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REVIEW OF ELECTROCHEMICAL BIOSENSORS BASED ON
CARBON NANOMATERIALS FOR EARLY CANCER DIAGNOSIS

A.Yerezhepova*, Zh.Mukatayeva, Y.Bakytkarim , N. Shadin, Zh. Korganbayeva
Abai Kazakh National Pedagogical University, Almaty, Kazakhstan
*Corresponding author e-mail: yerezhepova.ainur@gmail.com

Abstract. Cancer is one of the leading causes of mortality worldwide. Early diagnosis of tumors is
considered a key and at the same time challenging task in the effective treatment of oncology patients. In
recent years, nanomaterial-based biosensors have been rapidly developing as modern and highly sensitive
tools for cancer diagnostics. In particular, carbon nanomaterials significantly enhance the analytical
performance of electrochemical and optical sensing systems.

The aim of this review is to systematize the capabilities of electrochemical and optical biosensors
based on carbon nanomaterials for early cancer detection. The main objectives include analyzing the
properties of the applied carbon nanostructures (graphene, graphene oxide, carbon nanotubes, and carbon
quantum dots) and evaluating their efficiency in the determination of tumor markers. A comprehensive
analysis of the scientific literature was conducted, and methods such as voltammetry, amperometry,
electrochemical impedance spectroscopy, electrochemiluminescence, and surface plasmon resonance were
considered. Special attention is paid to strategies for bioreceptor immobilization and nanocomposite
functionalization. Carbon nanomaterials exhibit high electrical conductivity, large specific surface area,
and good biocompatibility. These properties enable the detection of tumor markers (CEA, AFP, miRNA,
and proteins) at low concentrations. The sensors are characterized by portability, rapid response, and low
limits of detection. Biosensors based on carbon nanomaterials have high practical significance in the field
of early diagnosis and demonstrate strong potential for clinical application.

Keywords: biomarkers, cancer, electrochemical biosensors, carbon nanomaterials, graphene,
carbon nanotubes, optical biosensors.
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1. Introduction

Globally, cancer remains one of the leading causes of human mortality.
According to Siegel et al., approximately 2,001,140 new cancer cases and
611,720 cancer-related deaths were projected in the United States, corresponding
to a mortality rate of about 30% [1].

In Kazakhstan, according to data reported in 2025, the number of patients
diagnosed with cancer in 2024 increased by 5.9% compared to 2023 [2]. Cancer
remains the second leading cause of death worldwide after cardiovascular
diseases, and early detection significantly improves survival outcomes and
reduces mortality [3].

Life expectancy largely depends on the stage at which cancer is diagnosed. If
cancer biomarkers are detected at an early stage, the prognosis is more favorable,
leading to improved therapeutic outcomes and reduced burden on patients [4].
However, conventional cancer diagnostic methods, including non-invasive
imaging techniques such as Computed Tomography, Magnetic Resonance
Imaging, Ultrasound Imaging, Positron Emission Tomography, And Single-
Photon Emission Computed Tomography, as well as Invasive Biopsy and
Histopathological Examinations used to identify cancer types and stages, are
considered highly specific. Nevertheless, these methods are relatively expensive,
require complex instrumentation, and may face limitations in point-of-care
applications [5].

Molecular biomarkers such as proteins, nucleic acids, metabolites, and
exosomes are considered promising indicators for the early diagnosis, prognosis,
and monitoring of therapeutic response in cancer. The National Cancer Institute
defines a biomarker as a biological molecule found in body fluids or tissues that
indicates a normal or abnormal process, or a condition or disease [6]. Cancer
biomarkers can generally be classified into two main groups:

1. Genetic biomarkers: BRCA1, BRCA2, COX2, EGFR, DAPK, KRAS,
GSTP1, circulating tumor DNA (ctDNA), microRNA, tRNA, rRNA, miR-21,
miR-122, miR-16, miR-155, P53, and others.

2. Protein biomarkers: AFP, CEA, PSA, VEGF, CA-15-3, CA-19-9, CA-125,
CA-242, EPCAM, NSE, PAM-4, PAP, HER-2, Mucin-1, CYFRA-21-1, and
others.

In many types of cancer, biomarkers such as Carcinoembryonic Antigen
(CEA), Prostate-Specific Antigen (PSA), Interleukins (IL-6, IL-8), Circulating
Tumor DNA (ctDNA), microRNA, and exosomes have been well established as
indicators closely associated with tumor genesis and prognosis. However, the
concentrations of these biomarkers may be extremely low during the early stages
of the disease. Therefore, highly sensitive and selective detection methods, as
well as efficient electrochemical biosensors, are required. Systems based on
carbon nanomaterials fully meet these requirements. The high electrical
conductivity and large specific surface area of graphene and carbon nanotubes
enable the detection of cancer-related biomarkers at extremely low concentrations
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[7]- In addition, their excellent capability for functionalization with biomolecules
ensures accurate and rapid electrochemical signal transduction and detection.

Electrochemical Biosensors. An electrochemical sensor is an analytical
device that converts chemical substances and their analytical properties into
electrical signals [8]. The structure of an electrochemical sensor typically consists
of three main components:

1) Electrode system or analyzer (Transducer) — the core component that
converts a chemical or biochemical signal into an electrical signal (current,
potential, or impedance). Most commonly, a three-electrode system is used:

a) Working electrode (WE): The primary surface where the electrochemical
reaction of the analyte occurs and where the signal is measured. Common
materials include gold (Au), carbon (C), glassy carbon, and modified electrodes.

b) Reference electrode (RE): Maintains a stable and well-defined potential
for accurate measurement of the working electrode potential. Common examples
include Ag/AgCl and saturated calomel electrodes (SCE).

c) Counter electrode (CE): Completes the electrical circuit and allows current
to flow. The electrochemical reaction occurs at this electrode, but it is not used for
signal measurement. Typical materials include platinum wire and carbon.

2) Recognition layer (Biorecognition layer) — the selective component
responsible for recognizing the target analyte and facilitating its interaction with
or binding to the electrode surface. This layer determines the selectivity of the
sensor. Its composition includes:

a) For chemical sensors: simple chemical compounds, ionophores, and
polymer membranes.

b) For biosensors: biological materials (bioreceptors), such as enzymes,
antibodies, DNA, or cells, which are immobilized on the electrode surface.

3) Electrode (Electrode platform) — a solid conductive material that supports
the biorecognition layer and enables the measurement of electrical signals.
Common types include:

a) Screen-printed electrodes (SPE): Widely used in modern portable sensor
systems.

b) Glassy carbon electrodes (GCE)

¢) Gold and platinum electrodes

The fundamental components and operating principle of the proposed
electrochemical biosensor are illustrated in Figure 1, comprising three sequential
stages: biological recognition, signal transduction, and data processing. Initially,
the electrode surface is functionalized with specific biorecognition elements, such
as antibodies, which selectively bind target cancer biomarkers through high-
affinity interactions. This binding event is subsequently converted by the
transducer into a measurable electrical or optical signal using electrochemical
(e.g., potentiostatic) or optical (e.g., SPR or fluorescence) techniques. The
resulting signal is then processed by the signal processing unit, where it
undergoes amplification, filtering, and analysis to yield a precise quantitative
output. Such an integrated system enables real-time monitoring and accurate

7
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determination of biomarker concentrations, supporting its potential application in
clinical diagnostics [5, 9].

STEP 1: BIOLOGICAL RECOGNITION ELEMENT i 5
& TARGET ANALYTE INTERACTION STEP 2: TRANSDUCER STEP 3: SIGNAL PROCESSING DEVICE
3
"2,

TARGET ANALYTE
(CANCER BIOMARKER)
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DING
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INPUT SIGNAL QUANTIFIABLE
(BIO-CHEMICAL OPTICAL OUTPUT SIGNAL
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seecrc RN ] | ————
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~ ( TO ELECTRICAL OR 2
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RECOGNITION ELEMENT SURFACE CONCENTRATION: 5.2 ng/mL. OUTPUT
(ANTIBODY) =
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Figure 1 - Fundamental components and workflow of a biosensor

Early cancer detection remains a critical challenge that requires highly
sensitive, selective, and rapid analytical tools, as conventional diagnostic methods
are often limited by cost, complexity, and restricted applicability in point-of-care
settings [1,3]. In this context, this review critically examines recent advances in
carbon nanomaterial-based biosensors, with particular emphasis on
electrochemical and optical platforms, and evaluates how key nanostructures such
as graphene, carbon nanotubes and carbon quantum dots enhance sensivity,
selectivity and detection limits. By comparatively analyzing different sensing
strategies and biomarker types, including proteins and nucleic acids. This work
highlights the relationships between nanomaterial properties, sensor design and
analytical performance, while identifying current limitations and promising future
directions for the development of next-generation biosensing systems suitable for
early cancer diagnostics and clinical applications.

2. Discussion and Analysis

The analytical performance characteristics of sensors, such as sensitivity,
selectivity, and limit of detection, primarily depend on the material of the working
electrode and its surface structure [10]. Therefore, the electrode material plays a
crucial role in the development and improvement of electrochemical sensors. In
recent years, carbon based nanomaterials (CNMs), such as graphene, carbon
nanotubes, carbon quantum dots, and graphitic nanostructures, have been
increasingly explored to improve the performance of electrochemical sensors.

The incorporation of CNMs onto the surface of the working electrode
accelerates the electron transfer process at the electrode-analyte interface. As a
result, the Kinetics of electrochemical reactions are improved, and the current
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response of the sensor is enhanced. This increases the sensitivity of the sensor and
enables the detection of analytes at very low concentrations. Since the surface of
CNMs can be easily modified with various functional groups, they provide an
ideal platform for the immobilization of biomolecules, enzymes, or selective
recognition elements. This property makes CNMs particularly effective for the
fabrication of electrochemical biosensors and significantly improves sensor
selectivity [11]. The main nanomaterials commonly used for the modification and
enhancement of electrochemical sensors, as well as their functional roles, are
presented in Table 1.

Table 1 - Types of nanomaterials and their roles in electrochemical sensors

Type of
Nanomate Material Structural Features and Effect on Sensor
rial Properties
Carbon A single-atom-thick, two- | Enhances electron transfer and
based dimensional (2D) sp?-hybridized | provides a large interface for
nanomateri | Graphene carbon lattice with exceptional | bioreceptor immobilization,
als electrical conductivity and high | improving sensitivity and signal
surface area [12] amplification
Carbon One-dimensional (1D) cylindrical
nanostructures formed by rolled | Increases active surface area and
nanotubes . . e L
(SWCNTSs graphene sheets with  high | facilitates efficient electron
. conductivity and  mechanical | transport pathways
MWCNTSs)
strength [13]
Metal- Nanoscale metallic particles with | Enable efficient biomolecule
Gold - - : S
based . high  surface-to-volume ratio, | immobilization and accelerate
.| nanoparticles L h
nanomateri (AUNPs) excellent conductivity, and strong | electron transfer, enhancing
als affinity to biomolecules [14] ECL/SERS signals
Two-dimensional transition metal
carbides/nitrides with metallic | Improve charge transfer kinetics
MXenes conductivity and  hydrophilic | and enable stable
Other functional groups (-OH, -O, -F) | immobilization of biomolecules
nanomateri [15]
als Three-dimensional porous S .
. . - Improve selectivity via selective
Metal-organic crystalline materials composed of . .
- adsorption and increase
frameworks metal nodes and organic ligands sensitivit through  analvte
(MOFs) with tunable pore size and large y g y
preconcentration
surface area [16]
Nanostructured Three-cli(lTEnS|on?l crosslinked or Provide a biocompatible matrix
olymers (e.g network-like -polymer structures for immobilization, enhance
po: &7 | composed of repeating monomer - - ’ .
chitosan, . ften formi q stability, and improve adhesion
olyaniline) units, often forming porous an to electrode surfaces
P flexible architectures [17]

Carbon Nanomaterial-Based Electrochemical

Biosensors for Cancer

Diagnosis. Among the various types of biosensors, electrochemical biosensors are
widely used in disease diagnosis, environmental monitoring and food safety
control [18]. These sensors consist of a biological recognition element and an
electronic detection system. The operating principle of a biosensor is based on
specific electrochemical interactions between the surface of the working electrode
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and the target analyte. When the analyte interacts with the electrode surface,
electrochemical responses such as current, impedance, or potential are generated
and recorded. For practical applications, it is essential to maintain a linear
relationship between the analyte concentration and the sensor signal. Various
approaches are employed for the detection of target molecules. For example,
electroactive analytes such as dopamine and glucose can be directly detected at
the electrode surface, either in the presence or absence of a catalyst. In contrast,
the detection of non-electroactive compounds requires the use of additional
electroactive species, such as hexacyanoferrate or hydrogen peroxide. In
sandwich-type structures, the binding of the analyte triggers redox reactions of
electroactive species, thereby enhancing the sensitivity of the electrode.

Two key performance characteristics of biosensor electrodes are selectivity
and sensitivity. Selectivity refers to the ability of the electrode to specifically
recognize a particular analyte, while sensitivity depends on the efficiency of
electron transfer between the analyte and the electrode. The signal amplitude can
be increased by enlarging the electrode surface area, modifying it with highly
conductive materials, or promoting redox reactions. Generally, electrodes with
larger surface areas provide more active sites for electrochemical reactions,
resulting in higher current responses [19].

One of the important quantitative parameters of a sensor is the limit of
detection (LOD), which represents the lowest concentration of the analyte that
can be reliably detected by the sensor. This is typically defined by a signal-to-
noise ratio greater than 3 [20]. The LOD is a critical parameter for evaluating
sensor performance. Selectivity also plays a decisive role in biosensors; therefore,
biorecognition elements specific to the target analyte are immobilized on the
electrode surface. In cancer biosensors, the primary objective is the proper
selection of the target antigen and the accurate determination of its concentration
in the human body. Once the antigen is selected, the corresponding antibodies are
immobilized on the electrode surface. DNA biosensors are typically fabricated by
immobilizing single-stranded oligonucleotides on the sensing surface, which
hybridize with complementary DNA sequences [21]. This hybridization process is
converted into a measurable electrical signal by the transducer. After
immobilization, it is necessary to block the remaining free binding sites on the
electrode surface to prevent nonspecific interactions. For this purpose, bovine
serum albumin (BSA) or thiol-containing molecules on gold surfaces are
commonly used [22].

Carbon nanoparticles are highly suitable materials for biosensor platforms
due to their excellent electrical conductivity and large specific surface area.
Currently, electrochemical techniques such as amperometry, voltammetric
methods including Cyclic Voltammetry (CV), Stripping Voltammetry, Square-
Wave Voltammetry (SWV), Differential Pulse Voltammetry (DPV), And Linear
Sweep Voltammetry (LSV), as well as impedimetric methods, are widely used for
the detection of cancer biomarkers. Voltammetric methods typically employ an
electrochemical cell consisting of two or three electrodes and a potentiostat. This
system operates by applying a controlled potential and measuring the resulting

10
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current. In contrast, the working principle of amperometric biosensors is based on
the use of antibodies conjugated with electroactive nanoparticles or enzymes to
capture the target analyte, and determining its concentration by measuring the
current generated under an applied potential. The performance of such biosensors
is directly influenced by the properties of the electrode, as the signal is generated
in close proximity to the electrode surface [22, 23].

Biomarkers are important indicators for the diagnosis of various diseases.
Biomarkers found in biological fluids include DNA, RNA, proteins,
polysaccharides, and small molecules such as dopamine, uric acid, and glucose. In
cancer biosensors, the accurate determination of antigen concentration is of
critical importance. Carbon nanomaterials are used in sensors as biorecognition
elements for biomarker binding, as transducers that convert molecular interactions
into electrochemical signals such as current or impedance, and as labeling
elements for signal amplification. Functionalization of carbon nanomaterials with
organic polymers or metal oxide nanoparticles increases the electrode surface area
and facilitates the immobilization of biorecognition elements. The development of
functionalized carbon nanomaterials has significantly improved the analytical
performance of electrochemical sensors [22,23].

In recent years, there has been growing in the development of carbon
nanomaterial based biosensors for the detection of cancer biomarkers. This
interest is driven by the potential of these biosensors to enable rapid, simple, and
reliable detection of biomarkers, with strong prospects for clinical application.
Carbon nanomaterial-based biosensors offer advantages such as high sensitivity,
rapid response time, and ease of use, making them promising tools for early
cancer diagnosis. In this field, the recent achievements of international researchers
in detecting cancer biomarkers are summarized in Table 2, which presents
selected cancer biomarkers, the carbon nanomaterials and composite materials
used, the detection methods employed, the associated cancer types, the analytical
performance (including detection limits and linear ranges), and references to the
corresponding scientific publications.

