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COFFEE-GROUND-DERIVED HYDROTHERMALLY ACTIVATED CARBON: SYNTHESIS,
CHARACTERIZATION, AND ADSORPTION PERFORMANCE TOWARD METHYLENE BLUE

Abstract: Spent coffee grounds (SCGs), an abundant lignocellulosic agro-industrial residue, were
valorized into porous carbonaceous adsorbents through hydrothermal carbonization (HTC) followed by
alkaline activation, aiming at the efficient removal of methylene blue (MB) from aqueous solutions. HTC was
conducted under subcritical water conditions at temperatures of 180-220 °C and residence times of 2-6 h,
producing hydrochars with tunable physicochemical properties. The obtained hydrochars were subsequently
activated using potassium hydroxide in a microwave reactor to enhance surface functionality and porosity. The
structural, textural, and chemical characteristics of the materials were comprehensively analyzed by N
physisorption (BET surface area and pore size distribution), FTIR spectroscopy, SEM, XRD/Raman
spectroscopy, and elemental analysis (XRF/EDX).

Batch adsorption experiments were performed to evaluate the adsorption kinetics, equilibrium
isotherms, and thermodynamic behavior toward methylene blue. The activated coffee-ground-derived carbons
exhibited rapid adsorption kinetics and significantly enhanced adsorption capacities compared to non-activated
hydrochars. The improved performance was attributed to the synergistic effects of developed micro- and
mesoporous structures and abundant oxygen-containing surface functional groups. Mechanistic analysis
indicated that methylene blue uptake was governed by a combination of pore filling, electrostatic attraction, m—
T electron donor—acceptor interactions between the aromatic carbon surface and dye molecules, hydrogen
bonding, and intraparticle diffusion.

The results demonstrate that hydrothermal carbonization coupled with mild alkaline activation provides
an effective and sustainable route for converting spent coffee grounds into high-performance adsorbents. This
study elucidates the relationships between synthesis conditions, surface chemistry, textural properties, and
adsorption performance, highlighting the potential of SCG-derived activated carbon for practical wastewater
treatment applications.

Key words: Hydrothermal carbonization; Spent coffee grounds; Activated carbon; Methylene blue
adsorption; Water purification.

1. Introduction

Coffee is among the largest commaodities in the world, which generates 2 billion tons of waste
annually, and most of which remains unutilized [1]. One of the biggest problems facing modern
society is the contamination of natural resources, especially water. The anthropogenic discharge of
dye-contaminated effluents from textile, printing, leather, and pharmaceutical industries constitutes
a significant environmental hazard to aquatic ecosystems and poses substantial risks to public
health. Despite being a sign of global economic advancement, the growing demand for industrial
processes contributes significantly to the spread of pollutants that endanger human health and the
ecosystem by degrading the environment [2]. Synthetic dyes exhibit high chemical stability, complex
polycyclic aromatic structures, and recalcitrance to biodegradation, rendering conventional biological
treatment processes largely ineffective. Among these contaminants, methylene blue (MB), a
thiazine-class cationic dye, is extensively utilized in industrial applications and is frequently detected
in wastewater streams at concentrations exceeding regulatory thresholds. At even trace
concentrations, MB attenuates photosynthetic light penetration in aquatic environments and
demonstrates cytotoxic, mutagenic, and carcinogenic potential, thereby necessitating the
development of efficient and sustainable remediation technologies. Inadequate management of
pollutants produced by industrial and agricultural processes results in serious water pollution, which
damages the ecosystem and has an impact on human and other living things' health [3]. For instance,
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dye, once it has been used and discharged into the waterway, not only alters the quality of the
environment but also causes the loss of aesthetic value due to the high color content that it has [4].
Over 7x10° tons of over 100,000 different kinds of chemical dyes are manufactured annually for
commercial use [5].

Globally, both coffee production and consumption are rising. The market for coffee shops has
grown significantly during the 2000s due to the popularity of coffee-drinking culture and the rising
demand for different kinds of coffee goods [6]. As a result, the quantity of spent coffee grounds
(SCGs), which are byproducts produced following the extraction of coffee, has also been steadily
rising. Although some SCGs are used as compost, most are disposed of through incineration and
landfills [7]. Because of this, there has been an increase in the amount of interest in technology that
make use of SCGs as a source of renewable energy [6]. Pent coffee grounds (SCGSs) represent an
abundant and underutilized lignocellulosic biomass residue, with an estimated global annual
production exceeding 6 million metric tons from domestic, commercial, and industrial coffee
processing operations. Compositionally, SCGs are rich in cellulose, hemicellulose, lignin, and
lipophilic extractives, rendering them a promising carbonaceous precursor for the synthesis of
functionalized carbon materials. The valorization of SCGs into activated carbon adsorbents not only
mitigates the environmental burden associated with landfill disposal and greenhouse gas emissions
but also aligns with circular economy principles by transforming waste biomass into high-value
materials for environmental remediation applications [8].

