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Abstract: This study synthesized nanocomposite activated carbon (AC) from plant raw materials (peach production
waste), modified with carbon nanotubes (CNTs). The first stage in obtaining all samples involved hydrothermal
carbonization (HTC) of peach pomace in an aqueous environment with the addition of a specific amount of CNTs, after
which the biomass was gradually carbonized and activated using an alkali (KOH) in an inert atmosphere. The aim of the
study was to evaluate the effect of CNTs on the structure and physicochemical and functional properties of the
nanocomposite AC. It was established that the carbon obtained from the initial mixture containing 0.05 wt. % CNTs
showed a specific surface area according to the BET model of 2876 m2-g71 and a total pore volume of 1.643 cm3-g71.
It is presumed that the interaction of the biomass with the nanotubes occurs at sites on the surfaces of the samples after
HTC, where functional groups are located. The sample with 0.05 wt. % CNTs exhibited minimal /p/Ig and dqgo values,
indicating a higher order of the carbon structure. For all carbons, the sorption capacity relative to synthetic dyes —
malachite green (MG) and Congo red (CR) — was determined. A general correlation was found between the changes in the
Ip/lg and djgo values and the activity of the AC samples. The AC with 0.05 wt. % CNTs demonstrated the highest

capacity for both dyes in static mode: 2987 rng~g71 for MG and 1201 mg-g{1 for CR, respectively. For this particular
sample, an assessment of the sorption kinetics was conducted.
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JInHAMHKA COPOLMU OPraHUYeCKUX KpacurTeJiei
U3 BOAHBIX PACTBOPOB AKTUBUPOBAHHBIM YIJIeM M3 MePCHKaA,
MOAU(PUIIUPOBAHHOIO YIJIEPOAHBIMUA HAHOTPYOKAMU
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AnHoTanus: B pabore CHHTE3MpOBAIM HAHOKOMITO3UIIMOHHBIN aKTUBUPOBAHHEIN yToiib (AY) M3 paCTUTEIEHOTO CBHIPHS
(0TXOMOB TPOM3BOJCTBA TMEPCUKA), MOTUPHUIMPOBAHHOTO yriiepoaHbiMu HaHoTpyOkamu (YHT). Ilepmoii cramueit
MOJyYeHHsT BceX 00pasmoB Obuta rupporepManbHas kapOonmszanus (I'TK) mepcHKoBBIX BBDKHMOK B BOIHOH Cpefe
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¢ pobOaBieHHEM orpe/esieHHoro konmdectBa YHT, mocne ero 6nomaccy mo3TamHo KapOOHU3UPOBAIN M aKTHBHPOBAIH
¢ nomoitnpio menoun (KOH) B mueprtHoii cpene. Llens paGorel — oneHka BiusHus YHT Ha cTpykTypy H (U3HKO-
XHMHYECKHE U (DYHKIMOHAIbHBIE CBOMCTBA HAHOKOMIIO3MIIMOHHOrO AY. YCTaHOBJIEHO, YTO YroJib, MOJYYEHHBIA W3
ucxomHou cmecu, coxepxameii 0,05 mac. % YHT, mokaspiBaeT BeMMYHHY YIENBHOW MOBEpXHOCTH Mo moxaermu bOT,
paBHyt0 2876 Mz/l“, u 0Ot o0bem mop — 1,643 eM/T. [IpenmnonoxuTensHO, B3aNMOEHCTBIE OHOMACCHl ¢ HAHOTPYOKaMH
MIPOUCXOJUT Ha ydaCTKaxX IIOBEPXHOCTH O6p8.3HOB I10CJIC FTK, rac pacroJIOKCHBI (byHKIlI/IOHaJ'H)Hble I'pYIIIbI. O6pa3eu
¢ 0,05 mac. % YHT moka3piBaeT MEHUMaIIbHBIE 3HaYeHUS Ip/IG 1 d10(, YTO TOBOPUT O OOJIee BEICOKOW YHOPSIIOUYECHHOCTH
YIJIEpOMHOU CTPYKTYphL. Jlsi Bcex yriei ompeneisii COPOIMOHHYIO CIIOCOOHOCTH IO OTHOIICHHUIO K CHHTECTHUCCKUM
KpacuTeNnssM — MallaxuToBbli 3eieHbiii (M3) m konro kpacubeiii (KK). O6napyxena oOImas KOppelsius XapakTepa
n3MeHeHus1 nokasareneil /p/lg u djpp ¢ akTHBHOCTBIO 00pa3noB AY. HanOonbiryto eMKOCTb 1O 000MM KpacUTENIsIM
B cratuueckoM pexume mokasan AY ¢ 0,05 mac. % YHT: 2987 u 1201 mr/r mast M3 u KK coorBercTBEHHO.
Jlnst ykazanHoro oOpasiia MpoBeleHa OIeHKa KHHETUKH CcOpOIMHM B JAMHAMHYECKOM pexume. [lo pesympTaTam
OKCIICPUMCHTAJIBHBIX W TCOPCTHYCCKUX I/ICCJ'Ie]IOBaHI/lﬁ OIPEACICHbI TAKHUC BAXXHBIC I1OKA3aTCJIM IOITIOMICHUA, KakK
KOHCTaHTBI CKOPOCTH COpOIMHU 1 KO3PPuineHTh 1uddy3uu.