Table 2 - Various carbon-based nanomaterials used for biomarker detection

Blogark Carbon material Detection method Detection level Assome;;;decancer Reference
TP53 rGO-CMC Amperometry 2.9-3.4nM All types of cancer [25]
miR-21 | GME DPV and EIS 2.09 ug mL Breast, lung, prostate | [26]
cancers

Chitosan- . [27]
VEGFR2 | functionalized CV, DPV 0.28 pM Leukemia, breast and

GO ovarian cancers
LRG1 rGO nanosheets CV, EIS, SWV 75 pg mL Colorectal cancer [28]
PSMA Magnetic 10 pg mL! Prostate cancer [29]

graphene  oxide- | DPV

PSMAab
CYFRA- | APTES-modified 0.122 ng mL?! [30]
21-1 rGO-ZrOz DPV Oral cancer

nanocomposite

-1

ps3 . GO@CdS NCs/Au ECL 4fgmL p53 related cancers [(31]
protein NPs
miR-223 GO@AU-NS CV, DPV and EIS 0.012 aM colorectal cancer [32]

11



ISSN 1813-1107, elSSN 2710-1185 Ne 2, 2026
Biomarke Carbon material Detection method | Detection level Associated cancer type Reference
r
CEA Pb>*@AU@MWC | Amperometry and | 1.7 fgmL* Colon cancer [38]

NTs-FesOq) CcV
CEA GO/MWCNT- 0.02 ng mL* Breast tumor, Ovarian and | [38]
COOH/Au@CeO, | ECL cervical carcinomas
nanocomposite
CEA Ag NPs- 0.03 pg mL* Ovarian carcinoma, colon | [39]
MWCNTs/MnO: Amperometry cancer, breast and lung
cancers
PSA rGO- 1pgmL? Prostate cancer [40]
MWCNT/AuNPs Rct and DPV
PLL- 0.011 ng mL™* Liver and ovarian cancers, | [41]
AFP functionalized DPV and EIS hepatic carcinoma,
SWCNTs nasopharyn geal cancer
3 Multiple cancer types | [42]
miRNA-24 n'\f(\)/gicf:i’:;-GCE DPV 1pM mL? (miR-24-associated, not
specified in this study)
mir-21 SJ&SWCNTS— DPV 0.01 fmol L Prostate cancer [43]
CEA SWCNTs@GQDs 5.3 pg mL? Ovarian, colon, breast, | [44]
/ rGO-AuNPs CV and EIS pancreatic  and  lung
cancers
0.92 uM Gastric, colorectal, lung, | [45]
gEACAM VA-MWCNTSs CV and EIS breast, and pancreatic
cancers
MALAT1 AuNCs/MWCNT- | DPV 42.8fM lung cancer (NSCLC) [46]
NH:
PSA AU/Ag- 0.29 pg mL* Prostate cancer [48]
rGO/aminated- ECL
GQDs/carboxyl-
GQDs
CEA GQDs/Au@Pt ECL 0.6 pg mL* Colon cancer [49]
CA-19-9 GQD- 0.96 mU mL* [50]
functionalized ECL Pancreatic cancer
pPtPd nanochains
miRNA- Not specified (miR-155 is | [51]
155 GQDs Amperometry 0.14 fM a cancer-related
biomarker)
IL-13Ra2 GQD- Amperometry 0.8ng mL* Colorectal cancer, glioma, | [52]
functionalized squamous cell carcinoma
MWCNTSs of head and neck
e-l- Au-functionalized | Fluorescence 34nM ) (53]
Fucosidas carbon dots emission Hepatocellular carcinoma
e (AFU) spectroscopy
ANXA2 CNDs derived 1fgmL? . [54]
from Aloe vera Ccv Liver cancer
PSA ;\ﬁ’cs)/g—CBNMAu CV, SWV, EIS 0.44 fM Prostate cancer [55]
rlrﬁ&NA— GO-AUNPs SPR 1M Prostate cancer [58]
BRCA1 GCOF SPR 1-100 nM Breast and  ovarian | [59]
cancers
BRCA2 GCOF SPR 1-100 nM Breast  and ovarian | [59]
cancers
CK-19 GO-COOH SPR 1fgmL? Lung cancer [60]
FAP Au/rGO SPR 5fM Early detection of cancer [61]
PPi PDI-HIS-Cu-GO 0.60-10" M Although not a direct | [63]
nanocomposite Fluorescence cancer biomarker,
spectroscopy (monitored as a byproduct
of enzymatic reactions)
uPA Fluorescence 50 nM Prostate cancer [64]
sSDNA-SWCNTs SDectroscopy
) Fluorescence 20 pg mL*? Ovarian cancer [65]
CA-125 3DNCNTs spectroscopy
miR-19 . [66]
. Photoluminescenc a Breast  cancer, lung
gngNnAuR— SWCNTs e 0.02 mg mL cancer, lymphoma
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Biomarke Carbon material Detection Detection level Associated cancer type Reference
r method
Leukemia CNTs functionalized | Photoconduct | 27 cell/ml Leukemia [67]
K562 cells | with GPMS ivity
PSMA Functionalized ECL 0.88 ng mL* Prostate cancer [68]
MWCNTs
CD63 SSWCNTs UV-Vis 5.2-10° particles/uL breast cancer [69]
spectroscopy
uPA Peptide-MWCNT Fluorescence 500 pg mL™! general cancer-related | [70]
nanoprobes spectroscopy proteases
MMP-7 Peptide- Fluorescence | 0.5pgmL* general cancer-related | [70]
functionalized spectroscopy proteases
MWCNT
nanoprobes
MMP-2 Peptide- Fluorescence | 4.8 pgmL* general cancer-related | [70]
functionalized spectroscopy proteases
MWCNT
nanoprobes
miRNA- C-dot-MnO2 FRET 0.1x108 M Cancer cells [71]
155 nanosheets
0.0017 U mL*! Specific to breast cancer | [72]
CA-15-3 GO-PEI-CQD-Au ECL (for metastasis
nanohybrid oo
monitoring)
-1
'é_lucuroni Nitrogen-doped Photolumines 03UL Colorectal, pancrea_\tic, (73]
carbon quantum dots breast, bladder, liver
dase (N-CQDs) cence cancers
(GLU)
CV, SWV | 0.50 pg mL*(SWV) Liver cancer [74]
AFP CNF/AUNPs and EIS 0.48 pg ML (EIS)
. PEI- [75]
miR-31 RU@Ti;Co@AUNPS ECL 1.67 aM Lung cancer

Graphene-Based Electrochemical Biosensors. Two-dimensional (2D)
nanomaterials such as graphene, graphene oxide (GO), and reduced graphene
oxide (rGO) have been extensively studied to improve the analytical performance
of electrochemical biosensors for the early detection of cancer biomarkers.
Graphene-based biosensors exhibit high affinity toward biomarkers such as
microRNAs (miRNAs), p53 gene mutations, carcinoembryonic antigen (CEA),
alpha-fetoprotein (AFP), and cancer antigens (CA-125, CA15-3), enabling their
efficient capture and detection. Electrochemical sensors based on graphene and
graphene-like nanomaterials are characterized by rapid response times and high
selectivity for the detection of nucleic acid biomarkers. Wu et al. developed a
paper-based microfluidic electrochemical platform incorporating rGO for the
quantitative analysis of cancer biomarkers [24]. Esteban et al. fabricated a screen-
printed carbon electrode functionalized with o-carboxymethylcellulose and rGO
for the detection of the tumor suppressor gene TP53, and covalently immobilized
two different selective hairpin-forming capture probes onto its surface [25].

In addition, graphene-modified electrodes were used for the voltammetric
detection of miR-21 in lysates obtained from breast cancer cells. First, an inosine-
substituted anti-miR-21 probe was passively adsorbed onto the surface of a
graphene-modified pencil graphite electrode (GME). Subsequently, solid-phase
hybridization occurred between the inosine substituted probe and the target miR-
21. This process was monitored using DPV and electrochemical impedance
spectroscopy (EIS), achieving a detection limit of 2.09 mg mL™. The proposed
method successfully distinguished miR-21-positive breast cancer cells (MCF-7)
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from miR-21-negative hepatoma cells (HUH-7) [26]. To detect vascular
endothelial growth factor receptor 2 (VEGFR2), the surface of a glassy carbon
electrode was modified with chitosan-functionalized rGO to fabricate an
electrochemical biosensor. The hybridization process was monitored using
voltammetric techniques, and an increase in peak current was observed as the
protein concentration increased from 0.4 to 86 pM. This biosensor demonstrated a
detection limit of 0.28 pM for VEGFR2 and was described as a simple and
effective method for detecting small changes in protein concentration at the
electrode surface [27].

Yu et al. developed an advanced electrochemical biosensor for the detection
of the colorectal cancer (CRC) biomarker leucine-rich alpha-2 glycoprotein-1
(LRG1), based on graphene-peptide conjugates integrating rationally designed
synthetic peptides with rGO nanosheets. The peptides were engineered with dual
graphene-anchoring motifs to ensure optimal orientation and high binding affinity
toward LRG1 when immobilized on rGO-modified gold electrodes. Benefiting
from the high conductivity, large surface area, and stability of rGO, together with
the specificity, small size, and facile modification of synthetic peptides compared
to conventional antibodies, the sensor exhibited enhanced analytical performance.
Electrochemical detection using SWV demonstrated high sensitivity (22.3
tA/(ng/mL-cm?)), a low limit of detection of 75 pg/mL in serum, and a wide
linear range from 100 pg/mL to 100 ng/mL. The biosensor also showed excellent
selectivity, precision (RSD<6-7%), and high accuracy (recovery ~97-104%).
Importantly, analysis of colonoscopy-classified patient serum samples enabled
clear discrimination between normal, precancerous adenomatous polyps, and
malignant CRC stages, with LRG1 levels increasing by approximately 24% in
adenomas and 103% in CRC cases. Compared to traditional antibody-based
assays, the proposed platform demonstrated superior sensitivity, broader linear
range, improved reproducibility, and faster response time. This work highlights
the significant potential of combining computational peptide design with
graphene-based nanomaterials to develop highly efficient electrochemical
biosensors for quantitative detection and staging of colorectal cancer biomarkers
[28].

Graphene-based electrochemical immunosensors have also been applied for
the detection of tumor-associated biomarkers such as prostate-specific antigen
(PSA), carcinoembryonic antigen (CEA), and squamous cell carcinoma antigen
(SCCA). Yang et al. proposed an immunomagnetic sensor composed of magnetic
GO and anti-PSMA antibodies for the efficient capture and rapid detection of
prostate-specific membrane antigen (PSMA) and PSMA-positive prostate cancer
cells in blood samples [29]. To detect the CYFRA-21-1 biomarker associated
with oral cancer, indium tin oxide (ITO) electrodes were modified with an rGO-
zirconium dioxide (ZrO;) nanocomposite functionalized with APTES
(aminopropyltriethoxysilane) [30]. Furthermore, Heidari et al. developed an
immunosensor for the detection of the p53 biomarker using a sandwich-type
configuration based on GCE/CdS/p53-Abl and p53-Ab2-tGO-AuNP. The
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incorporation of graphene oxide and gold nanoparticles significantly enhanced the
electrochemiluminescence (ECL) signal. This immunosensor exhibited a linear
detection range of 20-1000 fg mL™ and an ultralow detection limit of 4 fg mL™
[31].

Akbari et al. developed a novel label-free electrochemical biosensor based on
a nanostructured platform composed of graphene oxide (GO) nanosheets
decorated with gold nanoflowers (GO@AuU-NS) for the sensitive detection of
miR-223, a microRNA biomarker associated with colorectal cancer. The sensor
utilizes a thiolated single-stranded DNA probe (Cap-223) immobilized covalently
on the GO@AU-NS surface through thiol-gold interactions to capture the target
miR-223 via hybridization. The biosensor demonstrated excellent electrochemical
activity and a remarkably low detection limit of 0.012 aM, with high selectivity
against mismatched sequences. Importantly, it showed reliable performance in
detecting miR-223 in human serum samples, indicating its clinical applicability.
This nanostructured electrochemical immunosensor exhibits high sensitivity,
specificity, and antifouling properties due to the hydrophilic nature of the
platform, making it a promising tool for early, non-invasive diagnosis of
colorectal cancer [32].

Carbon Nanotube (CNT)-Based Electrochemical Biosensors. CEA is a
highly glycosylated complex macromolecule belonging to the family of cell
surface glycoproteins [33]. These glycoproteins are produced in gastrointestinal
tract cells during embryonic development. In healthy adults, the normal
concentration of CEA in blood should be below 2.5 pg mL™ [34]. Elevated CEA
levels are closely associated with ovarian, lung, and breast cancers [35], and
particularly with colorectal carcinoma [36].

Li et al. proposed a label-free electrochemical immunosensor for CEA
detection based on the catalytic reduction of hydrogen peroxide. In this system, a
glassy carbon electrode modified with magnetic multi-walled carbon nanotubes
functionalized with gold nanoparticles (AuNPs) and Pb(Il) ions was used to
immobilize primary antibodies (Abl). The sensor exhibited a linear relationship
between analyte concentration and catalytic hydrogen peroxide reduction,
achieving a detection limit of 1.7 fg mL™ [37]. Pang and et al. developed a
notable label-free immunosensor for CEA detection based on ECL characteristics.
They proposed a bioanalytical GCE modified with GO, carboxylated MWCNTS,
and AuNPs that were functionalized with CeO>NPs, all dispersed within a
chitosan matrix. The biorecognition event was monitored through a decrease in
ECL intensity upon interaction with CEA, achieving a detection limit of
approximately 0.02 ng mL™. The proposed immunosensor demonstrated excellent
stability and selectivity, showing negligible interference from other biomarkers
such as PSA, BSA and AFP. Furthermore, it exhibited reliable performance in
serum samples, with recovery values ranging from 98.9% to 102.6% [38].

In an enzyme-free sandwich-type electrochemical biosensor, primary
antibodies (Abl) specific to CEA were immobilized on B-cyclodextrin/multi-
walled carbon nanotubes (B-CD/MWCNTS), which enhanced the electrode
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surface area and electrical conductivity. Further signal amplification was achieved
by immobilizing secondary antibodies (Ab2) on an AgNPs-MWCNTs/MnO;
nanocomposite, enabling catalytic hydrogen peroxide reduction. This sensor
achieved a detection limit of 0.03 pg mL™ for CEA [39]. Heydari-Bafrooei and
Shemszadeh prepared an ultrasensitive label-free electrochemical aptasensor
based on a modified rGO-MWCNT with densely packed gold nanoparticle (rGO-
MWCNT/AuNP) platform to detect the biomarker PSA in serum. The detection
was carried out on the variation of electron transfer resistance (Rct) and DPV. As
compared to other platforms, the rGO-MWCNT/AUNP nanocomposite modified
electrode is the most sensitive aptasensing proposal for the determination of PSA
with a detection limit of 1 pg mL™ [40]. The detection of alpha-fetoprotein (AFP)
is important for liver cancer diagnosis. Wang et al. fabricated a glassy carbon
electrode modified with a Prussian blue (PB) layer and coated with poly-L-lysine-
functionalized single-walled carbon nanotubes (PLL-SWCNTSs), onto which
HRP-labeled anti-AFP antibodies were immobilized. Voltammetric and
impedimetric measurements demonstrated a detection limit of 0.011 ng mL™ for
AFP [41]. Li et al. developed a biosensor for miRNA-24 detection by covalently
immobilizing synthetic DNA probes onto an MWCNT-modified glassy carbon
electrode. Hybridization with complementary miRNA-24 was evaluated based on
changes in guanine oxidation signals using DPV [42].

Sabahi et al. developed an Fluorine-doped Tin Oxide-based biosensor for
detecting the miR-21 biomarker associated with prostate cancer. The fluorine-
doped tin oxide (FTO) electrode was functionalized with dendritic gold
nanostructures (den-Au) and thiolated receptor probes immobilized on a single-
walled carbon nanotube platform. The detection limit obtained using DPV was
0.01 fmol L™ [43]. Luo et al. developed an enzyme-free electrochemical CEA
immunosensor using an SWCNT@GQD composite platform modified with an
rGO-AuNP system. This immunosensor exhibited a dual signal amplification
effect, providing a linear detection range of 50-650 pg mL™ and a low detection
limit of 5.3 pg mL™ [44]. Genosensors have demonstrated high cost-effectiveness
in detecting the colorectal cancer biomarker CEACAMDS. In this system, vertically
aligned multi-walled carbon nanotubes were fabricated on a flexible PET
substrate using a hot-pressing method and used as a sensing electrode. Target
DNA was captured through immobilized DNA probes and characterized using
EIS and CV. The hybridization process was studied within the concentration
range of 50-250 puM, and the detection limit was determined to be 0.92 uM [45].

Currently, non-small cell lung cancer (NSCLC) is recognized as the most
common type of lung cancer. Mei et al. developed an ultrasensitive
electrochemical biosensor for detecting the MALAT1 biomarker for NSCLC
diagnosis. The biosensor was based on a screen-printed electrode modified with
gold nanocages and aminated MWCNTs (AuNC/MWCNT-NH;). DPV
measurements demonstrated an ultralow detection limit of 42.8 fM [46].

Carbon Quantum Dot-Based Electrochemical Biosensors. Carbon quantum
dots (QDs) are currently in the early stages of development for the fabrication of
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biosensors aimed at biomarker detection [47]. In general, graphene quantum dots
(GQDs) have emerged as promising candidates for the construction of ECL and
fluorescent biosensors. Wu and co-workers designed a label-free
electrochemiluminescent (ECL) immunosensor for PSA detection. The sensor
was fabricated by coating a glassy carbon electrode (GCE) with Au/Ag-rGO
modified using aminated GR-QDs and GO-QDs, followed by immobilization of
anti-PSA on the electrode surface. The developed immunosensor exhibited a
detection limit of 0.29 pg-mL™ [48]. Li et al. developed a highly sensitive paper-
based ECL immunobiosensor for CEA detection using nanoporous gold-chitosan
hybrids and Au@Pt functionalized with graphene quantum dots. In addition, a
simple one-pot synthesis strategy for graphene quantum dots was shown to
enhance their quantum yield and biocompatibility [49].

