytic processes.

Thus, modifying a humic matrix with graphene oxide results in the formation of
structurally ordered composites with increased thermal stability, a developed surface
area, and stable functional groups. These characteristics combined ensure high activity
and thermal stability, making the developed materials promising for use in wastewater
treatment processes and catalytic systems.
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