KnaioueBble ciioBa: aKTHBUPOBAaHHBIM Yroiib;, OHWOYrojb; YIJIEPOAHBIE HAHOTPYOKH; OTXOZBI IEepepabOTKH NEpPCHKa;
CHUHTETHYECKUE KPACUTENHN; KOHT'O KPacHBIN; MAJIaXUTOBBIH 3€JI€HBIN; TMHAMHKA aICOPOINN; KUHETHKA.

Jna ourupoBanmsi: Kadum AHK, Burakova IV, Badin DA, Rybakova SO, Timirgaliev AN, Yarkin VO,
Kuznetsova TS, Dyachkova TP, Burakov AE. Sorption dynamics of organic dyes from aqueous solutions using activated
carbon derived from peach modified with carbon nanotubes. Journal of Advanced Materials and Technologies.
2025;10(2):154-166. DOI: 10.17277/jamt-2025-10-02-154-166

1. Introduction esterification, and the process of grafted
copolymerization, resulting in the formation of
different functional groups on the material's surface
(hydroxyl, carboxylate, amide, amino, and ester
groups). Waste from bananas, coconuts, apricots,
peaches, etc., can be used as precursors for biochar
production for wastewater treatment [10-12].
Peaches are consumed in nearly all parts of the world
due to their unique flavor and aroma. The peach
processing industry discards many parts of the fruit,
including the pit and skin, referred to as "peach
waste," which is rich in hemicellulose, lignin, and
cellulose compounds, making these products valuable
for the production of effective biochar [13].

The authors [12] synthesized biochar from the
cladodes of the cactus Opuntia ficus-indica.
Modification of the biochar using NaOH resulted in
increased surface basicity. The maximum adsorption
capacities based on the Langmuir model were found
to be 1341, 49, and 44 mg-g ' for MG, Cu*" and Ni*",
respectively.

The sorption capacity of biochar derived from
date palm leaves [14] reached values of 334 mg-g71
for MG. In the study [15], biochar obtained from
banana peels was functionalized using microwave
pyrolysis. It was established that the maximum

Global consumption of clean freshwater is
increasing annually. However, its quality is
noticeably declining. This is partly related to the
problem of discharging untreated wastewater [1, 2].
More than 100,000 types of synthetic dyes are used in
the textile, paint, paper, leather, and printing
industries [3]. The discharge of wastewater from
industrial enterprises leads to the accumulation of
pollutants and has a negative impact on the
environment [4, 5]. Malachite green (MG) is
a common organic cationic dye used in chemical
processes, the textile industry, as a medical
disinfectant, and so on. Congo red (CR) is an azo dye,
an acid-base indicator, and is used in histology and
microscopic studies for staining fungal cell walls.
Furthermore, adsorption is one of the most effective
methods used for the removal of MG and CR [6, 7].

The choice of adsorbent is fundamental to the
successful development, effectiveness, and
implementation of the adsorption process. Activated
carbon from plant material can compete with
traditional coals due to its exceptional properties:
high porosity, large surface area, and the presence of
functional groups. Various methods of producing
biochar are known, including hydrothermal

carbonization (HTC), pyrolysis, and gasification [8, 9].