Hydrothermal reactions exploit the strong dissolution capability of subcritical water in a high-
pressure reactor to produce finer particles by turning organic polymers into low-molecular-weight
compounds [9]. Hydrothermal carbonization (HTC) has garnered considerable interest as a
thermochemically sustainable conversion pathway for the transformation of wet biomass into
carbonaceous materials under subcritical water conditions (typically 180-250°C, autogenous
pressure). Unlike conventional pyrolysis, which necessitates elevated temperatures (>400°C) and
anhydrous feedstocks, HTC proceeds via dehydration, decarboxylation, and condensation reactions
in the aqueous phase, obviating energy-intensive pre-drying requirements and rendering it
particularly advantageous for high-moisture-content substrates such as coffee grounds. The
resultant hydrochar is characterized by abundant oxygen-containing surface functional groups
(carboxyl, hydroxyl, carbonyl), which facilitate electrostatic and hydrogen-bonding interactions with
cationic dye molecules. Subsequent physicochemical or chemical activation processes further
enhance textural properties through the development of hierarchical micro- and mesoporous
networks, thereby substantially augmenting adsorptive capacity and mass transfer kinetics [10].

Despite the proliferation of research on biomass-derived carbonaceous adsorbents,
systematic investigations elucidating the structure—property—performance relationships of
hydrothermally synthesized coffee-ground-derived activated carbon for methylene blue
sequestration remain scarce. Specifically, the correlations between synthesis parameters
(temperature, residence time, activation agent), surface chemistry (functional group distribution,
surface charge density), textural characteristics (specific surface area, pore size distribution), and
adsorption efficacy require comprehensive elucidation. A mechanistic understanding of the
governing adsorption phenomena—including electrostatic interactions, T—TT electron donor-acceptor
complexation, hydrogen bonding, and intraparticle diffusion-is imperative for rational material design
and optimization of adsorbent performance in practical wastewater treatment applications [11].

In particular, hydrochar generated from SCGs has demonstrated excellent efficacy in the
removal of heavy metals, organic dyes, and medicines from wastewater [12]. Nevertheless,
hydrochars often exhibit limited surface areas, laying a key importance on the surface functions to
supply adsorption sites for the pollutants. Depending on the HTC temperature and residence time,
HTC was found to affect the presence of functional groups on the material surface, such as by
causing the loss of oxygen-containing functional groups [13]. Therefore, chemical/physical activation
is often needed to change the surface functioning and boost the adsorption capability of the
generated hydrochar [14]. Chemical activation entails treating the hydrochar with activating
chemicals such as potassium hydroxide or phosphoric acid, which not only enhance the surface area
but also introduce additional functional groups on the surface, further improving the material’s
potential to collect pollutants [13].

The adsorption capability of hydrochars made from HTC of SCGs at various temperatures is
examined in this work. The physical/chemical properties and adsorption potential of HTC products
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and raw feedstock are examined in order to remove MB from water. The effect of gentle alkaline
activation on enhancing the adsorption capacity of the SCG-derived hydrochar is further examined.
To the best of our knowledge, dye adsorption on SCG hydrochars was not systematically explored
in prior studies; in this investigation, MB is employed as a model dye to elucidate adsorption of raw
and minimally activated SCG hydrochars. The effects of initial MB concentration and temperature
are explained, along with the process's kinetics, isotherms, and thermodynamics.

2. Experimental part

2.1 Materials and method

Spent coffee grounds (SCGs) were procured from the Satbayev University café facility as post-
extraction solid residue. The feedstock originated from Brazil Mogiana (Coffea arabica) beans
processed under standardized espresso extraction parameters: water temperature of 90-94 °C and
extraction pressure of approximately 9 bar (0.9 MPa), as specified by the manufacturer protocol for
the Nuova Simonelli commercial espresso system. Analytical-grade potassium hydroxide (KOH,
297% purity, CAS: 1310-58-3) was procured from Sigma-Aldrich Corporation. Deionized water
(electrical resistivity up to 18.2 MQ-cm) was obtained from a laboratory water purification system
(Basic-Q15-II, LabSoul, China).