The one-pot synthesis of graphene quantum dots provides high quantum
yield and excellent biocompatibility. Owing to their good electrical conductivity,
Yang et al. developed an ECL-based immunosensor for the detection of
carbohydrate antigen 19-9 (CA19-9). In this system, a GCE was modified with a
hybrid nanomaterial composed of reduced rGO doped with Au and Ag
nanoparticles (GN-Ag-Au) to increase the electrode surface area and improve
electron transfer, enabling immobilization of primary antibodies (Abl). After the
specific binding of CA19-9, signal amplification was performed using a
secondary antibodies (Ab2) labeled with GQDs functionalized porous PtPd
nanochainstructures  (pPtPd@GQDs). Under optimal conditions, the
immunosensor exhibited a wide detection range of 0.002-70 U mL™ and a low
detection limit of 0.96 mU mL™ [50]. A sensitive and accurate method for
detecting miRNA-155 was developed based on an electrochemical biosensor
fabricated by immobilizing activated carboxyl groups of graphene guantum dots
onto aminated DNA structures on the electrode surface. A specific amount of
horseradish peroxidase (HRP) immobilized on graphene quantum dots effectively
catalyzed the oxidation of 3,3’,5,5'-tetramethylbenzidine (TMB) in the presence of
hydrogen peroxide (H.0.), resulting in enhanced electrochemical signals. The
proposed sensor operated over a concentration range from 1 fM to 100 pM and
achieved a detection limit of 0.14 fM [51].

Serafin et al. developed the first integrated electrochemical immunosensor
for detecting interleukin-13 receptor alpha-2 (IL-13Ra2). The operating principle
of this sensor was based on two main components: 1) MWCNTSs functionalized
with graphene quantum dots, serving as carriers for multiple detector antibodies
and HRP molecules, and 2) biotinylated capture antibodies specific to IL-13Ra2
immobilized on streptavidin-modified screen-printed electrodes. The calibration
curve obtained using the amperometric H,O2/hydroquinone (HQ) system showed
a linear concentration range from 2.7 to 100 ng mL™ and a detection limit of 0.8
ng-mL* [52].

Mintz and co-workers designed an assay combining AuNPs and CDs for the
detection of the o-L-fucosidase (AFU) biomarker, aimed at monitoring
hepatocellular carcinoma (HCC). The approach is based on the selective binding
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between AFU and its specific antibody (IgG anti-FUCAZ2). In the presence of
AFU, the close proximity of these components enables energy transfer to the
surface plasmon band of the AuNPs, leading to fluorescence quenching of the
CDs. This method achieved a detection limit of 3.4 nM and exhibited a wide
linear detection range from 11.3 to 200 nM [53].

Kulkarni et al. reported a highly efficient electrochemical biosensing
platform for the detection of the liver cancer biomarker Annexin A2 (ANXA2),
employing CNDs derived from Aloe vera. In this system, anti-ANXA2 antibodies
were immobilized onto a thin CND layer electrophoretically deposited on ITO
electrodes, while BSA was used to block nonspecific adsorption sites. The
sensing mechanism relies on the specific antigen-antibody interaction between
ANXAZ2 and its corresponding antibody, enabling highly sensitive detection using
CV. The developed platform exhibited an ultralow detection limit of 1 fg mL™
and a broad linear range from 1 fg mL™ to 500 ng mL™, along with a rapid
response time of 20 minutes, high selectivity, and good reproducibility. This
biosensor demonstrates a cost-effective, environmentally benign, and highly
sensitive electrochemical immunosensing approach for early-stage liver cancer
diagnosis [54].

Saeidi Tabar et al. developed a highly sensitive electrochemical aptasensor
for the detection of PSA) a biomarker for prostate cancer diagnosis, based on a
novel two-dimensional (2D):2D rGO/graphitic carbon nitride (g-CsNa)
nanocomposite decorated with AuNPs. The sensing platform was constructed by
modifying a GCE with the rGO/g-CsNs/AuNPs composite, followed by
immobilization of PSA-specific aptamer strands. The successful synthesis of the
nanocomposite and electrode modification were confirmed using XRD, FTIR, and
TEM. Electrochemical characterization using CV, SWV, and EIS demonstrated
enhanced electron transfer properties and effective surface functionalization. The
aptasensor exhibited excellent selectivity toward PSA over potential interfering
species, including CA 15-3, BSA, fetal bovine serum (FBS), and glucose. Under
optimized conditions, the sensor achieved rapid detection within 30 minutes, with
an ultralow LOD of 0.44 fM and a limit of quantification of 2.5 fM using
methylene blue as a redox mediator. Furthermore, the practical applicability of the
developed platform was validated through analysis of real serum samples,
highlighting its strong potential for clinical diagnostics [55].

Optical Biosensors. The operating mechanism of optical biosensors is based
on changes in light emission resulting from interactions between the target analyte
and the recognition element. The generated optical signal is proportional to the
concentration of the target analyte in the solution. Carbon nanomaterials,
particularly graphene derivatives, are known to be highly efficient fluorescence
guenchers. In GO- or rGO-based fluorescent sensors, fluorophores are typically
covalently linked to probes designed to capture target analytes. These probe-
fluorophore complexes are non-covalently adsorbed onto the GO surface,
resulting in fluorescence quenching. Upon binding of the target analyte to the
probe, the fluorophore detaches from the GO surface, restoring fluorescence. Due
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to their high sensitivity, signal enhancement capability, simplicity of operation,
and potential for multiplex detection, optical biosensors based on surface-
enhanced Raman scattering (SERS) and localized surface plasmon resonance
(LSPR) have attracted significant attention in modern analytical applications [56].

Graphene-Based Optical Biosensors. In SPR-based sensors, biorecognition
elements are immobilized on a metal surface, and molecular interactions with the
target analyte or biomarker result in changes in the surface mass and refractive
index. These changes are converted by the transducer into an SPR signal
proportional to the analyte concentration [57]. A highly sensitive and simple SPR
biosensor for the detection of miRNA-141 was developed using GO-AuNP
hybrids. In this system, a thiolated complementary DNA probe was first
immobilized on the gold film surface, and subsequently, the second segment of
miRNA-141 was captured using GO-AuNP hybrids conjugated with auxiliary
DNA. As a result, an ultralow detection limit of 1 fM was achieved [58]. In
addition, quantitative analysis using a graphene-coated fiber-optic SPR biosensor
was performed to detect BRCAL1 and BRCA2 gene mutations for early breast
cancer diagnosis. The 916delTT and 6174delT mutations in the BRCA1 and
BRCAZ2 genes were monitored using the attenuated total reflection (ATR) method
[59]. When carboxyl-functionalized graphene oxide (GO-COOH) was
incorporated onto a gold film surface, the sensitivity of the SPR sensor for
detecting CK19 protein, a biomarker associated with NSCLC, was significantly
enhanced, achieving a detection limit of 1 fg mL™ [60]. Li et al. also developed a
selective and sensitive label-free graphene-based SPR biosensor for detecting
folic acid protein (FAP) in human serum at fM concentrations [61]. By exploiting
the polarization and absorption properties of graphene under attenuated total
reflection conditions, Fei et al. developed a high-resolution optical sensor capable
of detecting refractive index changes with a precision of 1.7-10® and a sensitivity
of 4.3-10" mV/RIU. This sensor enables label-free detection of living cells at the
single-cell level [62].

Another important optical approach related to cancer detection involves the
measurement of pyrophosphate (PPi). A sensor platform based on a self-
assembled nanocomposite composed of perylene diimide-histidine (PDI-HIS),
Cu?" ions, and graphene oxide demonstrated a detection limit of 0.60-107 M for
PPi detection [63].

Carbon Nanotube-Based Optical Biosensors. Single-walled carbon
nanotubes exhibit near-infrared (NIR) photoluminescence properties in the
wavelength range of 900-1600 nm, making them highly suitable for optical
biosensing applications. Ryan M. Williams et al. developed a sensitive fluorescent
biosensor for detecting urokinase plasminogen activator (UPA), a biomarker
associated with metastatic prostate cancer, by utilizing the optical properties of
SWCNTs [64]. The DNA/aptamer-CNT platform demonstrated enhanced
performance in detecting the cancer biomarker CA125. A fluorescence-based
biosensor has also been developed for CA125 detection, employing anti-CA125
antibodies immobilized on three-dimensional carbon nanotubes (3D CNTSs) [65].
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The near-infrared emission, photostability, and high sensitivity of SWCNTs
enable real-time monitoring of the hybridization of microRNAs and other
oligonucleotides. A DNA - nanotube-based photoluminescent sensor employing a
(GT)1s single-stranded oligonucleotide demonstrated a detection range of 10-100
pM for miR-19 and miR-23 RNA targets [66]. For the early diagnosis of chronic
myeloid leukemia (CML), a light-induced optoelectronic sensor based on CNTSs
functionalized with GPMS molecules was developed, achieving a detection limit
of 27 cells mL™ for K562 leukemia cells [67].

An ECL-based ELISA-type immunosensor using carbon nanotubes was
developed for detecting prostate-specific membrane antigen (PSMA), achieving a
detection limit of 0.88 ng mL™ in complex biological samples [68]. To detect
exosomes, a visible and colorimetric aptasensor based on DNA-functionalized
SWCNTSs was proposed. Exosomes bound to the transmembrane protein CD63
catalyzed the oxidation of tetramethylbenzidine (TMB), resulting in a measurable
color change. This system demonstrated a detection limit of 5.2-10? particles pL™*
[69]. Yong et al. developed multicolor fluorescent peptide-CNT nanoprobes
capable of simultaneously detecting three cancer-related proteases, including
MMP-7, uPA, and MMP-2. Based on fluorescence quenching and recovery
mechanisms, protease activity was quantitatively evaluated, achieving detection
limits in the range of 0.5-500 pg-mL™* [70]. Mohammadi and co-workers
developed a FRET-based sensing platform for the quantification of miRNA-155
using carbon dots (CDs) and MnO, nanosheets as donor-acceptor pairs. The
system exhibited high specificity, enabling clear discrimination between perfectly
complementary miRNA-155 and sequences with a single-base mismatch.
Moreover, this approach was successfully applied to the detection of miRNA-155
in spiked serum samples as well as in breast cancer cells, such as MCF-7 [71].
Under the synergistic action of polydopamine, AuNPs, PEI-GO and AgNPs, the
ECL signal of CQDs was significantly enhanced and considered as an excellent
conductive material to speed up the electron transfer rate and electrochemical
detection capability as well. Under optimal conditions, the constructed
immunosensor presented a linear concentration in the range from 0.005 to 500 U
mL*, with a detection limit of 0.0017 U mL™* [72]. Early diagnosis is of great
practical importance for improving the survival rate and effectiveness of cancer
treatment. Shuaimin Lu and colleagues developed a highly sensitive fluorescent
biosensor based on the inner-filter effect (IFE) for detecting the tumor-related
biomarker B-glucuronidase (GLU). N-CQDs were used as fluorophores, while p-
nitrophenol (pNP), generated from the GLU-catalyzed reaction of PNPG, acted as
an absorber that quenched fluorescence due to spectral overlap. The sensor
enabled monitoring of GLU activity with a low detection limit of 0.3 U L™ [73].
Olorundare et al. developed a highly sensitive electrochemical immunosensor for
the detection of AFP, a key cancer biomarker, using a hybrid nanomaterial
platform composed of functionalized CNFs and electrodeposited AuNPs on a
GCE. The CNF/AuNPs composite significantly enhanced the electrochemical
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response, enabling AFP detection over a wide linear range of 0.005 to 500 ng mL"
! with a low limit of detection of 0.50 pg mL™ from SWV and 0.48 pg mL™* from
EIS measurements. The immunosensor demonstrated excellent sensitivity,
selectivity, repeatability, and stability, and was successfully applied to AFP
detection in human serum samples, highlighting its potential for clinical cancer
diagnostics [74]. Ji et al. developed an ultrasensitive signal-on
electrochemiluminescence (ECL) biosensor based on CRISPR/Casl2a and
MXene nanocomposites for the detection of miR-31. The platform combined a
PEI-Ru@Ti;C.@AuNPs-modified electrode with a ferrocene-labeled DNA probe
and employed a cascade amplification mechanism involving isothermal strand
displacement amplification and Casl2a-mediated trans-cleavage, leading to
efficient ECL signal restoration. The biosensor exhibited a wide linear range from
10 aM to 100 pM with an ultralow detection limit of 1.67 aM, along with high
specificity and good performance in serum samples, demonstrating its potential
for early cancer diagnosis [75].

Overall, the comparative analysis of the reviewed studies clearly
demonstrates that hybrid nanocomposite platforms, particularly those combining
carbon nanomaterials with metal nanoparticles (e.g., rGO/AuNPs, CNT/AuNPs,
CNF/AuUNPs), provide the highest analytical performance in electrochemical
biosensing of cancer biomarkers. These systems exhibit significantly lower limits
of detection (down to fg-aM levels) compared to single-component materials, due
to synergistic effects such as enhanced electron transfer kinetics, increased
surface area, and improved immobilization efficiency of biorecognition elements.
Among detection techniques, electrochemical methods such as DPV, SWV, and
EIS demonstrate superior sensitivity and reliability, particularly for nucleic acid
biomarkers (e.g., mMiRNAs), while ECL-based systems show excellent
performance for protein biomarkers due to their low background signal and high
amplification capability. In contrast, purely optical or single-material systems
generally exhibit higher detection limits and lower stability. Therefore, the most
effective strategy for the detection of cancer biomarkers involves the use of
multifunctional nanocomposite platforms combined with highly sensitive
electrochemical techniques, enabling ultrasensitive, selective, and reproducible
detection.

3. Conclusion

The theoretical foundations of electrochemical sensors are closely related to
the properties of CNMs. The use of CNMs as electrode materials represents a
promising approach for improving the analytical performance of electrochemical
sensors, thereby making a significant contribution to the advancement of modern
sensing technologies.

Nanomaterials are commonly used to modify the surface of working
electrodes. In addition to increasing the effective surface area of the electrode,
they significantly enhance its analytical performance. Surface modification with
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nanomaterials accelerates electron transfer at the electrode/electrolyte interface,
resulting in amplified output signals from biosensors. The unique properties of
CNMs have contributed substantially to the development and evolution of
biosensors for cancer diagnosis. Compared with conventional sensing methods,
next-generation biosensors based on CNMs demonstrate superior analytical
performance. The distinctive characteristics of graphene, CNTs, and carbon
quantum dots have facilitated the development of various nanostructured
biosensors and promoted diverse scientific approaches in biosensor design.

In recent years, considerable research efforts have been devoted to improving
immunosensors and DNA-based biosensors for the detection of major cancer
biomarkers. Considering their cost-effectiveness, high sensitivity, stability,
simplicity, and selectivity, biosensors based on carbon nanostructures represent
promising tools for the development of advanced diagnostic technologies. With
the rapid progress of nanotechnology, particularly in the synthesis and fabrication
of carbon nanomaterials, their contribution to biosensing applications continues to
expand. Biosensor electrodes modified with nanostructures not only enhance
electrochemical and optical properties but also provide a favorable and
biocompatible environment for the immobilization of recognition elements. This
represents a critical step in the development of immunosensors and DNA
biosensors.

In this review, various types of carbon nanomaterial-based biosensors
developed for clinical cancer diagnosis over recent decades were analyzed,
highlighting the advantages of incorporating carbon nanostructures at different
stages of biosensor fabrication. The biosensors discussed in this article enable
highly selective, sensitive, and cost-effective detection of cancer biomarkers
through the use of carbon nanomaterials as functional components. Therefore,
such biosensors have strong potential for widespread application in automated
diagnostic systems. However, further improvements in key parameters such as
reproducibility, long-term stability, and biocompatibility are required to facilitate
their practical implementation. These advancements will enable the use of CNM-
based biosensors as affordable and efficient diagnostic tools in clinical
laboratories and healthcare settings.

