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ABSTRACT

In conditions of water shortage, sustainable agricultural development requires the use of water-saving technologies,
including the use of water-retaining substrates based on activated carbon. In this work, the textural and adsorption
characteristics of activated carbon obtained from plant waste were studied at different mass ratios of the sorbent and
KOH (1:1, 1:2, 1:3 and 1:4). The aim of the study was to determine the optimal activation conditions for creating
a material with a high specific surface area and a developed porous structure. The results showed that the largest
pore volume (1.6 cm®/g) and a high degree of microporosity are achieved at a ratio of 1:3, which is confirmed
by the analysis of pore distribution using the DFT and BJH methods. FTIR spectroscopy revealed the presence
of functional groups (O-H, C=0 and C-0O) that contribute to water conservation. The differential pore volume
distribution (dv(r), cm’*/A/g) also demonstrated that at a ratio of sorbent and KOH (1:3), the sample structure
optimally combines micropores and mesopores, which increases the adsorption capacity of carbon.
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1. Introduction

Ensuring sustainable agricultural production in the
context of climate change and water shortage is one of
the most important challenges for the agro-industrial
sector worldwide [1-3]. In Kazakhstan, where
more than 80% of agricultural land faces a deficit
of atmospheric precipitation, the development of
technologies that help conserve moisture and improve
plant growing conditions is of particular importance.
In this regard, effective water management and the
introduction of moisture-saving technologies is a
key area for the sustainable development of the
agricultural sector and ensuring food security in the
country. One of the promising approaches to solving
the problem of irrigation water shortage is the use of
water-retaining substrates based on nanostructured
sorbents [4]. These materials have a unique ability
to retain significant volumes of water and nutrients,
creating favorable conditions for plant growth and
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simultaneously reducing the need for irrigation [5-
7]. The most accessible source for the production of
such sorbents is plant waste, such as stems, husks and
shells, which can be converted into activated carbons
with a high specific surface area and developed
porous structure [8-12]. The process of obtaining
activated carbon includes the stages of carbonization
and activation of biomass using potassium hydroxide
(KOH). Activation parameters, such as the mass ratio
of KOH and carbon raw materials, significantly affect
the textural and adsorption characteristics of carbon,
determining its ability to conserve moisture and
adsorb nutrients [13-15]. In this work, the surface and
structural characteristics of activated carbon obtained
at different mass ratios of the sorbent and KOH were
studied.

The aim of the study is to optimize the activation
conditions to achieve a high specific surface area and
improved porous structure of activated carbon, which
will allow its use in moisture-saving substrates for
agriculture. During the work, the obtained sorbents
were analyzed using FTIR spectroscopy to determine
the functional groups. The pore structure of the
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activated carbons was analyzed using two well-
established methods: Density Functional Theory
(DFT) and and the Barrett-Joyner-Halenda (BJH)
method [16,17]. The results obtained allow a deeper
understanding of the effect of activation conditions
on the properties of activated carbon and its prospects
as an effective moisture-saving material.

2. Experimental part

2.1 Raw materials

The activated carbons in this study were produced
from rice husks, a byproduct of rice milling. Rice
husks are rich in cellulose, hemicellulose, and lignin,
which contribute to the carbon yield and porous
structure upon activation.

2.2 Synthesis of Activated Carbon from Rice Husk
Biomass

The production of activated carbon (AC) from
plant biomass was carried out in four stages, as
shown in Fig. 1: milling, carbonization, impregnation
and preheating, and chemical activation.

In the first stage, the rice husks were ground into
small chips to increase surface area, which enhances
the uniformity of heat transfer during subsequent
pyrolysis. This preparatory step promotes more
efficient and consistent carbonization, thereby
improving the quality and structure of the resulting
activated.

The carbonization process was carried out at
a temperature of 550 °C for 120 min with a linear
heating rate of 5 K/min. The experiment was carried
out in an inert atmosphere maintained by feeding N:
gas at a rate of 150 cm3/min in a vertical steel reactor.