Thermal activation procedures were executed in a programmable microreactor system (PR
250, LabSoul Technology, China) under controlled temperature and atmospheric conditions.
Microwave-assisted activation was performed using a multimode microwave reactor (YMW-HP80,
LabSoul Technology, China) operating at a frequency of 2.45 GHz with adjustable power output,
enabling rapid volumetric heating and enhanced activation kinetics.

2.2 Synthesis of coffee hydrochar

Spent coffee grounds were dried at 110°C in a drying oven for 24 h. Subsequently, 50 g of
the dried material was mixed with 150 mL of deionized water and loaded into a high-pressure
microreactor (PR-250, LabSoul, China). Hydrothermal carbonization was carried out at 180, 200,
and 220 °C with residence times of 2 and 6 h.
The optimal mass ratio of coffee grounds to water was determined experimentally. In total,

six biochar samples were obtained under different reaction conditions, as summarized in Table 1.
The biochar yield ranged from 62 to 73 wt%.

Table 1. Hydrothermal carbonization conditions and yields of biochar samples derived from
spent coffee grounds.

Ne Sample Time | Temperature Ration Steering | Pressure, | Yield | Mass, | Surface
(h) °C) (mass of MPa (%) g area,
raw m2/g
coffee to

DI)

1 | HTK180/2 2 180 (50:150) | 300 1.17 73.2 36.60 | 0,80

2 | HTK180/6 6 180 (50:150) | 300 1.16 70.56 | 35.28 | 2,6

3 | HTK200/2 2 200 (50:150) | 300 2.19 69.7 34.85 |24

4 | HTK200/6 6 200 (50:150) | 300 2.43 68.34 | 34.17 | 3,2

5 | HTK220/2 2 220 (50:150) | 300 2.23 61.6 30.80 | 3,9

6 | HTK220/6 6 220 (50:150) | 300 3.86 62.92 | 31.46 |59

The change in the ratio in the microreactor is shown using the example of HTK 220/6 in
Figure 1, and the maximum value produced in the reactor is shown in Figure 1.
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Figure 1 — Pressure—time profile for HTK 220/6 in the microreactor

The activated samples obtained in the microreactor were thoroughly washed with 100 mL of
deionized water, subsequently filtered using a Buchner funnel, and dried at 110°C in a laboratory
drying oven (DHG-9145A, LabSoul, China).

Subsequently, microwave-assisted activation of the HTK 220/6 sample was carried out using
potassium hydroxide (KOH) in an aqueous solution with a concentration of 2 M, as HTK 220/6
exhibited the most optimal specific surface area among the obtained samples. The activation
temperature was varied within the range of 80-160 °C in order to investigate the effect of KOH on
the composition and structure of the material.

For this purpose, after hydrothermal carbonization of the coffee residue, the samples were
additionally treated with a 2 M KOH solution (Figure 2) in a microwave reactor, which was expected
to promote surface modification, chemical activation of the carbon matrix, and partial pore
development, leading to further enhancement of textural properties.
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Figure 2 — Schematic illustration of carbon material synthesis from coffee waste

—

The evolution of temperature and pressure as a function of reaction time during microwave-
assisted hydrothermal carbonization of spent coffee grounds is illustrated in Figure 3. As can be
observed, both temperature and pressure increased with increasing residence time, reflecting the
progressive heating of the reaction medium and the corresponding build-up of autogenous pressure
inside the sealed reactor. The pressure development is attributed to water vapor generation and the
formation of gaseous decomposition products during hydrothermal reactions. The simultaneous
increase in temperature and pressure confirms stable operation of the microwave reactor under
subcritical water conditions throughout the experiment.

Figure 3 — Time—pressure—temperature profiles during microwave-assisted hydrothermal
carbonization of spent coffee grounds

2.3 pH analysis of carbon samples
pH analysis is used to evaluate the acid-base properties of carbon materials and to
characterize the nature of their surface functional groups. The pH value reflects the presence of
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acidic (e.g., carboxylic, phenolic) or basic sites on the carbon surface, which play a key role in
adsorption processes. This parameter is particularly important for understanding the interaction
between adsorbents and aqueous pollutants, as it influences surface charge, ion exchange behavior,
and overall adsorption efficiency.