Despite the significant progress achieved in the development of carbon
nanomaterial-based biosensors, several critical challenges remain that limit their
widespread clinical application. One of the major issues is the lack of
reproducibility and standardization in nanomaterial synthesis and electrode
fabrication, which leads to variability in sensor performance. In addition, long-
term stability and biofouling effects in complex biological samples remain
insufficiently addressed. Another important limitation is the gap between
laboratory-scale studies and real clinical validation, as many reported sensors are
tested only in controlled conditions or spiked samples. Current research trends
indicate a shift toward the development of multifunctional, miniaturized, and
portable sensing platforms, including lab-on-a-chip and wearable biosensors, as
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well as the integration of artificial intelligence for signal processing and data
analysis. Future research should focus on improving the scalability, stability, and
real-sample applicability of these systems, as well as developing multiplexed
biosensors capable of simultaneous detection of multiple biomarkers. Addressing
these challenges will be essential for translating carbon nanomaterial-based
biosensors from laboratory research into practical clinical diagnostic tools.
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OB30P SJIEKTPOXUMHYECKUX BUOCEHCOPOB HA OCHOBE YIVIEPOJHBIX
HAHOMATEPHAJIOB /1151 PAHHEN JTUATHOCTUKH PAKA

A. Epesrcenosa*, K. Myxkamaesa, bl. bakeumkapum, H. Illaoun, K. Kopzanoaesa

Kasaxckuu nayuonaneHwlli  nedacocuueckuil yHugepcumem umenu Ab6as, Amimamvl, Kaszaxcman

Pe3tome. Pak sBnsieTcs OAHON M3 OCHOBHBIX MPUYUH CMEPTHOCTH BO BCEM Mupe. PaHHSS AMarHOCTHKA
OIyXOJIeH paccMaTpUBaeTCs Kak KIIIOUeBast U OJHOBPEMEHHO CJIOXKHAs 3aja4ya B 3Q(HEeKTUBHOM JIeUeHUU
OHKOJIOTHYECKHX MAIMCHTOB. B mocienHue roapl GHOCEHCOPH! HAa OCHOBE HAaHOMATEPHANIOB AKTHBHO
Pa3BUBAIOTCS KAaK COBPEMEHHBIE W BBICOKOYYBCTBHUTEJbHBIE WHCTPYMEHTBI JUArHOCTUKH paka. B
YaCTHOCTH, YIJIEPOJHbIE HAHOMAaTEpHalbl 3HAYUTENBHO YJIy4IUAIOT AHAJIUTHYECKHE XapaKTEPUCTHKU
JNIEKTPOXMMHYECKUX ¥ ONTHYECKUX CEHCOPHBIX cHcTeM. Llempro JaHHOro 0030pa  SBISETCS
CHUCTEMATH3alMs BO3MOXKHOCTEH JJIEKTPOXMMHMYECKMX M ONTHUYECKUX OHOCEHCOPOB Ha OCHOBE
YIJICPOAHBIX HAHOMATEPUAJIOB JUISl PAHHErO BBISBICHHUs paka. K OCHOBHBIM 3aj1auaM OTHOCHUTCS aHAIU3
CBOMCTB NPHMEHSAEMBIX YIJIEPOJHBIX HAHOCTPYKTYp (rpadeH, okcua rpadeHa, yriepoaHble HaHOTPYOKH,
YIJIEpOHBIE KBAHTOBBIE TOUKH) M OLEHKA UX 3()(HEKTHBHOCTH IIPU ONPEEIEHHU OIyXOJIEBBIX MapKEPOB.
[IpoBenén aHanu3 Hay4HOH JIUTEPATypbl, PACCMOTPEHBI METOJIBI BOJIBTAMIIEPOMETPUH, AMIIEPOMETPHUH,
EKTPOXHUMHUYECKON HMMIETAHCHOH CIIEKTPOCKOIHH, JJIEKTPOXEMHIIOMHHECICHIIMK U MTOBEPXHOCTHOTO
IUIA3MOHHOTO pe3oHaHca. Ocoboe BHUMaHME yNEIEeHO CTpAaTerHsM UMMOOWIM3alMU OHOPELeNnTOpOB U
(GYHKIMOHAIM3AaIME ~ HAaHOKOMIIO3HTOB.  YTJICPOJHBIC ~ HAaHOMATepHanbl  oOJIaaloT  BBICOKOH
JJIEKTPONPOBOTHOCTHIO, OOJBIION YACIBHOW IMOBEPXHOCTBIO M OHMOCOBMECTHMOCTBIO. OTH CBOICTBa
obecreyrnBaT BO3MOXKHOCTE OINpeneseHus omyxoneBbix MapkepoB (CEA, AFP, miRNA u GenkoB) B
HU3KHX KOHLEHTparusax. CEeHCOpbl XapaKTepU3yIOTCs MOPTATUBHOCTBIO, OBICTPBIM OTKIMKOM M HU3KHM
mpezienioM oOHapykeHHsl. BHOceHCOpbl Ha OCHOBE YINIEPOAHBIX HAHOMATEPHAIIOB HMMEIOT BBICOKYIO
MPAKTHYECKYIO 3HAYUMOCTh B 00J1aCTH paHHEH AUArHOCTHKU U IEMOHCTPUPYIOT OOJIBIION MOTEHIMAI JUIst
KIIMHUYECKOTO TPUMEHEHUSL.

KiioueBble c10Ba: GHOMapKEpHI, paK, MEKTPOXUMIIECKHAEC GHOCCHCOPHI, YIIIEPOIHbIC HAHOMATEPHAIEI,
rpadeH, yriaepoiHble HAHOTPYOKH, ONITHYECKHE OHOCEHCOPBHI.
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KATEPJII ICIKTI EPTE JUATHOCTHUKAJIAYFA APHAJIFAH
KOMIPTEKTI HAHOMATEPHAJIJAP HET'T3IHAEI'T 9JIEKTPOXUMMUAJIBIK
BUOCEHCOPJIAPTA HIOJIY

A.Epescenosa*, K.Myxkamaeea, bl. bakpimkapim , H. Illaoun, /K. Kopzanoaesa
Abati ameinoasul Kasax ¥nmmuoix Ileoazoeuxanvix Ynusepcumemi, Aimameol, Kazaxcman

Tyiiingeme. Katepii icik onem OolbIHIIA ajaM eJiMiHIH Herisri cebentepiHiH Oipi OOJbIT TaObUIAIBL.
Icikrepni epre Ke3eHIE aHBIKTay OHKOJIOTHSUIBIK HayKacTapAbl THIMII eMACYIIH LICHIyHIi api Kypheni
MinzeTi canananpl. COHFBI XKBUIAAPhl HAHOMATEpHANJApFa HETi3MelNreH OHOCEHCOpIap Karepii iCiKTi
JIMarHOCTHKaJIay IbIH 3aMaHayH opi kKOFaphl ce3iMTall Kypasbl PeTiHAC KapKbIHIBI JaMbII Keleai. Ocipece
KOMIpPTeKTI HaHOMAaTepHAIAp JJICKTPOXHMHSUIBIK JKOHE ONTHUKANBIK CEHCOPIIBIK  IKyHeIepaiH
QHAJIMTHUKAIBIK CUIATTAMANIAapbIH  eoylp JKakcapTaabl. bByn IIomynaplH MakcaTtbl — KOMIpPTEKTi
HaHOMaTepHasiapFa Heri3/Ie/IreH JICKTPOXUMUSUIBIK )KOHE ONTHKAIBIK OMOCEHCOpIapAblH KaTepiii iCiKTi
epTe aHbIKTayJaFrbl MYMKIHAIKTEepiH >kyHeney. Herisri MiHzeTTepre KOJJAHbUIATBIH KOMIPTEKTI
HAHOKYPBUIBIMAAPAGIH (rpadeH, rpadeH OKCHAI, KOMIPTEKTI HAHOTYTIKTEp, KOMIPTEKTI KBAHTTHIK
HYKTeJep) KacHeTTEepiH Tajjay >KOHE ONaplblH ICIK MapKepliepiH aHbIKTayJarbl THIMALIMIH Oaranay
kataapl. FbUlbIMEH  ofeOueTTepre  Tajjay  OKYPri3iiil, —BOJbTaMIIEPOMETpPHUS,  aMIIEPOMETPHS,
JNEKTPOXUMMSUIBIK ~ UMIEHAHCTBIK ~ CHEKTPOCKONMS,  JJICKTPOXEMIUIIOMHUHECLCHIMSA JKOHE  OCTTIK
IUIA3MOHJIBIK PE30HAHC CHAKTBL 9ICTEp KapacThIpsUIABL. bropernentopnapisl NMMOOHIN3AMAIAY KOHE
HAHOKOMMO3UTTEPl (DyHKIMOHANM3ALUsIIAY CTpaTerHsIapblHa epeKiie Ha3ap aynapbuiasl. Kemiprekti
HaHOMaTepHajiap KOFaphl AIEKTPOTKIIIITIKKE, YIKEH MEHIIIKTI OeTKe jxoHe OnocalikecTinikke ne. by
kacuerrep icik wmapkepuepin (CEA, AFP, mMiRNA >xsHe akybI3qap) TeMeH KOHIEHTpauusuIapaa
aHpIKTayFa MYMKIiHZIK Oepeni. CeHcopiap MOPTATUBTLIINIMEH, XKbULIAM jkayar OepyiMeH jKoHEe TOMEeH
aHbIKTAy MIEriMeH epekuieneHeni. KeMipTekTi HaHOMaTepuaniJapra HETI3/IeNreH OuoceHcopriap epre
JIMarHOCTHKA CAJIACBIH/IA JKOFAPhI IPAKTUKAIBIK MAHBI3Fa UE KOHE KIMHUKAJIBIK KOJIAHYFa YIKEH dJeyeT
KepceTe/i.

Tyiiin ce3mep: Ouomapkepiep, KaTepii iCiK, 3JEKTPOXHUMHUSUIBIK OHOCEHCOpiap, KOMIpTeKTi
HaHOMaTepHuanaap, rpadeH, KOMipTeKTi HAaHOTYTIKIIENep, ONTUKAIBIK OMOCeHCopIap
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Abstract. Introduction. One of the effective ways to regulate the processes of formation and
agglomeration of FeNPs is the use of biopolymer stabilizers. The goal is to investigate the influence of
biopolymer stabilization on the size, morphological and crystalline characteristics of FeNPs obtained by
chemical reduction of NaBHs. Methods. FeNPs were synthesized by reduction of Fe®* with NaBHsa,
stabilized with chitosan and sodium carboxymethylcellulose. The optical properties were studied using
UV-Visible spectrophotometry, FTIR to identify functional groups, SEM-EDS and TEM to examine
morphology and elemental composition, XRD to determine crystalline phases, and DLS-ELS to evaluate
hydrodynamic diameter and -potential. Results and discussion. UV-Vis spectra showed a characteristic
260-300 nm absorption band of iron-containing nanostructures. FTIR spectra indicated Fe-O bonds and
interactions between FeNPs and biopolymer functional groups. SEM analysis showed reduced
aggregation in FeNPs/Na-CMC and FeNPs/CS compared with unstabilized FeNPs. EDS analysis
confirmed the presence of Fe and O elements and the formation of an oxide/hydroxide phase. XRD
analysis revealed the formation of crystalline iron oxide phases. The average-sized crystallites are
approximately 18 nm for FeNPs, 14 nm for FeNPs/Na-CMC, and 10 nm for FeNPs/CS. TEM and
DLS/ELS confirmed the formation of spherical FeENP/CS nanoparticles with a size range of 20.03 + 3.62
nm and a zeta-potential of -30.6 mV.Conclusion. Biopolymer stabilizers were found to reduce the growth
and aggregation of FeNPs. CS effectively limits crystallite growth and suppresses agglomeration, while
Na-CMC forms structurally organized composite particles. The results demonstrate the potential of using
biopolymers to stabilize iron-containing nanomaterials.
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1. Introduction
Iron nanopacticles (FeNPs) have attracted scientific interest and are widely
used in medicine, biotechnology and agriculture due to their redox activity,
catalytic ability, magnetic properties and environmental compatibility [1-2].
Among the chemical methods for the synthesis of FeNPs [3], the most
optimal is the reduction of Fe** with sodium borohydride:

4Fe3* + 3BH; + 9H,0 — 4Fe® + 6H, T +3H,B03; + 12H™

The advantages of this synthesis method include the availability of reagents
and equipment, as well as the ability to control nanoscale sizes [4]. Despite the
efficiency of reduction, in an aqueous environment, Fe° nanoparticles oxidize to
form oxide phases with a core-oxide shell structure and are prone to
agglomeration due to insufficient stabilization [5]. Stabilization of FeNPs during
synthesis is a key factor determining particle size distribution, morphology, and
colloidal stability. The use of sodium carboxymethylcellulose (Na-CMC) and
chitosan (CS) biopolymers as effective FeNPs stabilizers is relevant due to their
non-toxicity, biocompatibility, and complexing ability with metals. The
stabilization mechanism includes the complexation of Fe** ions with nitrogen (-
NH2) and oxygen (-OH, -COOQO") atoms, which act as electron pair donors and
form Fe-N, Fe-O donor-acceptor bonds [6,7]. In the chemical synthesis of FeNPs
using the CS stabilizer, a distinctive condition is maintaining pH~=5.5-6.5 for
protonation of -NH, and obtaining a polycation. Further, the interaction of Fe®"
with the cationic center of NHs" through the “bridges” of anions and water
molecules causes deprotonation of NHs" due to the high affinity of Fe3* for the
electron pair of nitrogen. As a result, chelation of Fe** ions with the NH, group
and the formation of the Fe-N donor-acceptor bond [8]. The aim of the study is to
investigate the effect of biopolymer stabilization on the size, morphological and
crystalline characteristics of FeNPs obtained by chemical reduction of NaBH..

2. Experimental part

2.1 Synthesis of FeNPs without stabilizers

To a 150 mL mixture of isopropanol and deionized water (1:1) added 0.5 g
FeCl3;x6H,0 and stirred on a JOANLAB Lab 6 magnetic stirrer (China) at 50°C
and 1000 rpm for 30 minutes. The beaker with the reaction mixture was covered
with aluminum foil to limit contact with air, and 50 mL of cooled 0.5 M NaBH,4
solution was added dropwise until a black suspension appeared. The resulting
suspension was cooled to room temperature with stirring, then left at rest for 15-
20 minutes. The suspension was separated on an OPN-8 centrifuge (Kyrgyzstan)
at 3000 rpm. The supernatant was decanted, and the black precipitate was frozen
and dried in a Scientz-12 freeze dryer (China) at -60°C and reduced pressure <5
Pa. This yielded a dry powdered FeNPs product for further study.
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2.2 Preparation of FeNPs stabilized by Na-CMC and CS

To synthesize FeNPs stabilized with Na-CMC (FeNPs/Na-CMC) and CS
(FeNPs/CS), a solution of 0.5 g FeCl3x6H,0 in 50 mL of deionized water was
added to 120 mL of 1% biopolymer solutions. The resulting reaction mixture was
stirred with a magnetic stirrer at 80°C and 1500 rpm for 2 hours to ensure uniform
distribution of Fe* iron ions in the biopolymer matrix. After completion of the
thermal treatment, the mixture was cooled to room temperature. Next, 10 mL of a
cooled 1 M NaBHjs solution was added dropwise to the reaction mixture. To limit
contact with the environment, the reaction beakers were pre-wrapped in
aluminum foil. The resulting suspension was centrifuged to separate the solid
nanoparticles. The resulting precipitates were frozen and dried in a Scientz-12
freeze dryer (China) at a temperature of -60°C and reduced pressure <5 Pa. The
physicochemical characteristics of the biopolymers used were studied earlier in
our study [9].

2.3 UV-Vis analysis

The optical absorption spectrum was measured using a PE-5400UV
spectrophotometer (Russia) at a scan rate of 40 nm/min in the wavelength range
of 200-600 nm. Measurements were performed in a quartz cuvette with an optical
layer thickness of 10 mm.

2.4 FTIR analysis

IR spectra were obtained using a Simex FTIR-801 IR spectrometer (Russia)
with Fourier transform in transmission mode, scanning was carried out with a
resolution of 4 cm™ in the range from 500 to 4000 cm™.

2.5 SEM/EDS analysis

The surface morphology and microstructure of the coatings were examined
using scanning electron microscopy (SEM) on an SEM3200 (China) instrument
with a tungsten cathode and an XFlash Detector 730M-300 (Bruker) energy-
dispersive X-ray microanalysis (EDS) system. The studies were performed at an
accelerating voltage of 15 kV in low vacuum mode. Micrographs were obtained at
magnifications of 35%, 250%, and 500%.

2.6 TEM analysis

The shape and size distribution of the nanoparticles were studied using a
JEOL JEM-1400 Plus transmission electron microscope (Japan). The study was
conducted at an accelerating voltage of 120 keV. Aliquots of 10 ul were taken
from the samples, applied to 200-mesh copper grids coated with Formvar, and
dried at room temperature.

2.7 XRD analysis

The crystal structure of the samples was studied by X-ray diffraction using
an X'Pert PRO diffractometer (Netherlands) equipped with monochromatic CuKa
radiation (A = 0.1542 A). The diffractometer was operated at an accelerating
voltage of 40 kV and an X-ray tube current of 30-45 mA. Diffraction intensity
was recorded over a range of 10° to 80° at an angle of 20. The average
nanoparticle size was calculated using the Debye-Scherrer equation:
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d= KA
~ BcosH

where d - the average crystallite diameter in nm, K - the shape factor (0.9 for
spherical particles), A - the X-ray wavelength (0.15 nm), B is the width of the
diffraction peak in radians, 0 is the Bragg angle, 26 [4].

2.8 DLS-ELS analysis

The hydrodynamic diameter and particle size distribution were determined
by dynamic light scattering (DLS) on a Zetasizer NanoZS 90 instrument
(Malvern, UK) using Zetasizer Software v.7.01. The surface charge of the
particles was characterized by zeta potential values measured by electrophoretic
light scattering (ELS) on the same instrument.

3. Results and discussion

3.1 Characterization of FeNPs, FeNPs/Na-CMC, FeNPs/CS

The synthesized FeNPs samples differ in appearance depending on the
biopolymer stabilizers (Figure 1). The FeNPs sample (Figure 1a), obtained
without stabilizers, is a dense black powder. FeNPs/Na-CMC (Figure 1b) has a
looser, light gray appearance with a fibrous texture. The FeNPs/CS sample
(Figure 1c) is also characterized by a non-uniform, loose, gray-black mass.