To enhance the adsorption capacity of biochar,
modification of target waste is carried out to create
active centers (functional groups) on its surface,
which can effectively retain dyes under suitable
conditions. Various methods of modification are
known, including the use of acids, bases, surfactants,

adsorption capacity for MG reached 2297.83 mg'g71
with a contact time of 120 min. The mechanism of
dye adsorption for MG included hydrophobic
interactions, the formation of hydrogen bonds,
7-1 interactions, and ion exchange.

The adsorption of Congo red (CR) was conducted
using activated biochar from Haematoxylum
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campechianum waste obtained through pyrolysis.
The maximum adsorption capacity, determined using
the Langmuir adsorption isotherm model, was found
to be 114.8 mg'g71 at 300.15 K, pH=5.4, and an
activated biochar dose of 1.0 g-Lﬁ1 [16]. Biochar from
Medulla Tetrapanacis modified with K,CO;showed
an adsorption capacity for CR of 584.17 mg: g_1 [17].
The adsorption capacity of the biochar from rice
husks for CR amounted to 42.918 mg-gfl, with
equilibrium adsorption occurring after 120 min.
The process of CR adsorption on biochar took place
through physical adsorption and chemisorption,
involving hydrogen bonds, electrostatic interactions,
and -7 interactions [18].

Another method for enhancing the sorption
activity of biochars is the creation of composites with
carbon structures (such as carbon nanotubes (CNTs),
graphene, etc.), metal oxides, and others [19, 20].
A method has been developed for obtaining CNT-
biochar nanocomposites using a surfactant derived
from hickory chips and sugarcane bagasse [21].
In one study [22], biochar was synthesized from
potato peeling waste (utilizing various activation
technologies) followed by modification with CNTs.

The objective of this work is to study the organic
dyes (MG and CR) adsorption dynamics on
a nanocomposite material — activated carbon (AC)
derived from peach pomace, modified with CNTs.
To achieve the research goal, samples of composite
biochars with varying mass percentages of CNTs
were synthesized, their physicochemical properties
were determined, and the kinetics of malachite green
sorption in a dynamic mode were assessed.

2. Methods and Materials

2.1. Preparation of activated carbon modified
with carbon nanotubes

Biochar was obtained through HTC in an
aqueous environment from biomass generated from
peach pomace, which was first dried and ground.
The carbon nanotubes  “Taunit-M”  (LLC
“NanoTechCenter”, Tambov) were added in dry form
(0.01, 0.05, 0.1, 0.5, 1 wt. %) to the powdered peach
material, and the resulting mixture was further
mechanically ground. The dispersed bulk material
was placed in a stainless steel autoclave, and distilled
water was added. The mass ratio of “bulk
material : water” was 1:3. The mixture was
processed in the autoclave at a temperature of 180°C
for 12 hours. The obtained HTC biochar was filtered

and washed with water to remove by-products of the
reaction and dried to a constant residual mass at
90 °C. The material was then subjected to thermal
carbonization at 150, 350, and 700 °C (for 1 hour at
each temperature) in an inert argon environment
(with a flow rate of 1.4 L~min_1). To obtain activated
carbon, the carbonized samples were mixed with an
alkali (KOH) in a mass ratio of 1:6, then treated in an
argon atmosphere at 400 and 750 °C (for 1 hour at
each temperature). The resulting material was washed
with distilled water until a neutral pH (~7) was
reached. It was then soaked in concentrated
hydrochloric acid for 24 hours. Afterward, it was
washed again until a neutral pH was achieved.
The washed material was dried at 90 °C until
a constant mass was obtained.

The obtained experimental samples of composite
activated carbon were stored in airtight plastic
containers.

2.2. Adsorption test
2.2.1. Static conditions

To preliminarily assess the sorption capacity of
the developed materials toward organic dyes MG and
CR, studies were conducted under limited-volume
conditions with the following fixed parameters: initial
dye model solution concentration — 1500 mg-Lﬁl,
pH =6, sorbent weight — 0.01 g, contact time —
30 min. The optical density of the synthetic dye
solutions was measured using a PE-5400V
spectrophotometer (Ekros, St. Petersburg, Russia) at
wavelengths A(MG) = 810 nm and A(CR) = 625 nm.