The pH measurements were carried out by contacting 50 mg of carbon samples with 50 mL
of 0.1 M KCI solution for 72 h at 20 °C under static conditions. After equilibration, the pH of the
suspensions was measured.

2.4 Infrared spectroscopy (FTIR) and interpretation of the obtained spectra

Fourier-Transform Infrared (FTIR) spectroscopy is a widely used analytical technique based
on the absorption of infrared radiation by molecules at specific frequencies corresponding to the
vibrations of chemical bonds. The technique gives a substance's "molecular fingerprint" and makes
it possible to identify functional groups. By examining the location, strength, and form of distinctive
absorption bands in relation to wavenumber, the spectra can be interpreted to determine the
sample's molecular makeup and structure.

2.5 Scanning Electron Microscopy (SEM) analysis and interpretation of the obtained
images

Scanning Electron Microscopy (SEM) analysis provides high-resolution imaging of a sample's
surface by scanning it with a focused electron beam and detecting the emitted secondary or
backscattered electrons. When using backscattered electron detection, compositional differences
are frequently revealed through variations in brightness. The resulting grayscale images, where
contrast arises from surface topography and material composition, allow for the interpretation of
morphological features such as grain structure, particle size, surface roughness, and defect
distribution.

2.6 Ultraviolet-visible spectroscopy (UV-Vis) technique for studying adsorption

kinetics and isotherms
UV-visible spectrophotometry (UV-Vis) was used to measure the amount of methylene blue
in aqueous solutions (A = 664 nm) both before and after adsorption. The residual adsorbate
concentration in the solution can be quantitatively determined using this method, which is based on
measuring the optical density of the solution at the dye's distinctive absorption wavelength.
Solution samples were collected during the adsorption process at predetermined intervals in

order to conduct kinetic tests. Under controlled experimental settings, a series of solutions with
varying initial methylene blue concentrations were utilized to create adsorption isotherms. The
samples were extracted from the solid phase and subjected to spectrophotometric analysis prior to
measurement.

The adsorption capacity of the sorbent at time t was calculated using the material balance

equation:
Co—Cp)V
¢ — ( Omt) (1)
where,q;— adsorption capacity at time t (mg-g™"), C, and C; — initial and current adsorbate
concentrations (mg-L™),V — solution volume (L), m — adsorbent mass (g).

3 RESULTS

3.1 pH analysis of carbon samples

The initial 0.1 M KCI solution showed a slightly acidic pH of 5.96. After interaction with pristine
HTK 220/6, the pH slightly increased to 6.02, indicating weakly basic surface properties.

Further treatment was applied to the HTK 220/6 sample under different conditions. As shown
in Table X, the sample obtained at 80°C exhibited the highest pH (7.80), while increasing the
treatment temperature (100-160°C) resulted in lower pH values (6.79-7.02), approaching neutral
conditions. This trend indicates changes in surface functional groups of the carbon material.

Table 1 — Effect of treatment conditions on pH of HTK 220/6 carbon samples

Sample pH Mass of carbon, mg

MilliQ water 5,53

0,1 M KCI 5,96

0,1 M KCl and HTK 220/6 6,02 50,3
0,1 M KCl and HTK 220/6 MV 80/2 7,80 50,2
0,1 M KCl and HTK 220/6 MV 100/2 6,79 50,2
0,1 M KCl and HTK 220/6 MV 120/2 7,02 50,2
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0,1 M KCl and HTK 220/6 MV 140/2 6,91 50,3
0,1 M KCl and HTK 220/6 MV 160/2 6,93 50,0

3.2 Results of Infrared Spectroscopy (FTIR)

The infrared spectra of HTK samples obtained at temperatures of 80-160°C are shown in the
figure. Spectral analysis allows the identification of the main functional groups present on the surface
of the carbon materials obtained.

The spectra of all samples show a band in the 3000-2900 cm™ range, which corresponds to
the valence vibrations of (CH) bonds in aliphatic structures. These bands are characteristic of carbon
materials obtained from biomass and are associated with residual organic components of the raw
material.

The absorption band in the range of 1700-1600 cm™ refers to carbonyl groups (C=0). The
presence of these bands indicates the formation of an aromatic carbon structure and the presence
of oxygen-containing functional groups on the surface of the material.