The synthesized FeNPs were characterized by ultraviolet-visible
spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR), scanning
and transmission electron microscopy (SEM and TEM), energy dispersive
analysis (EDS), X-ray diffraction (XRD), dynamic and electrophoretic light
scattering (DLS and ELS).

Figure 1 — Synthesized FeNPs (a), FeNPs/ Na-CMC (b), FeNPs/CS (c)

3.2 UV-Vis analysis results

UV-Vis spectra of all three samples were studied in the range from 200 to
600 nm (Figure 2a). In the region of 260-300 nm, a broad absorption band
characteristic of iron-based nanoparticles is observed in all cases. The broadening
of the absorption band is likely due to various electronic transitions in the
iron/iron oxide system, in contrast to noble metal nanoparticles (Au, Ag), which
are characterized by a clearly defined surface plasmon resonance. For the FeNPs
sample, the most intense band is located at 270 nm, for FeNPs/Na-CMC it shifts
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to 260 nm, and for FeNPs/CS to 280 nm. Such shifts and changes in intensity
indicate that biopolymer stabilizers alter the electronic environment and optical
properties of nanoparticles, affecting the surface oxide layer and the degree of
aggregation [10].

3.3 FTIR analysis results

Analysis of the FTIR spectra (Figure 2b) revealed the presence of peaks at
534, 557, and 562 cm™, characteristic of the Fe-O bond. The presence of the Fe-O
bond demonstrates partial oxidation of reduced iron upon exposure to air [2].
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a —— FeNPs ——FeNPs

w
v

e Y

N o562
1140

Noow
w (=]

N
=)

Transmittance (%)

Absorbance (a.u.)

. 4
(e

0.5 4

0.0 T T T 1
200 250 300 350 400 450 500 550 600
Wavelength (nm)

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™!)

Figure 2 — Spectral characteristics (a) UV-visible spectra, (b) FTIR spectra

The FTIR spectrum of the FeNPs sample has a peak at 3307 cm™ for the
hydroxyl group -OH. Literature data confirm that the presence of the -OH group
is associated with the formation of an oxide-hydroxide shell from the compounds
Fe(OH),, FeOOH, Fe;0O3 and Fe;04 [10]. The spectra of the FeNPs/Na-CMC and
FeNPs/CS samples show absorption peaks characteristic of the -OH, -COO", -NH,
functional groups. The peaks at 3371 and 3380 cm™ correspond to the stretching
vibrations of the -OH and -COO™ groups. The peaks at 2860 and 2925 cm™ are
due to the symmetric stretching vibrations of the -C-H bond. In the FeNPs/CMC
sample, the peak at 1620 cm™ is due to the asymmetric vibrations of -COO" and
1455 cm™ to the symmetric vibrations of COO". Glycosidic bonds C-O-C show
characteristic peaks at wavenumbers of 1130 cm™. In the FeNPs/CS sample, the
peak at 1457 cm™ corresponds to the amino group -NH; of chitosan CS, and 1140
cm™ is related to the stretching vibrations of the glycosidic bond C-O-C [9].
Comparison of FTIR spectra of the studied samples shows the presence of
biopolymer stabilizers in the obtained nanocomposites.

3.4 SEM/EDS analysis results

The obtained SEM images show the morphology of the synthesized FeNPs
(Figure 3).
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Figure 3 — SEM images of synthesized
FeNPs (a), FeNPs/Na-CMC (b), FeNPs/CS (c)

The FeNPs sample without stabilizers consists of flaky aggregates 20-100
um in size (Figure 3a). This morphology is typical of FeNPs obtained by
borohydride reduction followed by partial oxidation [3]. Individual FeNPs are not
clearly visible due to pronounced aggregation. The morphology of FeNPs/Na-
CMC and FeNPs/CS is characterized by a large, lamellar-film structure with a
smooth polymer coating relief. FeNPs/Na-CMC aggregates appear less dense
compared to the FeNPs sample. FeNPs/Na-CMC have sizes up to 500 um (Figure
3b). The ability of Na-CMC to adsorb on the surface of nanoparticles via carboxyl
groups, forming steric and electrostatic repulsive interactions that lead to
increased colloidal stability, has been widely discussed in the literature [6].
FeNPs/Na-CMC particle aggregates have a loose, porous surface compared to
FeNPs/Na-CMC. The fine-grained structure within the aggregates is poorly
visible due to complete coverage by the CS polymer matrix. Due to more
effective suppression of agglomeration by the CS stabilizer, FeENPs/CS particles
have sizes up to 306 pm (Figure 3c).

EDS results show the elemental composition of the resulting nanoparticles
(Figure 4).
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Figure 4 — EDS data of FeNPs (a), FeNPs/Na-CMC (b), FeNPs/CS (c)

34



KA3AKCTAHHBIH XUMUA )KYPHAJIbI XUMHYECKHUY XKXYPHAJI KA3AXCTAHA

Quantitative analysis of FeNPs shows that the mass fractions are 87.52% for
Fe and 3.08% for O, thereby confirming the presence of Fe and O elements and
the formation of an oxide/hydroxide phase. The absence of foreign elements in
the EDS spectrum (Figure 4a) indicates the purity of the obtained FeNPs and
confirms the effectiveness of the synthesis method using NaBH4 [3, 5]. In the
FeNPs/Na-CMC sample, in addition to Fe, O, and C, a Na peak is observed,
characteristic of the Na-CMC structure. However, the mass fraction of Fe is lower
(12.39%), and O is higher (51.65%) compared to other samples (Figure 4b). The
lower Fe content and higher O concentration are possibly associated with an
increase in the proportion of the organic phase due to stabilization by the dense
polymer film of Na-CMC [10]. In the FeNPs/CS sample (Figure 4c), the Fe
content is 83.72% and O content is 13.04%, indicating partial surface oxidation
and the formation of an oxide shell. CS adsorbed on the nanoparticle surface also
more effectively stabilizes and prevents agglomeration. The obtained SEM/EDS
results confirm that biopolymers alter the surface morphology and limit the
aggregation of FeNPs.

3.5 XRD analysis results

The X-ray diffraction patterns of FeNPs, FeNPs/Na-CMC and FeNPs/CS are
shown in Figure 5.
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Figure 5 — Diffraction patterns of synthesized
FeNPs (a), FeNPs/Na-CMC (b), FeNPs/CS (c)

The diffraction pattern of the FeNPs sample (Figure 5a) shows an intense and
relatively narrow peak at 44°(400), which, along with peaks at 30.1°(220),
33.1°(313) and 35.2°(403), can be attributed to spinel-type iron oxides, thereby
confirming the oxidation of zero-valent iron in the isopropanol-water system [4].
In the FeNPs/Na-CMC and FeNPs/CS samples (Figures 5b and 5c), the
diffraction peaks exhibit lower intensity and a broader shape. This can be
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explained by the presence of biopolymers, which reduce the degree of
crystallinity and lead to a decrease in crystallite size by stabilizing the
nanoparticles and preventing their aggregation [7, 8]. In the case of the FeNPs/CS
sample (Figure 5c), a pronounced diffraction feature is observed near 20°(110),
which is associated with the amorphous-semicrystalline structure of CS, while an
intense peak near 72°(440) corresponds to the spinel phase of FeNPs on the CS
matrix. The average crystallite size calculated using the Debye—Scherrer equation
is 18 nm for FeNPs, 14 nm for FeNPs/NaCMC, and 10 nm for FeNPs/CS.
Overall, X-ray diffraction analysis shows that biopolymers significantly influence
the size and structure of FeNPs crystallites, facilitating the formation of stable
nanocomposites. CS, in particular, has the strongest effect on the formation of the
smallest crystallites. This is explained by the stronger electrostatic interaction of
the polycation's -NH, groups with Fe*" and the rigid and ordered conformation of
the biopolymer chain.

3.6 TEM, DLS-ELS analysis results of FeNPs/CS

To confirm the X-ray diffraction data and refine the FeNPs/CS morphology,
the sample was also examined using TEM and DLS-ELS. TEM analysis revealed
that the FeNPs were predominantly spherical in shape and had a fairly uniform
size distribution. The average nanoparticle core size was 20.03£3.62 nm. The
average hydrodynamic diameter of the FeNPs/CS in the dispersed medium was
12743 nm. The (-potential was -30.6 mV. The negative {-potential is due to the
deprotonation of the -NHsz* groups of CS and the formation of a surface Fe-O
oxide-hydrate shell. These parameters ensure the stability of the colloidal
suspension.

4. Conclusion

FeNPs, FeNPs/Na-CMC and FeNPs/CS were synthesized using chemical
reduction of Fe** ions with NaBH, and stabilization with biopolymers. UV-Vis,
FTIR, SEM/EDS, XRD, TEM, and DLS-ELS analyses showed that large
nanoparticle aggregates form in the absence of stabilizers, while the introduction
of biopolymers leads to the formation of less agglomerated composite structures.
When stabilized with CS, the nanocomposites have an average size of 10 nm and
an ordered crystal structure (XRD), 20.03 nm (TEM), and 127 nm (DLYS),
indicating its effectiveness compared to Na-CMC. The resulting iron-based
nanocomposites with biopolymers hold promise for practical applications in
environmental monitoring and cleanup, biomedical technologies (diagnostics,
delivery of biologically active substances), and agriculture (targeted delivery of
microelements and increasing the bioavailability of iron for plants and
microorganisms).

Funding: This research was funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (Grant No. AP23488216).
Conflict of Interest: All authors declare that they have no conflict of interest.
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HATPHI BOPOTHIPUAIMEH XUMUSLIBIK TOTBIKCHI3TAHY MMPOLECIHAE
BUOMNOJUMEPJIEPAIH KOMETMEH TEMIP HAHOBOIIEKTEPIH TYPAKTAH/IBIPY

JKJK. Hypmasuna ', JK.C. Kacvimosa **, /LK. Opasncanosa ', b. Jlecka ?

Ulloxapim ynusepcumemi, Cemeii, Kazaxcman
240am Muyxesuy amvinoagel yuusepcumem, Ilosnanyw, Ionvwa

Tyiiinoeme. Kipicne. FeNPs Ty3inyi xoHe arioMepanuschl IPOLECTEPiH PeTTey IiH THIMII ToCLIaepiHiy
0ipi - OMONONUMEp TYpaKTaHABIPFBIIITAPBIH KOJNAHY. 3epmmeydiy maxcamul men minoemmepi. NaBHq
XMMMSUIBIK TOTBIKCBhI3aHybIMEH anblHFaH FeNPs Mopdoiorusibik, KYpbUIBIMABIK KOHE KPUCTAJJIBIK
CUNaTTaMallapblHa OMOMOIMMEpIIePIMEH TYPaKTaHIBIPY/IbIH 9CEPiH aHbIKTay OO0Jnbl. 3epmmey adicmepi.
Fe®* nonnapbin HaTpuii GOPOrHAPUIIMEH XUMHUSIIBIK TOTHIKCHI3IAHBIPY JKOHE KEHiHHEH XUTO3aH JKOHE
HaTPUHKApOOKCHMETIIIIEIUIION03a OUONONIUMEpIIepiMEeH TypakTaHablpy apksuibl FENPS cunTesmenni.
Onrukanelk  Kacuertep YK-kepiHeriH —crektpoOTOMETpHUsl apKbUIbl 3epTTeNdl, (YHKIHMOHAIIBI
Tonrtapzp! aneikray yuriH FTIR cnekrpockonusicel, MOPGhOIOTUs MEH 3JIEMEHTTIK KYPaMbIH 3epTTEy YIIIiH
SEM/EDS xone TEM, kpucramablk Qaszanapasl aHbIKTay YIIIH PEHTIEHIIK Tajjay >KoHE
THAPOANHAMUKAIBIK JUaMeTp MeH (-noreHumanisl Oaranay yurin DLS/ELS xonpausuinst. Homuoicenep
men mangviiay. UV-Vis criektpiiepi Kypambinaa Temip 6ap HaHOKypbUIbIMIapFa coiikec keietin 260-300
HM aiiMaKkTa TOH CiHIpy skoJjarbiH aHbikTaael. FTIR Tangayel HaHOOmIIEKTEpAiH OETIMEH dpeKeTTecyre
KatbicaTblH Fe-O Oaiinanbicrapbl MeH OuonosuMepiiepiid (YHKIHOHAIABIK TONTAPLIHBIH OOIybIH
pactamsl. SEM  Tampmaysl TypakTaHmblpreinckl3 FeNPs ipi armomeparTap Ty3eTiHIH KepceTTi, an
OuomnonuMeprepAl eHrisy a3 aKkblH arperaundscbl 0ap HAHOKOMIIO3UTTIK KYpPbUIBIMAAPABIH Maiiia
6onybiHa okeneni. EDS rtanmay Fe xone O a3jeMeHTTepiHIH OONybIH, COHAAN-aK OKCHJ/THUAPOKCH]
(ba3zachiHbIH  Ty3UIyiH pacragsl. XRD  MmomiMerrepi OoiblHIIA TeMip OKCHATEPIHIH KPUCTAIIBIK
(azanapbIHbIH TY31Iyi aHBIKTaNIBL. KpucrammTrepaiy oprama Meepi TypaKTaHbIPFBINICHI3 YIITi YIIiH
miamameH 18 um, FeNPs/Na-CMC yuiin 14 um sxone FeNPs/CS yuin 10 am 6omnasr. TEM sxone DLS/ELS
omictepi emmemi 20,03+3,62 M xoHe (-moreHimansl -30,6 MB Gomatein chepansik FeNPs /CS
HAHOOOUIIIEKTePiHIH ~ TY3LlyiH  pactambl.  KopuimeinOul.  buomnonumep — TypaKTaHABIPFBILITApbI
OOpOrHAPUNTI TOTHIKCHI3NAHABIPY Ke3inne FeNPs ecyiH jxoHe arperanuschiH TOMCHACTCTIHI aHBIKTAIIIBL.
CS KpHCTAIIUTTIH 6CYiH LISKTEYIiH JKOHE arioMepalisHbl 0acyablH eH THIMJI 9[liCiH KaMTaMachl3 eTei,
an Na-CMC KypbUIBIMIBIK TYPFBIIAH YHBIMIACTBIPBUIFAH KOMIO3UTTIK OOJIIEKTepAiH TY3iTyiHe BIKITaT
eresli. ANIBIHFaH HOTIDKENEp TeMip Oap HaHOMaTepuaIapibl TYpaKTaHIbIPY YIIIH OHonoiumepiepai
KOJIJaHYIbIH MEPCIIEKTIBTUIIH KOpCETe Il

Tyiiin ce3aep: Temip HaHOOOINIIEKTEPl, OMOMOIUMEpPIIEp, HATPUN KapOOKCHMETHIILEIUTION03a, XUTO3aH,
HaTpuit OOPOrUIPUIIHIH TOTHIKCHI3IAHYbI

Hypmasuna Kanap ’Kypcunoena Okonoeusn mazucmpi

Kacvimosa Kanap Caitnaybexosna buonoeus eviivimoapuvinbly KaHOUOamsl
Opasacanosa Jlazzam Kamemaesna Xumus 261161MOAPBIHBIY KAHOUOAMbI
Jlecka Bozycnhasa Xumusi 26116IMOAPLIHBIY OOKMOPbL