2.2.2. Dynamic conditions

Kinetic studies under dynamic conditions were
carried out using an experimental setup (Fig. 1).
A 100 mL stock solution of MG and CR with
a concentration of 1500 mgLﬁ1 was delivered by
a peristaltic pump (3) into a sorption cell (/)
containing the sorbent (mass 0.03 g) and circulated
back to the original reservoir (R). A parallel circuit
was used to deliver the solution to a cuvette located
in the spectrophotometer (2).

2.3. Analytical methods

The morphology of the materials was examined
using scanning electron microscopy (SEM) with
a TESCAN Vega III microscope (Czech Republic).
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Fig. 1. Laboratory setup for dynamic sorption
(R — reservoir with the initial solution; / — sorption cell; 2 — spectrophotometer, 3 — peristaltic pump)

To qualitatively identify functional groups, FTIR
spectra of the samples were recorded in attenuated
total reflectance (ATR) mode using a Jasco FT/IR
6700 spectrometer (Jasco International Co., Ltd.,
Japan) in the wavenumber range of 500 to 4000 cm .
Structural features of the samples were determined
based on Raman spectra, recorded with a DXR
Raman Microscope (Thermo Scientific Instruments
Group, Waltham, USA) using a laser excitation
wavelength of A = 532 nm. The phase composition of
the materials was determined from X-ray diffraction
(XRD) patterns obtained using a Thermo Scientific
ARL Equinox 1000 diffractometer (TechTrend
Science Co., Ltd., Taiwan).

To evaluate the thermal stability of the samples,
simultaneous thermal analysis was performed —
recording thermogravimetric (TG) curves and
differential scanning calorimetry (DSC) curves
simultaneously — using a NETZSCH STA 449 F3
Jupiter instrument (NETZSCH-Feinmahltechnik
GmbH, Selb, Germany) under an air atmosphere with
a heating rate of 10 K-min '. The specific surface
area and porous structure parameters were
determined using a high-precision surface area and
pore size analyzer TOP 200 (Altamira Instruments,
USA). The specific surface area (Sggr) Wwas
calculated using the Brunauer—-Emmett—Teller (BET)
theory, and the total pore volume (Viga) was
determined by the Barrett-Joyner—Halenda (BJH)
method.

3. Results and Discussion

3.1. Evaluation of physicochemical properties

SEM-images of the biochars (Fig. 2a—e) show
that all materials, regardless of treatment method,
possess a rough, irregular, and variably porous
structure. The morphology of the samples subjected
to HTC treatment (Fig. 2a) is mainly represented by
elongated grains (fibers) and microspheres. It was
found that the introduction of CNTs during the
hydrothermal carbonization stage results in
a reduction in the diameter of the microspheres —
from a size range of 200-250 nm to 100-200 nm
(for HTC biochar modified with CNTs).

The modified HTC biochar (Fig. 2b, ¢) contains
CNTs and catalyst particles with an average diameter
of approximately 35 nm. According to the obtained
images, the nanotubes are uniformly distributed
within the carbon matrix derived from peach biomass
and are directly encapsulated in the biochar
microspheres. The sample of activated carbon
modified with CNTs is characterized by inclusions up
to 10 nm in diameter and the presence of bridges
between the material grains. It is presumed that
during the alkaline activation process, partial
destruction of the CNT graphene structure occurred,
resulting in the formation of connecting “bridges”
between granules and an increase in surface defects
due to the formation of grooves.
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Mag - 150,00 KX

Thus, the incorporation of CNTs into the
biochar, regardless of the processing stage, led to
changes in the surface morphology and grain size of
the structural elements of the biochar. This suggests
the formation of a more favorable porous architecture
in the activated carbon for the removal of toxic
pollutants from aqueous media.

Fig. 2. SEM-images of raw HTC biochar (a),
HTC biochar with 0.05 wt. % CNTs (b, ¢),
and activated carbon (AC) with 0.05 wt. % CNTs (d, e)

To assess material changes under different
processing conditions, IR-spectra were analyzed for
the following samples: the original (HTC) and
modified (HTC/CNT _0.01 et al.) materials after
hydrothermal carbonization; the original carbonized
coal (CC) and modified (CC/CNT _0.01 et al.) after
thermal carbonization; and the original activated
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carbon (AC) and modified (AC/CNT 0.01 et al.)
after alkaline activation.