In the 1500-1400 cm™ range, bands are observed that are caused by C—H deformation
vibrations in aromatic structures. These peaks confirm the formation of condensed carbon fragments
during the thermal treatment of coffee residues.
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Figure 4 — FT-IR functional group analysis

Also, in the range of 1100-1000 cm™, there are bands associated with the vibrations of C-O
and O—H groups, which are characteristic of phenolic, alcohol, and ether compounds. The presence
of these functional groups indicates the presence of active centers on the surface of the carbon
material.

The results of FTIR analysis show that as the processing temperature increases, the
chemical structure of the material changes and a functionalized carbon surface is formed. Such
surface groups can play an important role in the adsorption of pollutants.

3.3 Scanning Electron Microscopy (SEM) results

The morphology of the hydrothermally carbonized and KOH-activated carbon materials
derived from spent coffee grounds was examined by scanning electron microscopy (SEM) (Fig. 5 a-
e). The micrographs reveal a clear evolution of surface structure as a function of hydrothermal
carbonization (HTC) severity and subsequent microwave-assisted activation.

For the HTK220/6 sample, the effect of microwave-assisted activation temperature (80-160
°C) on surface morphology was systematically evaluated. At 80°C (Fig. 5a), a relatively compact
surface with poorly developed porosity is observed. Increasing the temperature to 100 °C (Fig. 5b)
results in slight surface roughening and the appearance of initial structural heterogeneities.

At 120°C (Fig. 5c), partial fragmentation of the carbon matrix and the formation of irregular
voids are detected, indicating the onset of effective activation. A further increase to 140 °C (Fig. 5d)
leads to the development of a more open structure with visible cavities and increased surface
roughness. At 160°C (Fig. 5e), a highly porous, sponge-like morphology with an interconnected
framework is formed. This structural evolution is attributed to enhanced KOH-induced activation
under microwave irradiation, resulting in progressive carbon matrix etching and pore development.
Increasing activation temperature is therefore directly associated with the formation of a more
accessible porous structure.
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Figure 5 — SEM images of TK2/6at differnt ctivation temperatures:
(a) 80 °C, (b) 100 °C, (c) 120 °C, (d) 140 °C, (e) 160 °C.

In summary, SEM analysis demonstrates that increasing the microwave-assisted activation
temperature from 80 to 160°C leads to a progressive transformation of the HTK220/6 morphology
from a compact structure to a highly porous, interconnected framework. This evolution confirms the
critical role of activation temperature in governing pore development and structural accessibility,
which is expected to enhance the material’'s adsorption performance.

3.4 Sorption study

The adsorption behavior of methylene blue on the synthesized sorbents is presented as a
function of equilibrium concentration. The results demonstrate a typical increase in the adsorbed
amount with increasing equilibrium concentration, indicating progressive occupation of available
active sites on the sorbent surface.

At lower concentrations, a sharp increase in adsorption capacity is observed, suggesting a
high affinity between MB molecules and the sorbent surface, likely driven by electrostatic interactions
and m—r stacking. As the concentration increases, the adsorption tends to approach a plateau,
indicating partial saturation of active sites.

The differences between the two datasets (blue and orange points) suggest variations in
sorption performance, which may be attributed to differences in surface functional groups, porosity,
or modification of the sorbents. The higher adsorption capacity observed for the modified samples
indicates enhanced interaction mechanisms, possibly due to increased surface heterogeneity and
the presence of additional binding sites.

Methilene Blue sorbtion isotherm
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Figure 6 — Adsorption isotherms of methylene blue onto the prepared sorbents

ISSN 2788-7995 (Print) [IskepimM yHUBEpCUTETIHIH Xabapiibichl. TexHUKaIbIK FeuTbiMIap Ne 2(22) 2026 732
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 2(22) 2026



Overall, the obtained isotherm profiles are consistent with Langmuir- or Freundlich-type
adsorption behavior, confirming the suitability of the developed materials for dye removal
applications.

Sorption of Methilene Blue by carbons
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Figure 7 — Adsorption kinetics of methylene blue onto activated carbon samples under different
modification conditions

The adsorption kinetics of methylene blue on the synthesized carbon materials are presented
as the variation of residual concentration with contact time. A rapid decrease in MB concentration is
observed during the initial stage (0-10 min), indicating fast adsorption driven by the abundance of
available active sites on the sorbent surface.

As the contact time increases, the rate of adsorption gradually slows down, approaching
equilibrium after approximately 30-40 min. This behavior suggests a transition from external surface
adsorption to intraparticle diffusion and pore filling mechanisms.