CTABMJIM3AIIMA HAHOYACTHUI )KEJIE3A BUOIIOJIMMEPAMMU B TIPOLECCE
XUMHYECKOI'O BOCCTAHOBJIEHUA BOPOI'MIPUIOM HATPUA
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2B/Hu(s’epcumem umenu Aoama Muyresuua, Iloznans, [onvua
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Pe3stome. Bseoenue. Onaum u3 3¢pHeKTHBHBIX COCOOOB peryaIMpoBaHuUs MpoleccaMd (GOPMUPOBaHHS U
arnmomepanu  FeNPS  sBisgercs HCmonb3oBaHHE OHONMONMMEPHBIX CTaOMIU3aTOpOB. [lens pabomubl.
UccnemoBanre BiusiHAS ~ OHOMONMMEpHOW  crabmnm3anuu Ha  pasMmep, MoOp(dOJIOrHYecKue ¢
KpuCTaluInueckue xapakrepuctuku FeNPS, Momyd4eHHBIX METOZOM XHMMHMYECKOrOo BOCCTAHOBICHMS
NaBHs. Memoow: uccredosanus. FENPS cHHTE3MpOBalM METOJOM XHMMYECKOTO BOCCTaHOBIEHHs Fed*
noHoB NaBHs4 ¢ mocnenyromieil crabunusampeil XUTO3aHOM W HATPHHKApOOKCHMETHIILICIUTIONO30i.
Onruyeckye CBOWCTBA M3y4alHUCh C NMOMOIIbI0 Y®-BUIMMON CHEKTpO()OTOMETPHH, HCIOIb30BANIUCEH
FTIR-ciekrpockomust it uaeHTHGHUKAMH  (yHKUHOHANbHBIX Tpyrnn, SEM/EDS u TEM  mis
uccrnenoBaHuss MOPGOJOrMM W JJIEMEHTHOIO COCTaBa, PEHTTCHONU(PAKIMOHHOIO aHamu3a Ui
ompenenenus kpucrawmueckux (az u DLS/ELS nist omeHKH THIPOIMHAMHYECKOTO quamerpa u (-
noteHimana. Pesyremamst u  obcyscoenue. UV-VIS CHEKTpH BBISABIIA XapaKTEPHYH MOJIOCY
noryomenus B odnactu 260-300 HM, COOTBETCTBYIOILYIO JKene30coepxkaiuM HaHocTpykrypam. FTIR-
aHaIM3 NOATBEpu Hamuuue cBsizeil Fe-O u (yHKUMOHANBHBIX TPy OHOMOIUMEPOB, YYACTBYIOIIUX BO
B3aMMOJICHCTBUH C MOBEPXHOCThIO HaHouacTuil. SEM-ananu3 mokasan, uro FENPS 6e3 crabmnm3aropos
00pa3yloT KpyIHbIE arjiomepaTbl, TOrJa Kak BBEJCHHWE OHUONOJMMEPOB NPHUBOAUT K (OPMHUPOBAHUIO
HAHOKOMIIO3UTHBIX CTPYKTYp C MCHee BBIpaXXECHHOH arperauueil. EDS aHanu3 moatBepamn Hammdue
anemeHtoB Fe m O, a Taxke oOpa3soBaHHMEe OKCHAHOW/TMAapoxcunHod ¢asel. Ilo mamHeiM XRD
YCTaHOBJIEHO 00pa3oBaHHMEe KpuUCTALIMueckuX (a3 okcuaoB jxkeneza. CpemHHil pasMep KPUCTAJUTUTOB
cocTaBii Okoso 18 HM st obpasua 6e3 crabumuzatopos, 14 um mias FeNPs/Na-CMC u 10 uM s
FeNPs/CS. Meroast TEM u DLS/ELS moarsepaniu obpasoBanue chepryecknx Hanodactui FeNP/CS
pasmepom 20,03+3,62 HM wu m3era-noreHimanoMm -30,6 MB. 3axniouyenue. YcTaHOBICHO, 4TO
OuomoMMMepHbIe  CTAOMITM3aTOPhl  YMEHBINAIOT pocT u arperaimio FeNPS mpu  GopruapumHom
BoccraHoBieHun. CS oOecnieunBaer Haubonee 3(QPEKTHBHOE OrpaHHYCHHE pPOCTAa KPHCTAIMTOB U
HojiaBIeHue ariaoMepanuu, torza kak Na-CMC cmocobGerByeT (opMupoBaHUIO Goliee CTPYKTYPHO
OpPraHM30BaHHBIX KOMIIO3UTHBIX yYacTHL. [loilydeHHbIE pe3ylbTaThl AEMOHCTPUPYIOT MEPCIEKTHBHOCTH
MPUMEHEHHs1 GHOMOIUMEPOB I CTAOMIM3AIIMH KEJIE30COAePIKAIMX HAHOMATEPUAJIOB.

KaroueBble c10Ba: HAHOYACTHIIBI JKelie3a, OUOMOIMMEDPDI, HATPUHKApOOKCHMETHIIIIEILUIION03a, XUTO3aH,
BOCCTAHOBJICHHE OOPOTHAPHIOM HATPHS

Hypma3zuna Kanap Kypcunoena Mazucmp sxonoeuu

Kacvimosa Kanap Caitnaybexosna Kanouoam buonozuueckux nayx

Opasscanosa Jlazzam Kamemaesna Kanouodam xumuyeckux Hayk

Jlecka Bozycnaga Jloxmop xumuueckux HayK
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REGENERATION AND CATALYTIC PERFORMANCE OF NI-MO-AL-
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Abstract. Introduction. The physico-chemical and catalytic properties of the bifunctional catalyst
Ni-Mo-Al-HMS-H-bentonite were investigated in the hydrogenation of a model mixture of 2-
methylnaphthalene and dibenzothiophene. This study aimed to compare the properties of fresh and
regenerated catalysts and evaluate their efficiency in this reaction. Results and discussion. Catalyst
physico-chemical parameters were analyzed by X-ray photoelectron spectroscopy, temperature-
programmed hydrogen reduction, nitrogen adsorption-desorption analysis and thermogravimetric analysis.
It was established that nickel and molybdenum are mainly present on the catalyst surface in oxide and
sulfide forms that determine its catalytic activity. Textural analysis showed that the catalyst possesses a
well-developed mesoporous structure with a monomodal distribution of pore sizes. After the catalytic
reaction and regeneration, a decline in the textural characteristics were evaluated. Catalytic tests were
carried out at 260°C, hydrogen pressure of 6 MPa and reaction time of 5 hours. The fresh catalyst
maintained stable activity for four reaction cycles, while the regenerated catalyst demonstrated high
efficiency for three subsequent cycles. Conclusion. The obtained results confirm the potential application
of the Ni-Mo-Al-HMS-H-bentonite catalyst in hydrogenation processes of aromatic and sulfur-containing
compounds.
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1. Introduction

A substantial reduction in sulfur and aromatic compounds in petroleum
products has become necessary due to the tightening of environmental standards
for motor fuel quality. Sulfur-containing compounds, such as dibenzothiophene
and its derivatives, produce sulfur oxides during combustion and must be
removed from petroleum fuels. Therefore, the removal of these compounds is of
considerable importance in contemporary petroleum refining [1]. Nowadays
hydrodesulfurization is the most widely employed and effective industrial method
for sulfur removal from petroleum fractions. This process is based on the catalytic
hydrogenation of sulfur-containing compounds, followed by cleavage of the C-S
bond [2,3].

The most widely used hydrodesulfurization catalysts are Ni-Mo and Co-Mo
systems supported on oxide or aluminosilicate carriers. The high catalytic activity
of these systems is attributed to the formation of an active Ni-Mo-S sulfide phase.
This phase promotes both the hydrogenation of aromatic compounds and the
cleavage of C-S bonds in sulfur-containing molecules [4]. Activity and selectivity
of such catalysts strongly depend on the structure of the active phase, the metal
particle dispersion and the characteristics of metal-support interactions [5,6].

The use of mesoporous aluminosilicate materials as supports for
hydrotreating catalysts has generated particular interest. Such materials are
notable for their large surface area, highly developed porosity, and the ability to
tune surface acidity. These properties enable high dispersion of active metal
components and facilitate reactant access to the catalytic sites [7].

Despite extensive studies on Ni-Mo catalysts, their stability and regeneration
under hydrogenation and hydrodesulfurization conditions remain relevant. During
operation, catalysts may undergo deactivation due to coke formation,
agglomeration of active particles, and changes in the textural characteristics of the
support [8]. In this regard, the comparative study of fresh and regenerated
catalysts remains of considerable interest. It provides insight into the effect of the
catalytic process on catalyst structure.

This work focuses on investigating the physico-chemical and catalytic
properties of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite catalysts in the
hydrogenation of a model mixture of 2-methylnaphthalene and dibenzothiophene.
Dibenzothiophene was selected as a representative sulfur compound, since middle
distillates mainly contain its alkylated derivatives [9]. The novelty of this work
lies in the use of a combined Al-HMS-H-bentonite support containing activated
bentonite from the Tagan deposit. This approach contributes to the development
of catalytic materials based on Kazakhstan's significant bentonite resources.
Particular attention is devoted to the state of active metal sites, the textural
characteristics of the catalysts, and the evaluation of their catalytic activity, as
well as to the effect of the regeneration process on the performance of the
catalytic system.
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2. Experimental part

Al-HMS mesoporous aluminosilicate with a Si/Al = 10 was obtained by a
templating method using hexadecylamine. Tetraethyl orthosilicate and aluminum
sec-butoxide were used as the sources of Si and Al, respectively. The resulting
precipitate was separated by centrifugation, dried, and subjected to thermal
treatment.

The catalysts synthesized by incipient wetness impregnation of the AI-HMS-
H-bentonite support with aqueous solutions of Ni(NOs),'6H,O and
(NH4)sM070.4-4H,0, where activated bentonite was used as a secondary support.
The obtained catalysts contained 5 wt.% Ni and 5 wt.% Mo. After mixing the
solutions with the support, the samples were dried and subjected to thermal
treatment.

The state of the metal centers in the catalysts was investigated by X-ray
photoelectron spectroscopy (XPS) using a Nexsa G2 spectrometer (Thermo
Scientific) and by hydrogen temperature-programmed reduction (H>-TPR) by a
Micromeritics AutoChem 2910 system. The textural characteristics of the
synthesized samples were determined from nitrogen adsorption-desorption
isotherms at 77 K using a Micromeritics TriStar 3000 analyzer. The specific
surface area was calculated by the Brunauer-Emmett-Teller (BET) method, while
the total pore volume and pore size distribution were determined using the
Barrett-Joyner-Halenda (BJH) method. Thermogravimetric analysis (TGA) of the
bifunctional catalysts was carried out using a Mettler Toledo TGA/SDTA 851e
instrument in an air atmosphere over a temperature range of 30-1000°C with a
heating rate of 10°C/min.

The hydrogenation of aromatic compounds was studied using a model
mixture. The mixture contained 9 wt.% 2-methylnaphthalene, 300 ppm
dibenzothiophene (DBT), and 91 wt.% n-hexadecane. Before the experiments, the
catalysts were activated in a flow reactor at 400°C in a H>S/H; stream (10 vol %)
for 5 hours with a heating rate of 4°C/min. After the hydrogenation reaction, the
catalyst was regenerated in a muffle furnace in an air flow at 500°C for 5 hours
with a heating rate of 3°C /min. The reaction was carried out in a high-pressure
reactor at 260°C for 5 hours under a hydrogen pressure of 6 MPa. After the
reaction, the products were examined using gas chromatography-mass
spectrometry.

3. Results and discussion

The state of the active metal centers in the Ni-Mo-Al-HMS-H-bentonite
catalyst was analyzed by XPS (Figure 1).
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Figure 1 — XPS profiles corresponding to Ni 2p (a) and Mo 3d
(b) for the bifunctional Ni-Mo-Al-HMS-H-bentonite catalyst

Analysis of the Ni 2p spectrum reveals the presence of two spin—orbit
doublets (Figure 1a). The main Ni 2ps/, peak is observed at 857.2 eV with a
satellite peak at 861.9 eV, while the Ni 2p1/> peak is located at 874.9 eV with a
satellite signal at approximately 880.3 eV. The Ni 2ps/> peak corresponds to
nickel oxide (NiO), indicating the presence of nickel in the oxidized Ni** state
[10]. The presence of characteristic satellite peaks further confirms the oxide form
of nickel.

The Mo 3d signals are displayed in Figure 1b. The obtained spectra exhibit
two main peaks corresponding to the Mo** and Mo®* oxidation states. The signals
observed at binding energies around 232.0 eV and 236.1 eV are identified as
MoS; and MoOs; species, respectively [11]. This indicates the presence of
molybdenum in both sulfide and oxide forms in the catalyst.

Metal-support interactions were investigated by H,-TPR. The H2-TPR curve
of the Ni-Mo-AI-HMS-H-bentonite catalyst illustrates three peaks associated with
different stages of reduction of the metal phases (Figure 2).
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Figure 2 — Ho-TPR curve of the Ni-Mo-Al-HMS-H-bentonite catalyst
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In Figure 2, the peak around 435°C is attributed with the reduction of NiO
and MoO;z; oxides exhibiting high reducibility, corresponding to the
transformation of Ni** to Ni° and Mo® to Mo* [12]. The peak at 600°C is
associated with stronger metal-support interactions, indicating enhanced stability
of the metal phases. A high-temperature peak at around 852°C is associated with
the reduction of hardly reducible molybdenum species. It may correspond to the
transformation of Mo** to Mo°. The presence of this peak indicates the high
thermal stability of the catalyst. Further, to evaluate the effect of the
hydrogenation of aromatic compounds on the physico-chemical properties of the
catalyst, a comparison of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite
samples was performed.

The catalyst’s textural characteristics were studied by analyzing the BET
surface area, pore volume, and average pore diameter. These parameters play an
important role in the formation of active sites and the accessibility of reactants to
the catalyst surface. The obtained results are presented in Figures 3 and 4.
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Figure 3 — N2 physisorption isotherms of fresh and regenerated catalysts

An analysis of the textural characteristics of the Ni-Mo-Al-HMS-H-bentonite
system was conducted using nitrogen physisorption. As shown in Figure 3, both
fresh and regenerated samples exhibit type IV adsorption-desorption isotherms
according to the IUPAC classification. The distinct H4 hysteresis loop observed
for these materials serves as evidence of their mesoporous nature. The steep rise
in adsorption within the 0.4-0.8 P/Py region can be attributed to the filling of
mesopores via capillary condensation [13]. A comparative analysis reveals that
the regenerated catalyst shows a significant decline in nitrogen uptake relative to
its fresh counterpart. This reduction points to a partial degradation of the porous
structure or a loss of surface area, likely resulting from the harsh conditions of the
catalytic reaction.
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Figure 4 — Pore size profiles of fresh and regenerated catalytic materials

Figure 4 shows the pore size profiles of fresh and regenerated Ni-Mo-Al-
HMS-H-bentonite catalysts. The distribution is monomodal and lies within the
mesopore region (Figure 4). The fresh catalyst is characterized by a maximum at
3.46 nm, whereas the regenerated sample exhibits a shift of the maximum toward
smaller pore sizes, 2.36 nm, along with a decrease in peak intensity (Table 1).

Table 1 — Textural characteristics of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite catalyst

Ni-Mo-Al-HMS-H-bentonite Specific surfage area Pore vglume, Average pore diameter,
(BET), m?/g cm3/g nm

Fresh 805 0.74 3.46

Regenerated 675 0.67 2.36

After regeneration, the BET of the catalyst decreases from 805 to 675 m?/g,
while the pore volume decreases from 0.74 to 0.67 cm®g (Table 1). The reduction
in textural characteristics after regeneration is likely associated with partial pore
clogging by carbonaceous deposits formed during the catalytic reaction [2].

The TGA curves of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite
catalysts show a decomposition of the sample with rising temperature. The
primary decomposition step is observed from 200 to 600°C and is associated with
the removal of adsorbed moisture, residual organic compounds, and the
decomposition of surface functional groups (Figure 5).
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Figure 5 — TGA curves of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite catalysts

As shown in Figure 5, the fresh catalyst demonstrates a more weight loss
compared to the regenerated sample. This may be attributed to the presence of a
larger amount of surface species and residual organic compounds, whereas the
regenerated catalyst demonstrates higher thermal stability [14].

The results of the study on the effect of sulfur-containing compounds on
catalyst performance are presented in Figure 6 and Table 2. The catalytic
performance was evaluated in the hydrogenation of a model mixture of 2-
methylnaphthalene and dibenzothiophene at T = 260°C, P(H2) = 6 MPa, and a
reaction time of 5 hours. The catalyst stability was examined over four
consecutive cycles. It was found that after regeneration, the catalyst retains high
activity for up to three cycles.
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Figure 6 — Selectivity of hydrogenation products of a sulfur-containing model compound over fresh
and regenerated Ni-Mo-Al-HMS-H-bentonite catalyst
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Table 2 — Comparison of the performance of fresh and regenerated Ni-Mo-Al-HMS-H-bentonite catalysts
in the hydrogenation of a model mixture of 2MD and DBT

Conversion, % Selectivity, %
Ni-Mo-Al-HMS-H-
bentonite
2MN DBT 2MD 2MT 6MT BP THDBT | CHB
Fresh 92 76 68 8 27 52 19 29
Regenerated 86 61 56 13 31 46 10 44
*Note:

2MN: 2-methylnaphthalene;

DBT: dibenzothiophene;

2MD: 2-methyldecalin;

2MT and 6MT are 2-methyltetralin and 6-methyltetralin, respectively;
BP: biphenyl;

THDBT: tetrahydrodibenzothiophene;

CHB: cyclohexylbenzene.

The target products of hydrogenation are 2-methyldecalins and biphenyl. A
comparison of fresh and regenerated catalysts revealed a decrease in both
conversion and selectivity toward the target products after regeneration. The
conversion of 2-methylnaphthalene decreases from 92 to 86%, while the
conversion of dibenzothiophene decreases from 76 to 61%. At the same time, the
selectivity toward 2-methyldecalins decreases from 65 to 56%, and the selectivity
toward biphenyl in the hydrodesulfurization of dibenzothiophene decreases from
52 to 46%. Furthermore, the fresh catalyst yielded 63% 2-methyldecalin and 40%
biphenyl. The corresponding values for the regenerated catalyst were 48% and
28%, respectively. The reduction in conversion and selectivity after regeneration
may be attributed to partial changes in the state of active metal centers and a
decrease in the catalyst textural characteristics. In addition, interaction of sulfur-
containing compounds with active metal sites may lead to a decrease in their
accessibility [15].

4. Conclusion

The physico-chemical and catalytic properties of fresh and regenerated Ni-
Mo-Al-HMS-H-bentonite catalysts were investigated. Their performance was
evaluated in the hydrogenation of a model mixture of 2-methylnaphthalene and
dibenzothiophene. It was shown that the catalyst possesses a well-developed
mesoporous structure and high catalytic activity. It was established that the
catalyst maintains stability over four reaction cycles and, after regeneration,
demonstrates high performance over three subsequent cycles. The obtained results
confirm the potential of this catalyst for application in the hydrogenation of
aromatic and sulfur-containing compounds.