The IR-spectrum of the material obtained via
HTC treatment of the raw material (without CNTs)
(Fig. 3a) shows characteristic peaks attributed to:

— Stretching vibrations of O-H bonds in
hydroxyl groups and/or water molecules (broad peak
centered at 3423 cmﬁl);

— Asymmetric (2957 and 2922 cm ') and
symmetric (2865 cmﬁl) stretching vibrations of C—H
bonds in alkyl groups;

— Stretching vibrations of C=0 bonds in
carboxyl groups (1710 crn_l) and in carbonyl groups
conjugated with two aromatic rings (1627 cmﬁl);

— Various vibration modes of oxygen-containing
groups in cellulose fragments (group of peaks within
the broad band of 1000-1500 cmﬁl).

The addition of CNTs to the biomaterial does
not qualitatively alter the chemical composition of the
HTC products. A slight decrease in the intensity of all
absorption bands is observed, which may be due to
the chemical inertness of CNTs.

During carbonization (Fig. 3b), thermal
decomposition removes most of the oxygen-
containing functional groups. As a result, only the
peaks at 3423 and 1627 cm ' remain relatively
intense in the IR-spectra. The former is likely due to
adsorbed moisture, and the latter to the relatively high
stability of the carbonyl bond conjugated with two
aromatic rings. The intensities of peaks indicating the
presence of alkyl groups and cellulose fragments are
significantly lower compared to the spectra of HTC-
treated samples. There is no qualitative difference in
the composition of CNT-modified materials at this
stage.

After alkaline activation (Fig. 3c¢), no significant
changes are observed in the IR-spectra of the
samples. However, it should be noted that the
activated sample with the highest CNTs content has
the most “depleted” composition, as its IR spectrum
lacks peaks corresponding to alkyl and oxygen-
containing groups in the 1000—-1500 cm’! region.

Based on scanning electron microscopy data, it
can be assumed that the bonding between the
nanotubes and the biomass-derived matrix during
composite formation occurs at the sites originally
occupied by functional groups. This likely explains the
observed changes in the IR spectral characteristics.

All of the analyzed samples exhibit prominent D
(~1350 cm_l) and G (~1590 cm_l) bands in their
Raman spectra. The intensity ratio of these peaks
(Ip/lg) is commonly used to assess the degree of
graphitization in carbon materials, where a higher

Ip/lg value indicates a greater level of structural
disorder or defects in the sample [23, 24].
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Fig. 3. IR-spectra of carbon samples:
(a) after HTC; (b) after carbonization;
(c) after alkaline activation
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Fig. 4. Raman spectra of biochar samples

No significant differences are observed among
the Raman spectra of the analyzed samples (Fig. 4).
However, calculations show that as the CNTs content

increases up to 0.05 wt. %, the Ip/l; ratio initially
decreases and then increases. Notably, the sample
with 1 wt. % CNTs has a slightly lower /p/l; ratio
than the sample containing 0.5 wt. % CNTs (see
Table 1).

The non-uniform trend in the defectiveness
index with increasing CNTs content is likely due to
differences in the composite morphology and the
varying resistance of the components to alkaline
treatment at high temperatures.

The X-ray diffractograms of the analyzed
samples exhibit a qualitatively similar features
(Fig. 5). They show a broad halo with a peak at 20
around 12°, which is characteristic of amorphous
porous carbon materials[25], and a wide peak at 20
around 43°, which corresponds to the crystallographic
plane (100) of graphite [26].
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Fig. 5. XRD-patterns of biochar samples

Table 1. Influence of CNTs content
on the structural characteristics of the samples

Mass fraction

of CNTs, 0 0.01 0.05 0.1 0.5 1
wt. %

Ip/l 1.054 1.021 0.985 1.053 1.060 1.043
d100, A 2.114 2.111 2.101 2.111 2.117 2.101

,AC/CNT_0.1
/ACICNT_0.01 5 -
/# AC/CNT_0.05

™~ AC/CNT_0.5
~AC

The interplanar spacings (d}qo), calculated using
the Wulff-Bragg equation, are presented in Table 1.