Among the studied samples, noticeable differences in adsorption rates and equilibrium
concentrations are observed. Samples treated under different modification conditions (e.g., varying
MV ratios) exhibit distinct kinetic profiles, reflecting the influence of surface chemistry and pore
structure on adsorption performance. The sample HTK 220/6 MV 100/2 demonstrates the fastest
removal and lowest residual concentration, indicating superior adsorption efficiency, while other
samples show slightly slower kinetics and higher equilibrium concentrations.

The overall kinetic behavior is consistent with pseudo-second-order kinetics, suggesting that
chemisorption plays a dominant role in the adsorption process. These results confirm that the
modification conditions significantly affect both the adsorption rate and capacity of the carbon
materials.

Conclusion

The present study successfully demonstrates the valorization of spent coffee grounds
(SCGs) into high-performance activated carbon adsorbents via hydrothermal carbonization followed
by microwave-assisted alkaline activation. The developed materials exhibited a hierarchical porous
structure and a rich surface chemistry, which were critical for the efficient removal of methylene blue
from aqueous solutions.

From the perspective of water purification, the findings highlight the potential of SCG-derived
carbons as a sustainable and cost-effective alternative to commercial activated carbon. The
synergistic effect of pore filling, electrostatic attraction, and - interactions enabled rapid
adsorption kinetics and high uptake capacity, making the process viable for treating dye-laden
wastewater. Furthermore, the mild activation conditions employed in this work offer an energy-
efficient route for scaling up production, aligning with the principles of the circular economy by
transforming an abundant agro-industrial waste stream into a functional material for environmental
remediation.
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KO®E KANObIKTAPbIHAH AllbIHFAH TMOPOTEPMUANDbIK AKTUBTENTIEH KOMIP: CUHTESI,
CUNATTAMACDI XXOHE METUNEH KOTHE KATbICTbl ACOPBELUUANBIK KACUETTEPI

lMaddanaxbinFaH koge yHmarbl (WCG), mMon nusHouennonosansik azpoeHepKacinmik Kanoblk,
audpomepmusinblK Kemipmek adcopbeHmmepiHe aliHanObipbiriObl, COOaH KeliH cinmini akmuseayusi apKbinbi
cy epimiHlinepiHeH memurneH kekmi (MB) muimdi mypde kemipy ywiH. [udpomepmusinbiK KeMmipmexkmey
(HTC) 180-220°C memnepamypada xoHe 2-6 caram mypy yakbimbiHOa cyObiH aca MaHbI30bl emec
xarOalibiHOa Xypai3indi, HomuxeciHoe pemmernemiH husuka-xumusisibiK Kacuemmepi 6ap Kemipcymexkmep
anbiHObI. AnbiHFaH 2udpokapboHdap KeliHHeH 6emmik OyHKUUOHaNObIMbIK MeH KeyeKkminikmi xakcapmy yuwiH
MUKPOMOJIKbIHObI  peakmoplda Kanul 2udpokcudiH naddanaHbin 6ernceHdipindi. MamepuandapdbiH
KYpbIrbIMObIK, MeKcmyparbiK XoHe XUMUSbIK cuiammamarnapbl N, puzucopbyusiceiH (BET 6emmik aydaHsb!
JKOHEe Keyek ernweMiHiH maparybil), ®ypbe myprieHOipy uHppakbi3binbiH (FTIR), ckaHepneywi 3nekmpoHObI
mukpockonusiHbl (SEM), peHmaeHdik dugbpakuyus/PamaH CrieKmpOCKOMUSChIH XdHe afieMeHmmik mandayobi
(XRF/EDX) KondaHy apKblnbl XaH-Xakmbl mandaHobl.