Funding: This research was funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (Grant No. AP32724827).
Conflict of Interest: The authors declare no conflict of interest.
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PEIEHEPAIIS U KATAJIMTUYECKAS AKTUBHOCTbD NI-MO-AL-HMS-H-BEHTOHUT
KATAJIM3ATOPA B TIPOLECCE T'HIPUPOBAHUA APOMATHYECKHUX
YIVIEBOAOPOJ10B
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Pestome: Bseoenue. @DU3MKO-XUMUYECKHE M KaTAUTHYECKHE CBOMCTBA  OM(YHKIMOHAIBHOIO
karanuzaropa Ni-Mo-Al-HMS-H-GenToHnT GbutH HCCIEOBAaHBl B PEaKUUU THAPUPOBAHUS MOCIHHOI
cmecu 2-metunHadranmuaa u aunbeHsotuodena. [leavio 0aHHO20 ucciedo8anus SBISUIOCH CPaBHEHHE
CBOMCTB CBEXET0 U PEreHepUPOBAHHOIO KAaTaIM3aTOPOB, a TAKKE OLEHKA UX d3()(PEKTUBHOCTH B JaHHOH
peakuuu. Peszynemamur u o6cyscoenue. PU3NKO-XMMHUYECKHE XapaKTEPUCTHKU KaTaIU3aTOPOB ObUIH
H3YYCHBl C  HCIOJNB30BAHMEM  PEHTTCHO(OTOINIEKTPOHHON  CHEKTPOCKOIHH,  TEMICPAaTypHO-
IIPOrPaMMHUPOBAHHOTO  BOCCTAHOBIEHMS BOJOPOJIOM, AaHAlIM3a aAcopOLMH-IecopOnuH a3oTa |
TEpMOrPaBUMETPUUECKOTO aHaIU3a. YCTaHOBIEGHO, YTO HHUKEIb H MONUOACH HPEUMYIIECTBEHHO
MPUCYTCTBYIOT Ha IIOBEPXHOCTH KaTrajau3aTopa B OKCHAHOH U cynbduaHod Qopmax, KoTopble
OIPE/IEIIAIOT €r0 KaTaIMTHYECKYI0 aKTUBHOCTb. TEKCTYpHBII aHaIu3 1oKa3all, 4YTo KaTajlu3aTop 001anaer
XOpOLIO pPa3BUTOM ME30MOPUCTON CTPYKTYpPOH C MOHOMOAAJIBHBIM pacmpeneneHueMm mop. [locne
KaTAIMTUYECKOH peakuuu W pereHepanud ObUIO OTMEYEHO CHM)XKEHHE TEKCTYPHBIX CBOMCTB.
KaTanutuuecknue ucnbiTaHus NPOBOJMIMCH NpH Temnepatype 260°C, maBinenuu Bojopona 6 Mlla u
BpEMEHH peakiuy 5 yacoB. CBEeXUI KaTalu3aTop COXPaHAI CTAOMIBHYIO aKTHBHOCTD B TEUCHUE YETBHIPEX
PCaKLHOHHBIX IMKJIOB, TOTJa KaK PEreHepUpPOBAHHBIA KaTaau3aTop JAEMOHCTPUPOBAN BBICOKYIO
9 (EeKTUBHOCT, B TEUEHHUE TPEX HOCIEAYIOUUX LHUKIOB. 3axniouenue. IlonydeHHbIe pe3ybTaThl
MOJTBEPXK/AAIOT IIEPCIIEKTHBHOCTD IpuMeHeHus karanuszaropa Ni-Mo-Al-HMS-H-6exronut B mponeccax
THAPUPOBAHKS aPOMATHYECKUX U CEPOCOACPIKAIIIX COCAUHCHUN.

KiroueBble cj10Ba: ME30IOPHCTHIA aTIOMOCHIINKAT, AaKTUBUPOBAHHBIA OCHTOHUT, OM(YHKLMOHAIbHbIH
katanmzarop, Ni-Mo, MoJienbHast cMech
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Ao6ounvouna Kamunna Manankpizol PhD

NI-MO-AL-HMS-H-BEHTOHHUT HET'I3IHAEI'T KATAJIU3ATOPAbIH APOMATTbI
KOMIPCYTEKTEPAI THAPJIEY MPOLUECIHAEI'TI PETEHEPALIUSACHI )KOHE
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Tyiiingeme. Kipicne. Ni-Mo-Al-HMS-H-6GenTonut OU(YHKIMOHAIIB KaTaIU3aTOPBIHBIH  (H3HUKa-
XUMHUSUIBIK JKOHE KaTaIWTHKAIBIK KacueTTepi 2-MeTWiHa(TaluH MEH AMOEH30THO(QEHHIH MOJIEIb/Ii
KOCHAChIH THApPIIEY pEeaKkUWsIChIHIA 3epTTeNi. 3epmmeyodiy Mmaxcamsl KaHa JKOHE pereHepanusulaHFaH
KaTalM3aTopiapablH KaCHETTEPIH CaJbICTBIPY, COHIAM-aK OJapAblH OCBI peakuusaarbl 3Q(eKTHBTLTIrH
Garanay Oomnmsl. Homuowcenep sicone manxvliay. Karanuzaropaapasiy GU3HUKa-XUMHSIIBIK CHITATTaMaTapbl
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PEHTTeHO(DOTONICKTPOHABIK CIIEKTPOCKOIIHS, CYTEK TEeMIIEpaTypalblK OarJapiaMalaHfaH CyTeriMeH
TOTBIKCBI3IaHy, A30TTHIH aJCOPOLUSI-IeCcOpOIUs OMICi KOHE TEPMOTPABUMETPUSIIBIK Taljlay apKbLIBI
3epTTeNii. 3epTTey HOTHXKECIH/AE KaTalU3aTOP/bIH aKTHBTUINH aHBIKTAWTBIH HUKEIb MEH MOJMOACH
OHBIH OCTiH/Ie HETi3iHeH OKCUATI koHe Cyab(UATI Kyiiae OoJaThiHBI aHBIKTAIIbL. TEeKCTYpasbIK Tanaay
KaTau3aTop/IblH JKaKChl JaMbIFaH ME30KEYEKTi KYPhUIBIMFa U €KCHIH JKOHE KEYeKTEeP/iH MOHOMOAAIIBIbI
TapadybIMEH CHUIIATTANaThIHBIH KepceTTi. KaraluTHKanblK peakiuss MEH pereHepalusaaH Keiin
TEKCTypaJIbIK KacHeTTepliH TeMeHzaeyi Oaiikanasl. Karanutukansik ceiHakrap 260°C Temneparypana, 6
MIla cyTek KbICBIMBIHIA JKOHE 5 cararT peakisi yakbIThl jkaraaiibinaa kyprizingi. XKana karanuzarop
TOPT PEAKIMSUIBIK LUK OOMBI TYPAKTHIFBIH CaKTaca, pereHepalisIaHFaH KaTalnnu3arop KeHiHri Y HUKIIe
JKOFapbl TYPAKTBUIBIK KopceTTi. Kopwimoinovl. Anbiaran natikenep Ni-Mo-Al-HMS-H-Gentonur
KaTaJlM3aTOPbIHBIH apOMAaTThl JKOHE KYKIPTKYpPaMIbl KOCBUIBICTAP/bl THAPIEY MPOLECTEpiHAe KOJAaHy
MYMKIHZITIHIH jKOFapbl €KeHiH JAJICIACHII.

Tyiiin ce3mep: ME30KEyeKTi aTFOMOCUIINKAT, aKTUBTCHAIPIITeH OCHTOHUT, OU(YHKIIMOHAIIBI
karanu3arop, Ni-Mo, Mozernb/ii Kocra

Ab6opacunosa Anvouna Kanamosna PhD
Bacununa I'yazupa Kaxcemypamosna Xumusi 2b1IbIMOGPLIHBIH KAHOUOAM bl
Aoounvouna Kamunna Manankuizol PhD
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INFLUENCE OF CEFAZOLIN LOADING ON THE STRUCTURE AND
INTERFACIAL ACTIVITY OF CHITOSAN-BASED NANOGELS
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Abstract: Chitosan-based nanogels are promising colloidal carriers for hydrophilic drugs de too
their biocompatibility, adjustable physicochemical properties, and mild preparation conditions. In this
study, cefazolin-loaded chitosan nanogels were prepared by ionic gelation using sodium tripolyphosphate
(TPP) as a crosslinker. The effect of drug incorporation on the colloidal characteristics and interfacial
behavior of the system was systematically evaluated. Freshly prepared blank and cefazolin-loaded
nanogels showed hydrodynamic diameters of about 210 nm and 285 nm, respectively. Both systems
exhibited positive zeta potential values above +25mV, indicating good electrostatic stability under acidic
conditions. The encapsulation efficiency of cefazolin, determined by an indirect UV-Vis method, was 48
+ 6%, confirming effective drug entrapment within the crosslinked polymer network. After dialysis to
remove low-weight impurities, purified dispersions were analyzed by dynamic surface tension
measurements using the pendant drop method. Blank nanogels gradually adsorbed at the air-water
interface, reducing surface tension from 71.8 to 67.4 mN/m ver time. In contrast, cefazoli-loaded nanogels
exhibited slower adsorption kinetics and a smaller decrease in surface tension, reahing equilibrium values
around 68.9mN/m.These differences are attributed to increased hydration and reduced mobility of
chitosan chains after drug incorporation. Overall, cefazolin encapsulation significantly modified the
interfacial adsorption behavior of chitosan nanogels while maintaining their colloidal stability. The results
provide insight into structure-property relationships relevant to aqueous and topical drug delivery
applications.

Kew words: chitosan nanogels, ionic gelation, cefazolin encapsulation, dynamic surface tension,
interfacial adsorption, colloidal stability
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1. Introduction

In recent years, chitosan-based nanostructured systems have attracted
considerable attention as promising carriers for drug delivery applications due to
their biodegradability, biocompatibility, mucoadhesive properties, and the
presence of reactive amino groups capable of electrostatic interactions. Chitosan,
a cationic polysaccharide derived from chitin, can readily form nanoscale gel
networks via physical or ionic crosslinking mechanisms, enabling efficient
encapsulation of hydrophilic therapeutic agents. [1]

Among various preparation techniques, ionic gelation has emerged as one of
the most widely used methods for the fabrication of chitosan nanogels owing to
its mild processing conditions and avoidance of toxic organic solvents [2,3]. This
method relies on electrostatic interactions between protonated amino groups of
chitosan and multivalent anions such as sodium tripolyphosphate (TPP), leading
to spontaneous formation of three-dimensional hydrogel networks at the
nanoscale. The resulting nanogels exhibit tunable physicochemical characteristics,
including particle size, surface charge, and swelling behavior, which can be
adjusted through formulation parameters such as polymer concentration,
crosslinker ratio, and pH [4,5].

Encapsulation of hydrophilic drugs within polymeric nanogels remains
challenging due to their tendency to partition into the aqueous phase during
nanoparticle formation [6]. However, chitosan — TPP nanogels providea suitable
matrix for physical entrapment of antibiotic molecules through a combination of
electrostatic interactions, hydrogen bonding, and steric confinement within the
crosslinked network [7].

Previous studies have demonstrated that loading of p — lactam antibiotics,
including cefazolin, into chitosan-based carriers can influence both structural
organization and colloidal stability of the resulting nanosystems. Drug
incorporation may induce partial rearrangement of polymer chains, leading to
increased hydrodynamic diameter and modification of surface charge due to
screening of protonated amino groups. These structural changes are particularly
important for applications involving aqueous or topical formulations, where
interfacial properties strongly affect spreading behavior, adhesion and drug
release kinetics [8].

Colloidal Stability and Electrostatic Interactions in Chitosan Nanogels

The colloidal stability of chitosan nanogels is governed primarily by
electrostatic repulsion arising from positively charged amino groups on the
polymer backbone. Zeta potential values exceeding +25 mV are generally
considered sufficient to maintain nanoscale dispersion stability under acidic
conditions. Nevertheless, incorporation of drug molecules or removal of low-
melecular-weight species may significantly alter the ionic environment of the
system and affect nanoparticle size distribution and surface charge [9].

Purification techniques such as dialysis are therefore frequently employed to
eliminate residual acetic acid, unreacted crosslinker or non-encapsulated drug
molecules. However, changes in ionic strength during purification may potentially
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induce structural rearrangements or aggregation in weakly crosslinked hydrogel
systems. For this reason, evaluation of nanogel properties before and after
purification is essential for assessing preservation of native colloidal structure
[10].

Interfacial Behavior of Polymeric Nanogels

Beyond bulk physicochemical properties, the interfacial behavior of
polymeric nanogels plays a critical role in determining their performance in
biomedical formulations. Unlike conventional molecular surfactants, nanogel
systems exhibit time-dependent adsorption at fluid interfaces, governed by
diffusion of nanoscale entities followed by conformational rearrangement of
polymer segments [11].

Recent studies have shown that chitosan-based nanoparticles and nanogels
may display moderate surface activity arising from partial exposure of
hydrophobic polymer domains at the air-water interface. This interfacial
adsorption can result in gradual reduction of surface tension over time, reflecting
slow structural relaxation processes rather than instantaneous interfacial coverage
[12].

Drug loading may further influence adsorption Kkinetics by increasing
hydration of the polymer network and restricting chain mobility through
intermolecular interactions. As a consequence, drug-loaded nonogels often exhibit
reduced interfacial responsiveness compared to blank systems. Understanding
these effects is particularly important for the rational design of aqueous and
topical drug delivery platforms, where predictable spreading and formulation
stability are required [13].

Based on the literature analysis presented above, it is evident that although
chitosan-based nanogels have been extensively investigated as drug delivery
systems, considerably less attention has been devoted to understanding how drug
incorporation affects their interfacial behavior and adsorption Kinetics. In
particular, the relationship between drug loading, nanogel structural organization
and dynamic surface activity remains insufficiently elucidated.

Therefore, the present study aims to systematically investigate the influence
of cefazolin incorporation on the colloidal characteristics and interfacial
properties of chitosan — TPP nanogels prepared by ionic gelation. Special
emphasis is placed on correlating particle size, surface charge, encapsulation
efficiency and adsorption kinetics at the air — water interface in order to clarify
structure — property relationships relevant to aqueous and topical pharmaceutical
formulations.

2. Materials and Methods

2.1 Materials

Chitosan (medium molecular weight, average molecular weight = 310 — 375
kDa, degree of deacetylation > 75%) was purchased from Sigma — Aldrich and
used as the polymeric matrix for nanogel preparation. Sodium tripolyphosphate
(TPP, > 98% purity) was obtained from Sigma — Aldrich and employed as the
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ionic crosslinking agent. Cefazolin sodium (assay 89.1 — 110.1%) was purchased
from Sigma — Aldrich and used as a model hydrophilic antibiotic. Acetic acid
(glacial, > 99.7% purity) was obtained from Sigma — Aldrich and used for the
preparation of chitosan solutions. Sodium hydroxide (NaOH, pellets, > 98%
purity) was purchased from Sigma — Aldrich and used for pH adjustment. All
chemicals were of analytical grade and used as received without further
purification. Deionized water was used throughout the experiments for the
preparation of all solutions and dispersions.

Dialysis membranes (using cellulose — based dialysis tubing membranes
(regenerated cellulose)) purchased from Sigma — Aldrich. The dialysis
membranes had a molecular weight cut — off (MWCO) of 10 — 14 kDa, allowing
efficient removal of low — molecular — weight species such as residual acetic acid,
free TPP and non — encapsulated cefazolin, while retaining the chitosan nanogels.

2.2 Preparation of chitosan nanogels

Blank chitosan nanogels (CS) were prepared using the ionic gelation method
with sodium tripolyphosphate (TPP) as the crosslinking agent. Briefly, chitosan
was dissolved in an aqueous acetic acid solution (1% v/v) to obtain a final
polymer concentration of 0.1% (w/v). the solution was magnetically stirred at
room temperature until a clear and homogeneous solution was obtained. The pH
of the chitosan solution was adjusted to approximately 5.0 using dilute NaOH
solution when necessary.

Separately, an aqueous solution of sodium tripolyphosphate (TPP) was
prepared at a concentration of 0.05% (w/v). the TPP solution was added dropwise
to the chitosan solution under continuous magnetic stirring at a constant stirring
rate, while maintaining the volume ratio of chitosan solution to TPP solution 5:1.
During the addition process, chitosan nanogels formed spontaneously due to
electrostatic interactions between the protonated amino groups of chitosan and the
negatively charged phosphate groups of TPP. After complete addition of TPP, the
resulting suspension was further stirred for 20 — 30 min at room temperature to
ensure stabilization of the nanogels. The obtained blank chitosan nanogels
exhibited a slightly opalescent appearance, indicating successful formation of
nanosized gel particles.

Cefazolin — loaded chitosan nanogels (CS — Cef) were prepared using the
same ionic gelation approach. Cefazolin sodium was dissolved separately in
deionized water to prepare a concentrated stock solution. An appropriate volume
of this stock solution was added to the chitosan solution under gentle stirring to
achieve the desired drug concentration, followed by stirring for 10 min to ensure
homogeneous distribution of the antibiotic within the polymer solution.
Subsequently, the aqueous TPP solution (0.05% w/v) was added dropwise to the
chitosan — to — TPP volume ratio of 5:1. Drug — loaded nanogels formed
spontaneously due to electrostatic interactions between chitosan and TPP, leading
to physical entrapment of cefazolin within the nanogel network. After complete
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addition of TPP, the suspension was stirred for an additional 20 — 30 min at room
temperature to allow stabilization of the nanogels.