Impregnation was carried out using 5 g of
carbonized mass, which was saturated with a 1M
aqueous KOH at different mass ratios of the sorbent to
alkali: (1:1), (1:2), (1:3), and (1:4). Accordingly, 5 ml
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of 1M KOH was used for the 1:1 ratio, 10 ml for 1:2,
15 ml for 1:3, and 20 ml for 1:4. This process included
preheating from 30 °C to 80 °C, followed by a 3-hour
hold to ensure complete penetration of the KOH into
the carbonized samples. The impregnated sorbents
were then transferred to a vertical electric furnace with
a constant argon supply.

At the chemical activation, the samples were
pyrolyzed at a temperature of 300 °C to 850 °C with
a linear heating rate of 5 °C/min. After reaching the
maximum temperature, the samples were held for 3
hours, after which they were left to cool naturally
to room temperature. Argon supply was continued
during the cooling period, preventing oxidation and
maintaining the integrity of the AC. The resulting
product was washed with a 0.1M hydrochloric acid
aqueous solution and then with distilled water until
the optimal pH value of the washing solution was
reached (6—7). The washed AC samples were dried at
a temperature of 100-105 °C.

3. Results and discussion

3.1 Morphological structure of the obtained
activated carbons

Figure 2 shows the microstructural changes in the
activated carbon samples obtained at different mass
ratios of the sorbent and KOH: (a) 1:1, (b) 1:2, (c)
1:3, and (d) 1:4. These images illustrate the effect of
the alkali amount on the porosity and texture of the
activated carbon.

At the 1:1 ratio, a dense structure with a relatively
low degree of porosity is observed. Probably, at
this ratio, the amount of KOH is insufficient for
significant activation and the creation of a developed
porous structure, which leads to the preservation of
large, less branched structural elements. The 1:2 ratio
demonstrates an increase in porosity and a looser
structure compared to the 1:1 ratio. The sample shows
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Fig. 1. Schematic illustration of the preparation of AC.
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Fig. 2. Microstructure of activated carbon obtained at different mass ratios of sorbent and KOH: (a) 1:1, (b) 1:2, (c) 1:3

and (d) 1:4.

signs of active destruction of large fragments and the
formation of micropores, which indicates a greater
efficiency of KOH in creating a porous network in
the carbon matrix.

With a further increase in the ratio to 1:3,
the porosity of the structure becomes even more
pronounced, characterized by a uniform distribution
of pores and a high degree of loosening. This indicates
an optimal ratio for activation, which achieves a good
combination of high porosity and structural integrity.
However, at a ratio of 1:4, the structure of the sample
becomes extremely loose with signs of excessive
surface erosion. Here, excess KOH leads to excessive
destruction of the carbon framework, which causes a
partial loss of structure and a significant decrease in the
density of the material. Thus, an increase in the KOH
ratio promotes the development of the porous structure
of activated carbon, but too high concentrations (1:4)
can lead to excessive destruction and a decrease in the
mechanical stability of the sample.

Figure 3 shows the energy dispersive X-ray (EDS)
spectra of activated carbon obtained at different mass
ratios of sorbent and KOH: (a) 1:1, (b) 1:2, (¢) 1:3,
and (d) 1:4. The spectra show peaks corresponding to
the main elements present in the structure of activated
carbon, including carbon (C), oxygen (0),sodium (Na),
magnesium (Mg), aluminum (Al), and silicon (Si).

At a 1:1 ratio, moderate peaks of carbon and
oxygen are observed, indicating the initial stage of

activation with a limited number of active sites. The
presence of additional elements, such as Na and Mg,
may be attributed to incomplete removal of natural
residues, which is typical of lower activation levels.
For the 1:2 ratio, there is a significant increase in the
intensity of carbon and oxygen peaks, suggesting
more active interaction with KOH and an increase
in porosity within the structure. The high of silicon
(Si) peak likely reflects the natural silica content
of the rice husk sorbent, stabilized during the
activation process. At the 1:3 ratio, there is a marked
predominance of carbon and oxygen in the spectrum,
indicating optimal activation of the carbon matrix.
Peaks of other elements are minimized, suggesting
a cleaner structure and higher activation level,
making this ratio preferable for producing activated
carbon with a highly developed porous structure. At
a 1:4 ratio, carbon and oxygen remain the primary
elements, but the intensity of Na and Mg slightly
increases. This suggests that an excess of KOH may
lead to excessive structural degradation of the carbon
and is not fully removed during washing, potentially
resulting in an accumulation of alkaline residues
within the activated carbon structure.