MemuneH kekke kKambicmbl alcopbuusi KUHemukacbkliH, merne-meHOiK u3omepmarnapbiH XoHe
mepMmoOuHaMuKarbsiK MiHe3-Kyrbikmbl 6aranay ywiH napmusinsik adcopbuyus maxipubenepi xypeisindi. Koge
YHmMarbiHaH  anbiHFaH  bGersiceHOipinzeH  kemipmekmep  bericeHdipinmezeH — KemMipcymeKkmepMeH
canbicmbipraHOa xblidam adcopbuyus KuHemukacbiH XoHe aldcopbuusi CbilibiMObIfbIFbIH alimapribikmad
apmmsbipObl. byn akcapmbiniFaH ©HIMOINIK daMbiFaH MUKPO- XXOHe Me30KeyeKmi KypblibiMOapObiH
CUHepaemukarbiK ocepriepiHe xoHe bemiHOeai ommeai 6ap ¢yHKUUOHandbl monmapObiH KerimiziHe
batinaHbicmbl 60n10bl. MexaHukarnbik manday MemusieH KeK adcopbyusiCbiHbIH Keyekmepli mosmeipy,
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anekmpocmamukarbiKk mapmairibIC, XoWw uicmi kemipmek 6emi meH 605iFbil MOSEeKynanapbl apacbiHOarbl T—
T OOHOP-aKyenmopbiKk e3apa apekemmecynep, cymekmik balinaHbIC XoHe Keyekiwinik Ougy3usHbIH
yanecimi apKbiribl Xy3eae acambiHbIH Kepcemmi.

Hamuxenep auldpomepmusinbiK KemipmekmeHydiH XymcaK cinmini akmusayusimeH 6ipikmipinyi
natiGanaHblisiFraH Koghe YHmarbiH xofapbl muimOi adcopbeHmmepeae aliHandbipyObiH muiMOi XoHe mypakmbl
XOMbIH Kammamacbl3 ememiHiH kepcemedi. byn 3epmmey cuHme3 xarOalnapbl, 6emmik Xxumus,
meKkcmyparnblKk Kacuemmep oHe adcopbuusi muimOiniai apacbkiHOarbl baliaHbicmbl  aHbiKkmatosbl,
natiGanaHbliniFaH Kogpe yHmMarbiHaH arbiHFaH bernceHOipineeH kemipdiH afbiHObI cynapdbl masapmyda
npakmukarblK KofidaHy aneyemiH kepcemeoi.

Tytin ce30ep: udpomepmusinbik kKemipmekmeHy; NalidanaHsinraH koge yHmarbl, berceHdipinaeH
kemipmek; MemurneH kek adcopbuusicer; CyObl mazapmy.
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*e-mail: m.kunarbekova@satbaev.university

r’MOPOTEPMAJIbHO AKTUBUPOBAHHBIN YINEPOL U3 KO®EAHOM INYLLWU: CUHTES,
XAPAKTEPUCTUKA U ACOPBLIMOHHAA CMOCOBHOCTbL MO OTHOLUEHUIO K METUIIEHOBOMY
CUHEMY

Ucnonb3osaHHble kogbeliHbie a2yuwu (YKI), obunbHbIl nu2HOUEson03HbIU azpo-rpoMbIUIeHHbIl
ocmamok, O6binu rpespawieHbl 8 opucmsie yanepooHbie adcopbeHmbl uepe3 audpomepmaribHyHo
kapboHu3sayuro (I'TK), 3a komopol credoearna wenoyHass akmugayus, ¢ uesbio 3¢ghghekmugHo20 ydaneHusi
memuneHogoeo cuHeeo (MC) u3 800HbIX pacmeopos. ['udpomepmarnbHas kapboHusayus (I'TK) nposodunack
8 ycriogusix nodcynepkpumudeckol eo0bi npu memnepamypax 180-220 °C u epemeHu npebbigaHus 2—6 u,
Ymo npuesesio K Mofy4YeHuo 2udpokapboHO8 C HacmpaugsaeMbIMU (DU3UKO-XUMUYECKUMU ceolicmeamu.
lMonyyeHHble 2udpoyap 6binu ernocriedcmeuu akmueuposaHbl C UCMob308aHueM 2udpokcuda Kanus 8
MUKPOBOSTHOBOM peakmope Ofi1  y/Ay4WeHUs [08EPXHOCMHOU yHKUUOHaIbHOCMU U [opucmocmu.
CmpykmypHble, MeKCmypHble U XUMUYEeCKUe XapakmepucmuKku Mamepuanos O6biiu 8CecmopOoHHe
rnpoaHanu3uposaHbl ¢ nomowbio ¢usucopbyuu N, (nnowads nosepxHocmu BET u pacnpedeneHue
pasmepos rop), ®ypbe-cnekmpockonuu UK (FTIR), ckaHupyrowel 31eKmpoHHOU Mukpockonuu (SEM),
peHmeeHoeckol dughpakyuu/PamaH-crnekmpocKkonuu u snemeHmHoe2o aHanusa (XRF/EDX).