It can be observed that the trend in the djgg

values correlates with the changes in the /p// ratio.
The increase in structural defects may be attributed
not only to the destruction of the surface or graphene
layers of the components but also to the presence of
an amorphous phase within the material. Particles of
this phase can potentially block pores and reduce the
sorption capacity.
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Fig. 6. TG (a) and DSC (b) curves of biochar samples
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According to thermogravimetric analysis (TGA)
(Fig. 6), all samples exhibit relatively homogeneous
chemical composition due to the effective
decomposition of low-molecular-weight organic
components and the removal of volatile functional
groups during the carbonization and alkaline
activation stages. The TG curves display a single
prominent weight-loss region, which corresponds to a
peak in the DSC curve.

The addition of CNTs contributes to a slight
increase in the thermal stability of the resulting
composites. However, the sample with the highest
CNTs content shows the greatest initial mass loss on
the TG curve compared to the other composites,
likely due to its specific structural characteristics.

Particularly noteworthy is the correlation
between the DSC analysis results and the data from
Raman spectroscopy and X-ray diffraction. Samples
that showed a decrease in structural defects (lower
Ip/l values) also exhibited a lower exothermic effect
during thermo-oxidative degradation compared to the
unmodified material (without CNTs). The most
intense DSC peak is observed for the sample with
0.5 wt. % CNTs, which also exhibits the highest /p/l;

and d g values.

According to the data presented in Table 2, the
sample containing 0.05 wt. % CNTs demonstrates the
highest specific surface area and specific micropore
volume. As shown earlier, this material also has the
lowest Ip/lg and dy¢g values.

The decrease in surface area and porosity
parameters with increasing defectiveness can be
explained by the adverse effect of amorphous phase
inclusions on the sorbent's characteristics. As the
CNTs content exceeds a certain threshold, it
promotes the formation of amorphous phase particles
that block the pores.

Table 2. Specific surface area and specific micropore
volume of the base activated carbon and composite
sorbents with varying CNTs content

No. .Mass fraction.of CNTs SEET,] V“g“‘l: 1

in the composite, wt. % m-g cm’-g
1 - 2945 1.703
2 0.01 2700 1.456
3 0.05 2876 1.643
4 0.1 2757 1.601
5 0.5 2690 1.570
6 1 2057 0.653

3.2. Determination of adsorption capacity

3.2.1. Comparative testing of samples
under static conditions

The results of the liquid-phase adsorption studies
of organic dyes on the developed materials under
static conditions are presented in Fig. 7.

According to Fig. 7, the sample containing
0.05 wt. % CNTs exhibits the highest adsorption
capacity, with its capacity being 25 % greater than
that of the base activated carbon without CNTs.
Further increases in the CNTs content do not result in
a positive effect and are therefore not advisable.
It is worth noting that the variation in the sorption
activity of the composites toward organic dyes
generally correlates with the Raman spectroscopy and
X-ray diffraction data.

3.2.2. Adsorption dynamics

The experimental kinetic curves for the
adsorption of MG and CR dyes under dynamic
conditions are shown in Fig. 8a. For MG removal
using the nanocomposite, equilibrium in the sorption
system is reached within 30 min, while for CR it is
achieved within 10 min. The studied sorbent
demonstrates a high adsorption rate during the initial
period (up to 10 min).

Table 3 shows the models equations used in this
work to describe the mechanism of dye adsorption.
Tables 4 and 5 below present the results of the
mathematical analysis of the experimental data using
diffusion and chemical kinetic models.

The dependence  describing intraparticle
diffusion (Fig. 85) exhibits a multilinear curve.
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Adsorption capacities, mg g
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Weight content of CNTs, wt. %

Fig. 7. Comparative adsorption capacity of peach-derived
activated carbons for MG and CR dyes
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Fig. 8. Kinetic curves of MG and CR dye adsorption (a) and kinetic models:
b — Intraparticle diffusion; ¢ — Boyd; d — Pseudo-first-order; e — Pseudo-second-order; f— Elovich model