Thus, increasing the KOH mass ratio promotes an
increase in the level of carbon activation, however,
at a ratio above 1:3, alkaline elements accumulate,
which remain in the structure of activated carbon and
can negatively affect its properties.
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Fig. 3. Energy dispersive spectra (EDS) of activated carbon obtained at different mass ratios of sorbent and KOH: (a) 1:1,

(b) 1:2, (¢) 1:3 and (d) 1:4.
3.2 BET surface area and porosity analysis

To evaluate the surface characteristics of activated
carbon obtained at different ratios of sorbent and
KOH, nitrogen sorption parameters were measured
using the BET method. The sample with a ratio of 1:1
has a correlation coefficient r equal to 0.9990, which
indicates a high degree of linearity in the dependence
of nitrogen adsorption. The constant C is -55.456,
and the specific surface area is 910 m*/g, which is
a moderate value among all samples. At a ratio of
1:2, the correlation coefficient slightly decreases to
0.9967, and the constant C reaches 195.234, which is
significantly higher compared to the other samples.
The specific surface area of this sample is 1210 m?/g,
which indicates a significant increase in porosity.
The sample with a ratio of 1:4 is characterized by
a decrease in the correlation coefficient to 0.9521,
which indicates a slight deviation in the linearity of
adsorption. The constant C at this ratio is -57.389, and
the specific surface area is 924 m?/g, which is within
the range of values for other samples, but lower than
that of the sample with a ratio of 1:2.

The highest specific surface area (2900 m?%g)
was achieved at a ratio of 1:3, which indicates the
maximum porosity and developed surface of this
sample. The correlation coefficient in this case is
0.9973, and the constant C is 101.356, which also
indicates significant activity of the sorbent. These
results demonstrate that an increase in the KOH ratio

contributes to an increase in the specific surface area
of activated carbon, but under certain conditions, such
as a ratio of 1:3, deviations in adsorption properties
may occur.

Figure 4 illustrates the pore volume distribution
of activated carbon obtained at different mass ratios
of sorbent and KOH: (a) 1:1, (b) 1:2, (¢) 1:3 and (d)
1:4. The graphs show the total pore volume (Pore
Volume, cc/g) and the differential pore volume (dv(r),
cc/A/g) as a function of pore diameter, which allows
us to evaluate the effect of activation conditions
on the porous structure of the carbon. At a ratio of
1:1, a moderate pore volume is observed, mainly
consisting of micropores with a diameter of about
2 nm. The peak of dv(r) for this sample increases
sharply at this diameter, indicating the dominance
of micropores, while mesopores and macro-pores
are practically absent. At a ratio of 1:2, the total
pore volume increases to 0.7 cc/g, while micropores
with a diameter of about 2 nm also predominate.
This ratio shows higher porosity compared to 1:1,
indicating improved activation with increasing KOH
proportion. The most significant pore volume (1.6
cc/g) was achieved at the 1:3 ratio, where micropores
also dominate, but a significant amount of mesopores
is also present.

The dv(r) peak confirms a high concentration of
micropores, while the pore distribution becomes more
uniform, which makes this ratio optimal for creating
a structure with maximum adsorption capacity.
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Fig. 4. Distribution of the pore volume of activated carbon at different mass ratios of the sorbent and KOH: (a) 1:1, (b) 1:2,

(c) 1:3 and (d) 1:4.