lNMakemHbie skcriepumeHmsbi o adcopbyuu 6binu nposedeHbi O OUEHKU KUHemuku adcopbyuu,
pasHOBECHbIX U30MepM U MepMOOUHaMUYeCKO20 M08e0eHUSs M0 OMHOWEHUK K MEeMmU/IEHOBOMY CUHEMY.
AkmueupogaHHbie yariepo0dbl, MOy4YeHHbIEe U3 KoghelHou ayuwu, mpodeMoHCmpuposasiu bbiICmpyto KUHEMUKY
adcopbyuu U 3Ha4YuUMesIbHO r0B8biWeEHHbIe adcopbyUOHHbIE  CrIOCOBHOCMU MO  CPasHEHUK C
HeakmugupogaHHbiMU  2udpokapboHamu. YrnydweHHass npoudsodumenbHocmb bObiia 0b6ycrosrneHa
CUHepzemu4yeckuMu 3ghhekmamu passumbIX MUKPO- U Me30ropucmbix CmMpykmyp u obunuem
Kucriopodcodepxauwux yHKYUOHaNbHbIX 2pyrn Ha nosepxHocmu. MexaHucmuyeckul aHanu3 rnokasari, 4mo
roanowjeHUe  MemusieHog8oe0  cuHeeo  bbIo  obycroeneHo  codYemaHueM  3aroJfIHeHUs  rop,
371IEKMPOCMamu4YecKko20  NPUMSDKeHUs,  TT—TT  OOHOPHO-aKUenmopHbIX  83aumodelicmeuli  Mexdoy
apomamudeckol yanepodHol Mo8epxHOCMbi0 U MorneKynamu Kpacumersi, 8000pOOHbIX ces3el U
8Hympuriopucmou dughgby3uu.

Pe3ynbmamsbi nokasbigarom, 4mo audpomepmarnbHas KapboHu3auus 8 codemaHuu C Ms2KoU
wesnoyHol  akmugauyuel obecrniedueaem 3aggheKkmueHbIli U ycmouyuebili nymbs Orid rpeobpasosaHusi
ucrnonb3o08aHHoOU KogbeliHoU 2yuwiu 8 8bICOKO3ahghekmusHbie adcopbeHmbl. Imo uccriedogaHue pa3bscHIem
83aumMocesisu Mex0y yCcrogusiMu CUHMe3a, M08ePXHOCMHOU xumuel, meKkcmypHbIMU ceolicmeamu U
aldcopbyuoHHoOU aghghekmusHOCMbIo, NodyepKugas nomeHyuan akmugupo8aHHoO20 yerisi, Mofy4eHHO20 U3
ucrnosnib308aHHOU KoghelHoU 2ywju, O Mpakmu4yecKuX MpusioXeHull 8 O4YUCIMKE CMOYHbIX 800.

Knrodeebie cnoea: [udpomepmanbHas KapboHusauusi;, UCNoMb308aHHass KogheliHas eayuja;
aKkmueupoBaHHbIl y20s1b; adcopbuust MemuIeHo08020 CUHE20; 04UCMKa 800kbl.
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CYQOAFbI AYbIP METAIT UIOHOAPBIH TA3AJIAYFA APHAUbI MXENE BAKAHCUSATbIK
NMHXXEHEPUACDHI: MEXAHU3M, CUHTE3 XXOHE KOJIAAHbICbI

AHOana: Aybip memandapdaH sfacmaHfaH Cy pecypcmapbl Kasipei 3amaHOarbl eH ayKbiMObI
macersieciHe aliHasFaH, CoJl YWwiH aybip MemandapObi cydaH masapmyra apHaliFaH XaHa XeHe aghghekmuemi
mamepuandapdel olnan maby kepek 6onaldsbi. fanbimOap eki enuwiemdi emneni memarnn kapbudmepi meH
HumpudmepiH (MXenes) xakcbl adcopbeHm caHaraHbiMeH, byn MamepuandbiH 6acmarkbl yneinepiHoe
maburu KypbiribiMObIK Oechekminep Xui ke3decedi. MamepuandblH mornbiK nomeHyuasnbsiH awyra Kkedepai
)Kacar ombiraH — HaHornapakmapOobiH 6ip-6ipiHe XaKbiH opHarnachin kabammacysbl xoHe 6emiHdeai akmusmi

©OT. MykaTaeBa, A. Hypwepin, A. CaTaeBa, XK. XKaHgocos, A. banmeHoB, 2026
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