Since the approximating line does not pass
through the origin, there is a boundary diffusion layer
effect; diffusion is not the rate-limiting step, and the
diffusion process is overlapped by a surface
adsorption stage [20]. These observations are
characteristic for both dyes. The diffusion rate

for MG is several times higher than for CR (for

0.5

example, k;q1 =3519.5 mg-gﬁl-min vs. kig =

=537.41 mg-gﬁl-minfo's). For the Boyd’s model, the
kinetic data were processed for ' <0.85, i.e., in the
initial period of adsorption. The correlation of
experimental data using Boyd’s equation (Fig. 8¢)
further confirms the influence of intraparticle
diffusion on the adsorption rate, making it possible to
calculate the effective diffusion coefficient (Table 5)
[27].
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Table 3. Kinetic model equations* [20, 27]

Model Equation
Pseudo-first-order model kyt
lg(Qe - Qt ) = lg(Qe ) -
2.303
Pseudo-second-order model t 1 1
— +—t

0 k0 0,
0, = 1n(aB)+—In(r)
B B

Elovich model

Intraparticle diffusion model 0, =k, PLUSIND
t =5 )

6 n=o |

Boyd F=1-— Z —exp(—Btnz);
TC2 n=l1 n2
Dr?
B=—
7"02

* t — adsorption time, min; Q, — adsorption capacity at equilibrium, mg~g71; 0O, — adsorption capacity at time ¢, mg-gﬁl;
k1 — rate constant for pseudo-first-order adsorption, minﬁl; ky — rate constant for pseudo-second-order adsorption,
g:mg min"'; kiy — intraparticle diffusion coefficient, mg'g"~min_0'5; ¢— boundary layer thickness (constant), mg-gfl;
o — initial adsorption rate, mg-g’l-min_l; B — desorption constant reflecting surface coverage and activation energy of
chemisorption, g-mgﬁl; F — fractional attainment of equilibrium; B — kinetic coefficient, minfl; D — effective diffusion

. 2 1 . . . .
coefficient, m™-s ; rp — average radius of sorbent particle, pm; Bt — dimensionless parameter.

Table 4. Parameters of chemical kinetics of dye sorption

E . Pseudo-first order Pseudo-second order Elovich
xperimental
Dies  adsorption ijamty, O, ki, e O, o, e o, B, -
me g mg-gf1 min”' mg~gﬁl g~mgf1 -min"’ mg-gﬁl-minf1 gmg
MG 2987 995.86 0.0854 0.9794 33333 0.00015  0.9982 532439.5 0.0038 0.9885
CR 1201 441.88 0.0884 0.9773 1250 0.00043  0.9998  22967.7  0.0074 0.9133
Table 5. Parameters of diffusion kinetic models for dye adsorption
Internal diffusion Boyd
Dies kid1 kid> kia3 C G C3 5 S a0 o
s L R B D107, ms" R
mg-g -min mg-g
MG 3519.5 190.68 73.463 2213.1 1996.8 2501.6 0.9794 0.9552 0.9241 0.1184 0.004 0.9699
CR 537.41 63.574 16.722 117.4 842.07 1087.5 0.9853 0.9654 0.9162 0.2091 0.007 0.9805

If the experimental results are well approximated
by the pseudo-second-order equation, the reaction
between the adsorbate and functional groups occurs
strictly stoichiometrically (one molecule occupies one
adsorption site) [20]. For both dyes, the data show

a strong correlation with this model, with R*=0.9998
and R*= 0.9982 (Fig. 8e; Table 4). The rate constants
are k, (MG) =0.00015 g-rng_l-min_1 and k, (CR)=
=0.00043 g'mg min .
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4. Conclusion

This study developed a method for producing an
effective sorbent nanocomposite based on activated
carbon derived from peach pomace, modified with
carbon nanotubes. The composite material was
prepared by HTC of the raw biochar with varying
mass fractions of CNTs, followed by thermal
treatment and alkaline activation. Characterization
confirmed the presence of CNTs on the surface and
within the structure of the biochar granules.
The material containing 0.05 wt. % CNTs showed the
most ordered carbon structure and exhibited the
highest porosity among all samples. Kinetic studies
under dynamic conditions determined the adsorption
capacity of the nanocomposite with 0.05 wt. % CNTs
for MG and CR, as well as the equilibrium sorption
times: MG — 2987 mg-gﬁ1 in 30 min, and CR —
1201 rng-g_1 in 10 min. It was established that the
adsorption process for both dyes proceeds via
a mixed diffusion regime, with the diffusion of MG
molecules occurring 6.5 times faster than that of CR.
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