At the 1:4 ratio, the pore volume remains at the
level of 1.6 cc/g, but the dv(r) peak is less pronounced,
indicating the appearance of larger pores and partial
destruction of the microporous structure. This
indicates that an excessive amount of KOH leads to
the formation of macropores and a decrease in the
strength of the structure.

The 1:3 and 1:4 ratios exhibit similar activation
behaviors, as evidenced by comparable carbon and
oxygen peak intensities, indicating high activation
levels and developed porosity. However, visually,
these samples differ significantly in structural
appearance. At the 1:3 ratio, the activated carbon
demonstrates a cleaner and more uniform structure,
with minimized presence of additional elements,
suggesting optimal activation without excess residue.
In contrast, the 1:4 ratio shows slight increases in Na
and Mg peaks, whichmay indicate incomplete removal
of residual KOH, leading to a more heterogenecous
structure with visible alkaline residues. This suggests
that while both ratios promote high activation, the
1:4 ratio may introduce structural inconsistencies due
to excessive KOH.

In general, an increase in the KOH ratio contributes
to the development of the porous structure of activated
carbon, but the 1:3 ratio is optimal for obtaining
carbon with a developed microporous structure and a
high specific surface area.

3.3 Physicochemical properties of the obtained
activated carbons

Figure 5 shows the FTIR spectra of activated carbon
obtained at different mass ratios of the sorbent and
KOH: (a) 1:1, (b) 1:2, (¢) 1:3 and (d) 1:4. The spectra
show the main functional groups formed during the
activation process, which can affect the adsorption
properties of carbon. The main absorption bands,
such as O—H, C=0, C=C and C-0, change depending
on the activation conditions and demonstrate patterns
similar to those found in previous studies.

The band at 3430 cm!, associated with hydroxyl
groups (O—H), is present in all spectra and indicates
the presence of hydrogen-containing functional
groups. The intensity of this band is slightly higher at
higher KOH ratios, which is consistent with increased
surface hydrophilicity. The band at 1740 cm™,
corresponding to carbonyl groups (C=0), is most
intense at a ratio of 1:3, indicating optimal formation
of these groups at this ratio. This is consistent with
the results of previous studies, which noted that KOH
ratios above 1:2 promote an increase in oxygen-
containing functional groups, which positively affect
the adsorption characteristics of carbon.

The peak at 1640 cm’!, associated with aromatic
bonds (C=C), appears consistently across all samples,
indicating the stability of the aromatic matrix
under varying activation conditions, as previously
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Fig. 5. FTIR spectra of activated carbon obtained at different mass ratios of sorbent and KOH: (a) 1:1, (b) 1:2, (¢) 1:3 and

(d) 1:4.

established. The band at 1380 cm', attributed to
methyl and methylene groups (CH, and CH,), is
most pronounced at ratios of 1:2 and 1:3, aligning
with prior findings that these groups form optimally
under certain activation conditions, enhancing the
hydrophobic properties of the carbon. Additionally,
the peak at 3120 cm™, present especially at the 1:3
ratio, corresponds to C—H stretching vibrations,
suggesting substantial hydrocarbon group formation.
This may indicate extensive decomposition of the
original plant polymers, contributing to a highly
developed carbon structure. The band within the
1000-1300 cm’! range, corresponding to ether and
alcohol groups (C—0), is most intense at the 1:3 ratio,
suggesting active formation of oxygen-containing
groups, consistent with studies linking high KOH
activity to enhanced adsorption of polar molecules.
Overall, these findings confirm that a KOH ratio of
about 1:3 is optimal for producing activated carbon
with a high density of functional groups, enhancing
its adsorption properties for pollutant removal and
catalytic applications.

4. Conclusion
This work investigated the textural and adsorption

properties of activated carbon obtained from
plant waste at different mass ratios of the sorbent

and KOH. The results showed that the activation
conditions significantly affect the porous structure
and functional groups present on the surface of the
sorbents. The most optimal parameters were achieved
at a ratio of 1:3, which was characterized by a high
specific surface area and developed porosity, which
provides activated carbon with improved adsorption
characteristics. FTIR spectra confirmed the presence
of functional groups such as O—H, C=0 and C-O,
which contribute to moisture conservation and
potential nutrient retention.

The study showed that activated carbon obtained
under optimal conditions can be used as a water-
retaining substrate, which is especially important for
agriculture under water scarcity conditions. These
results open up prospects for the development of
water-retaining substrates based on activated carbon,
which can increase crop productivity and reduce the
need for water resources.

The work was carried out at the Institute of
Combustion Problems.
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IMonyyenne W oONTHMH3AUMSA AKTHBUPOBAHHOIO
YIJISl U3 PACTUTEIbHBIX OTX0/0B € BHICOKOH y/1eJIb-
HOM MOBEPXHOCTHIO JJIs1 BJarocoeperammmux npu-
MeHEeHHI1 B CeJIbCKOM XO0351liCTBe

E.O. locxkanos', A.H. Cabutos', K.A. CaypsikoBa',
3.A. Mancypos!, O.M. Jlocxkanos?, M.C. Kypman6aesa',
M.K. Aramanos*

'Kazaxckuii HallMOHAJIBHBII YHUBEpCHUTET MM. anb-DPapabdu,

mp. anb-Papadu, 71, Anmarel, Kazaxcran

2AJIMAaTHHCKUH TEXHOJIOTHYECKUH yHUBEpCHUTET, yi. Tone 6w,
100, Anmatsl, Kazaxcran

SKazaxckuil HAIMOHAIBHBIN KEHCKHUIA Me1arOrHIecKuil yHUBEP-
cuter, yia. ['oromns, 114, Anmatel, Kazaxcran

AHHOTANMUA

B ycnoBusax nedunuTa BOIHBIX PECYPCOB YCTOM-
YHBOE Pa3BUTHE CEIBCKOTO X03siicTBa TpeOyeT npu-
MEHEHHS BJIarocOeperaroIrx TeXHOJIOTHH, BKIIoYas
WCIIOJIb30BaHNE BJIATrOyAEPKUBAIONINX CYOCTPaToOB
Ha OCHOBE aKTHBHPOBAHHOTO yriisi. B nannoii pabote
MCCIICZIOBAHbI TEKCTYPHBIE U aACOPOIIHOHHBIE XapaK-
TEPUCTUKN aKTUBUPOBAHHOTO YTJS, IOIYYEHHOTO
W3 PACTHTENHHBIX OTXOMOB MPH PA3IMIHBIX MacCCO-
BBIX cooTHoIeHusx copoerta u KOH (1:1, 1:2, 1:3
u 1:4). lenpro uccrnegoBaHus OBUIO ONpPEICICHHUE
ONTHMAJIBHBIX YCIIOBUH AaKTHUBAIMU IJISl CO3/IaHUA
MaTepuaia ¢ BBICOKOH yJelbHOU MOBEPXHOCTHIO U
pa3BUTON MOPUCTOM CTPYKTYPOH.

PesynbraThl uccnenoBaHus TOKa3aidd, YTO HaW-
6ompimuii 066eM 1op (1.6 cM?/T) U BBICOKas CTENEHB
MHUKPOTIOPUCTOCTH JTOCTHTAIOTCS MIPU COOTHOIICHUU
1:3, 4yTO MOATBEPXKIACHO aHAIM30M paclpeiceHHs
nop Merogamu «Teopusi PyHKIIMOHATIA TIIOTHOCTH
u «Meton bapperra-/xoiinepa-Xanenas». NUK-Dy-
pbe CHEKTPOCKOMHS BBISBHIIIA Hanmwune (yHKIHO-
HanbHbIX rpynn (O-H, C=0 u C-0), cnoco6cTBy-
Iomux  Brarocoepexxenuio.  luddepennuansrHoe
pacnpenenenne oobema nop (dv(r), em¥/A/r) Taxxe
MPOJEMOHCTPHUPOBAJIO, YTO MPH COOTHOIIEHUU COP-
oenta u KOH (1:3) ctpykrypa obpa3na onTuMaibHO
COYeTaeT MHUKPOIOPBHl U ME30MOPHI, YTO MOBBIIIAET
a7ICOPOIIMOHHYIO CITOCOOHOCTH YTJISI.

Knrouesvie cirosa: akTHBUPOBAHHBIN yrojib, pac-
TUTENBHBIE OTXOJBI, BiarocOeperarommii cyocTpar,
NOpHUCTast CTPYKTYpPa, alcOpOLIMOHHBIE CBOHCTBA
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AybL1 IIAPyalIbUIBIFBIHAA BLUIFAJ YHEM/IEY YIIiH
JKOFaphI 0eTTik aylaHbl 0ap eciMaiK KaJIbIKTa-
pbIHAH OejiceHaipiireH KeMipai HalibIHAAY KOHe
OHTAHJIAHABIPY.

E.O. locxkanos', A.H. Cobutos', K.A. Caypsikosa',
3.A. Mancypos!, O.M. Jlocikanos?, M.C. Kypman6aesa',
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nma"FeUTeL, 71, Anmater, Kazakcran
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Anmarsl, Kazakcran
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AHIATIIA

Cy pecypCTapbiHBIH TaIllIBUIBIFBl JKaFIalbIHIA
ayblUl MApyallbUIBIFBIHBIH TYPAKTHl JaMYbl BIIFAN
YHEMJICHTIH TEXHOJOTHUSIApP/Ibl, OHBIH ilIiHae Oen-
CEHJIPUITEH KOMip HETI3iHAETi BUFal CaKTaHThIH
cyOCTparTap/ibl KOJIAaHYyIbl Tajam eTemi. byia xy-
MbicTa copbent men KOH (1:1, 1:2, 1:3 xone 1:4)
OPTYPJIi MaccaIblK KATBIHACKIH/IA OCIMIIK KaIbIKTa-
PBIHAH aJIbIHFaH OeJICeHIpUIreH KOMIpIiH TeKCTypa-
JIBIK JKOHE aJICOPOIUSIIBIK CHUTIaTTaMalapbl 3epTTel-
ni. 3epTTeyAiH MaKcaThl >KOFaphl MEHIMIKTI OETiHIH
ayJlaHbl MCH JJaMBIFaH KEYCKTi KYPBIJIBIMEI Oap MaTe-
pHanIbl ’Kacay YLIIH OHTainbl OelceHaipy ImapTra-
PBIH aHBIKTAY OOJIBI.

Hormxenep eH yikeH keyek keneMine (1,6 cm*/r)
XKOHE MHKPOKEYCKTUIIKTIH €H JKOFaphl opeKeciHe
cop6ent nen KOH (1:3) x aTbiHaChIHA KO KETKI31I-
TeHIH KepceTTi, Oy KeyeKTi 6emyaiH ThIFbI3IBIKTHIH
(GYHKIIMOHANIBIK TEOPHUSACH JkoHEe bappert-J/xoii-
Hep-XaneHaa ofici  TanmmayeiMeH pactanabl. FTIR
CIIEKTPOCKOTHSACHl BUIFAIBIH CAKTATybIHA BIKIA
eTeTiH QyHKIuoHamAslK TonTapabiH (O-H, C=0
xkoHe C—O) OoxybIH aHBIKTambl. Keyek keneMiHIH
mupdepennmanasl  Tapanysl (dv(r), cm/A/r) co-
HbIMEH KaTap 1:3 KaThIHACBIH/A YT KYPBUIBIMBI MH-
KPOKEYEKTep MEH ME30KECYCKTEepai OHTAHIbl Oipik-
TIpETiIHIH KOPCETTi, Oy KOMIpAiH aacopOIUsIbIK
KaOUTeTiH apTThIPaIbI.

Tyiiin co30ep: OelCEHIIpIITEH KoMip, OCIMIIK
KaJIBIKTaphl, BUIFAJ CAKTaWTBIH CyOCTpaT, KEyeKTi
KYPBUIBIM, aJICOPOIUSITBIK KaCHETTEP