Unless otherwise stated, freshly prepared CS and CS — Cef nanogels were
used directly for subsequent characterization and analysis.

2.3 Encapsulation efficiency of cefazolin

The encapsulation efficiency (EE%) of cefazolin in chitosan nanogels was
determined using an indirect UV — Vis spectrophotometric method. The CS — Cef
nanogel suspension was subjected to centrifugation to separate the nanogels from
the aqueous phase containing free (non — encapsulated) cefazolin. The supernatant
was carefully collected for analysis.

The concenteration of free cefazolin in the supernatant was quantified using
a UV — Vis spectrophotometer at the maximum absorption wavelength of
cefazolin, which was determined by scanning in the range of 200 — 400 nm. A
calibration curve was constructed using standard cefazolin solutions of known
concentrations prepared in deionized water.

To eliminate background interference from formulation components, the
supernatant obtained from blank chitosan nanogels (CS) processed under identical
conditions was used as the blank reference. The encapsulation efficiency was
calculated using the following equation:

(freeWtot,al - W)
t.ota.lW

where Wi — is the total amount of cefazolin initially added to the
formulation and Wi — is the amount of free cefazolin detected in the supernatant.

100 x = %EE

2.4 Purification of nanogels for interfacial analysis

To minimize the influence of unreacted low — molecular — weight species on
interfacial measurements, freshly prepared blank chitosan nanogels (CS) and
cefazolin — loaded chitosan nanogels (CS — Cef) were subjected to a mild
purification step prior to surface tension analysis. Purification was performed
using dialysis to remove residual acetic acid, free sodium tripolyphosphate (TPP)
and non — encapsulated cefazolin while preserving the native nanogel structure.

Briefly, nanogel dispersions were transferred into dialysis membranes with
an appropriate molecular weight cut — off (MWCQO) and dialyzed against
deionized water at room temperature. The external dialysis medium was replaced
several times to ensure efficient removal of diffusible components. After dialysis,
the purified nanogels were directly used for surface tension measurements and
complementary characterization.

Drying or powder formation of the nanogels was intentionally avoided.
Drying processes such as freeze — drying or spray — drying can induce irreversible
structural changes in chitosan — based nanogels, including aggregation, collapse
of the gel network and altered polymer chain conformation. Subsequent
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redispersion of dried nanogels may therefore not accurately reproduce the original
colloidal and interfacial properties of the freshly prepared system. Since the
primary objective of this study was to investigate the interfacial behavior of
chitosan nanogels in aqueous environments, purified nanogel dispersions were
used to preserve their intrinsic adsorption kinetics and surface activity.

2.5 Particle size and zeta potential measurements

The hydrodynamic diameter, polydispersity index (PDI) and zeta potential of
blank chitosan nanogels (CS) and cefazolin — loaded chitosan nanogels (CS —
Cef) were measured using dynamic light scattering (DLS) and electrophoretic
light scattering techniques.

To accurately reflect the native colloidal properties of the nanogels under
synthesis conditions, all particle size and zeta potential measurements were
performed on freshly prepared nanogel dispersions prior to any purification or
dialysis steps. This approach was adopted because changes in ionic strength, pH
or removal of counterions during purification can significantly alter the
electrostatic environment of chitosan — based nanogels and may lead to artificial
variations in particle size or surface charge.

Fresh nanogel dispersions were appropriately diluted with deionized water to
avoid multiple scattering effects prior to measurement. All measurement were
carried out at room temperature and each sample was analyzed in triplicate. The
reported values are presented as mean + standard deviation.

To verify that the purification procedure did not induce significant structural
alterations, selected samples were additionally characterized after dialysis and
compared with their freshly prepared counterparts. This comparison was
performed as a methodological validation step to confirm that the mild
purification process preserved the overall nanogel structure.

Dynamic light scattering (DLS) measurement were performed using a
Malvern Zetasizer Nano — ZS instrument (UK) equipped with a 4 mW He — Ne
laser (A = 633 nm) at a fixed backscattering angle of 173°, to determine the
hydrodynamic diameter of the nanogels.

Zeta potential measurement were carried out independently using a Nano —
flex analyzer (Particle Metrix, Germany) based on electrophoretic mobility
measurements, providing complementary assessment of surface charge
characteristics.

2.6 Dynamic surface tension measurements

Surface tension measurements were conducted at room temperature using a
tensiometry technique under controlled conditions. Prior to measurement, all
samples were gently mixed to ensure homogeneity while avoiding air bubble
formation. Dynamic surface tension was recorded as a function of time
immediately after formation of the air — liquid interface. Each measurement was
performed at least in triplicate and average values were reported.
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Surface tension measurements were performed using the conventional
pendant drop technique employing a tensiometer manufactured by KRUSS
(Hambrg, Germany). A stainless — steel needle with an internal diameter of 0.5
mm was used to form pendant droplets of the investigated liquids. The analysis
involved continuous image acquisition of the droplet profile, followed by digital
image processing and numerical fitting of the Young — Laplace equation to the
experimental drop shape, as described elsewhere [1].

3. Results and Discussi

3.1 Formation and visual characteristics of chitosan nanogels

The formation of chitosan nanogels was initially confirmed through visual
observation immediately after ionic gelation. Upon dropwise addition of sodium
tripolyphosphate (TPP) to the chitosan solution, the system gradually transitioned
from a clear solution to a slightly opalescent and homogeneous dispersion,
indicating the formation of nanoscale gel particles. No visible precipitation, phase
separation or macroscopic aggregation was observed, suggesting effective
electrostatic crosslinking between chitosan chains.

All observations were conducted at room temperature (25 + 1 °C) anf pH =
5.0, corresponding to the synthesis conditions of the chitosan — TPP system. Both
blank chitosan nanogels (CS) and cefazolin — loaded nanogels (CS — Cef)
remained visually stable without sedimentation for at least 24 h, demonstrating
adequate short — term colloidal stability for subsequent analyses. The slightly
increased turbidity observed for CS — Cef dispersions is attributed to drug
incorporation and associated polymer — drug interactions during gel formation.

The polymer concentration was fixed at 0.1 % (w/v) chitosan for all
formulations to ensure consistent and comparable preparation conditions.

3.2. Colloidal properties and effect of cefazolin loading

The hydrodynamic diameter, polydispersity index (PDI) and zeta potential of
freshly prepared nanogels were measured by dynamic light scattering a 25 °C and
pH =~ 5.0 (Table 1). Blank CS nanogels exhibited an average hydrodynamic
diameter of approximately 210 nm with a narrow size distribution (PDI < 0.30),
confirming successful formation of uniformly dispersed nanoscale particles.

Incorporation of cefazolin resulted in an increase in average particle size to
approximately 285 nm, accompanied by a moderate increase in PDI. This size
enlargement reflects drug incorporation within the chitosan — TPP network and
suggests partial swelling and rearrangement of polymer chains during ionic
gelation. Similar trends have been reported for hydrophilic drug — loaded chitosan
nanogels.

Both CS and CS — Cef nanogels exhibited positive zeta potentials exceeding
+25 mV, indicative of sufficient electrostatic stabilization under acidic conditions.
The reducted zeta potential observed for CS — Cef nanogels likely arises from
partial charge screening and specific interactions between cefazolin molecules
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and protonated amino groups of chitosan. Nevertheless, the surface charge
remained within a range suitable for maintaining colloidal stability.

Table 1 - Particle size, polydispersity index (PDI), and zeta potential of freshly prepared blank chitosan
nanogels (CS) and cefazolin-loaded chitosan nanogels (CS—Cef)

Sample Size (nm) PDI Zeta potential (mV)
CS 210+ 25 0.22 +0.04 +33+5
CS—Cef 285+ 35 0.30+0.05 +26+4

3.3 Encapsulation efficiency of cefazolin in chitosan nanogels

The encapsulation efficiency (EE %) of cefazolin was determined using an
indirect UV — Vis method by quantifying free drug in the supernatant at A = 270
nm. Measurements were conducted at 25 °C and pH = 5+.0. The encapsulation
efficiency was found to be approximately 48 =+ 6%, confirming effective
corporation of cefazolin into the nanogel matrix.

The moderate EE% is attributed to the hydrophilic nature of cefazolin and its
partial partitioning into the aqueous phase during gelation. Drug entrapment is
governed by a combination of electrostatic interactions and physical confinement
within the crosslinked polymer network. The obtained encapsulation efficiency is
sufficient for evaluating interfacial and colloidal behavior without excessive
polymer or crosslinker loading.

3.4 Influence of dialysis on nanogel colloidal stability

To assess whether the dialysis purification step affected the colloidal
characteristics of the nanogels, selected samples of blank chitosan nanogels (CS)
and cefazolin — loaded nanogels (CS — Cef) were characterized before and after
dialysis. Dialysis and subsequent measurements were conducted at room
temperature (25 °C) using agueous media at neutral pH, while preserving the
initial nanogel concentration. The hydrodynamic diameter and polydispersity
index were measured to evaluate potential changes in particle size distribution
induced by the purification process. A comparison of particle size before and after
dialysis is summarized in Table 2.

Following dialysis, both CS and CS — Cef nanogels retained their nanoscale
dimensions, with only minor variations in average particle size and PDI compared
to the freshly prepared dispersions. No evidence of severe aggregation or
macroscopic instability was observed after purification, indicating that the
dialysis procedure did not compromise that overall colloidal integrity of the
nanogels.

The slight changes observed in particle size and size distribution after
dialysis can be attributed to the removal of low — molecular — weight species,
such as residual acetic acid, free sodium tripolyphophate and non — encapsulated
cafazolin, which may influence the ionic environment or broadening of the size
distribution suggests that the chitosan — TPP network remained structurally intact
during dialysis.

58



KA3AKCTAHHBIH XUMUA )KYPHAJIbI XUMHYECKHUY XKXYPHAJI KA3AXCTAHA

These findings confirm that dialysis represents a mild and suitable
purification strategy for chitosan — based nanogels when the objective is to
eliminate small — molecule contaminants while preserving the native colloidal
structure. This validation step supports the use of dialyzed nanogel dispersions for
subsequent interfacial characterization, particularly dynamic surface tension
measurements, where the presence of residual low — molecular — weight species
could otherwise interfere with the interpretation of results.

Table 2 — Effect of dialysis on the hydrodynamic size and PDI of chitosan nanogels

Sample Size before dialysis (nm) Size after dialysis (nm) PDI after dialysis
CS 210+ 25 230 + 30 0.24 +£0.05
CS—Cef 285 + 35 305 + 40 0.32 +£0.06

3.5 Dynamic surface tension and adsorption kinetics at pH 5 and 25 °C

The dynamic surface tension behavior of deionized water, an aqueous
cefazolin solution (0.5 mg mL™), blank chitosan nanogels (CS) and cefazolin —
loaded chitosan nanogels (CS — Cef) was investigated at pH 5 and 25 °C to
elucidate adsorption kinetics at the air — water interface. The dynamic surface
tension profiles of the investigated systems are shown in Figure 1.

Deionized water exhibited a constant surface tension value of approximately
72 mN m™ throughout the measurement period, confirming the absence of surface
— active impurities. Similarly, the aqueous cefazolin solution (0.5 mg mL™)
showed negligible time — dependent variation in surface tension, indicating that
free cefazolin does not exhibit significant surface activity under the investigated
conditions.

In contrast, chitosan nanogel dispersions (prepared at a polymer
concentration of 0.1% wi/v chitosan) displayed a gradual decrease in surface
tension with time, reflecting adsorption and interfacial rearrangement of nanogel
— associated polymer segments. Blank CS nanogels showed a reduction in surface
tension from approximately 71.8 mN m™ to a plateau value of approximately 67.4
mN m' (Ay = 44 mN m"), with interfacial equilibrium reached after
approximately 25 — 30 min.

Cefazolin — loaded nanogels, containing cefazolin at an equivalent initial
concentration of 0.5 mg mL™, exhibited a similar qualitative trend but with
reduced magnitude and slower Kkinetics. The surface tension decreased from
approximately 72.0 mN m™ to a plateau value of approximately 68.9 mN m™ (Ay
~ 3.1 mN m™), with equilibrium reached after approximately 30-35 min.

The lower extent and slower rate of surface tension reduction observed for
CS — Cef nanogels can be attributed to increased hydration and reduced interfacial
mobility of chitosan segments following cefazolin incorporation. Importantly, the
negligible surface activity of free cefazolin at 0.5 mg mL™ confirms that the
observed changes originate from modifications in nanogel architecture rather than
direct adsorption of the antibiotic at the interface.
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Figure 1 — Dynamic surface tension profiles (y vs time) of deionized water (DI), free cefazolin solution
(Cef), blank chitosan nanogels (CS), and cefazolin-loaded chitosan nanogels (CS—Cef)

3.6 Interfacial adsorption and structural rearrangement mechanisms

The time — dependent surface tension profiles reveal that interfacial activity
of chitosan nanogels is governed by slow adsorption and structural rearrangement
rather than instantaneous surface coverage. For blank CS nanogels, gradual
surface tension reduction reflects diffusion of nanogel entities to the interface
followed by partial rearrangement of chitosan segments.

Cefazolin incorporation increases nanogel hydration and restricts polymer
segment mobility through electrostatic and hydrogen — bonding interactions,
resulting in reduced interfacial responsiveness. The negligible surface activity of
free cefazolin confirms that observed effects originate from drug — induced
changes in nanogel architecture rather than direct adsorption of the antibiotic.

3.7 Implications for aqueous and topical formulations

The controlled interfacial activity and preserved colloidal stability observed
for chitosan nanogels are advantageous for agueous and topical formulations.
Moderate surface tension reduction avoids surfactant — like behavior that could
destabilize formulations, while gradual interfacial adsorption may facilitate
uniform spreading on hydrated surfaces.

For drug — loaded systems, reduced interfacial activity and enhanced
hydration contribute to formulation robustness during storage and application.
Collectively, these properties support the suitability of chitosan nanogels as
carriers for agueous and topical delivery systems where predictable interfacial
behavior and colloidal stability are required.

4. Conclusion
In this work, cefazolin — loaded chitosan nanogels were successfully
prepared via ionic gelation using sodium tripolyphosphate as a crosslinking agent.
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The incorporation of cefazolin resulted in a measurable increase in hydrodynamic
diameter and a moderate reduction in zeta potential, while maintaining sufficient
electrostatic stabilization of the colloidal system under acidic conditions.

The encapsulation efficiency of approximately 48% confirmed effective
physical entrapment of the hydrophilic antibiotic within the crosslinked chitosan
network. Importantly, dialysis purification did not induce significant structural
destabilization, demonstrating that the nanogels retained their nanoscale
dimensions and colloidal integrity after removal of low — molecular — weight
species.

Dynamic surface tension measurements revealed that chitosan nanogels
exhibit time — dependent interfacial adsorption behavior characteristic of soft
polymeric colloids. Cefazolin incorporation led to blank nanogels. These finding
indicate that drug loading modifies polymer chain mobility and hydration within
the nanogel architecture, thereby altering interfacial responsiveness without
compromising dispersion stability.

Overall, the results demonstrate that drug incorporation behavior. The
established correlations between nanogel structure, drug loading and adsorption
Kinetics provide valuable insight for the rational design of chitosan — based
nanosystems intended for agueous and topical drug delivery applications where
controlled interfacial activity and predictable spreading behavior are required.
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BJIMSTHUE 3ATPY3KHW HE®A3OJUHA HA CTPYKTYPY U MEK®A3HYIO AKTUBHOCTD
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Pe3tome. Hanorenn Ha OCHOBE XHMTO3aHA MPEICTABISIOT COOOM MEPCIIEKTUBHBIC KOJUIOWIHBIC HOCHUTENH
UL THAPOQHMIBHBIX JIEKAPCTBEHHBIX CPEACTB Onaromaps WX OHOCOBMECTHMOCTH, PEryJIHPyeMbIM
(U3UKO-XUMHUYECKUM CBOMCTBAM M MSTKHM YCJIOBHSM IMOJyueHUs. B 1aHHO#N paboTe HaHOTENN XUTO3aHa
C BKIIOYEHHBIM 11€(a30JMHOM OBUTH TOJYYEHBl METOJOM HWOHHOM TeNISIUK C HCIOJIb30BAHUEM
tpumnonupochara narpust (TPP) B KauecTBe CIIMBAIOIIETO arcHTa. BinsiHie BKIIOYCHHS JIEKAPCTBEHHOTO
npenapara Ha KOJUIOWIHBIE XapaKTEPUCTHKH U MeXK(Pa3HOEe TMOBEAECHUE CHCTEMBI OBUIO CHCTEMATHYECKH
nu3ydeHo. CBEXKENPUIOTOBJICHHbIE MYCThle W HArpyXeHHble 1e(a30JIMHOM HAHOTeIH HMEJH
ruapofuHamMuueckue auamerpsl okono 210 M u 285 HM coorBercTBeHHO. OO0e CHCTEMBI
XapaKTepHU30BAKCh  IOJIOKHUTEILHBIMH  3HAYCHHSAMH JI3€Ta-MoTeHnuana Bbime +25 MB, uro
CBHICTENBCTBYET O XOPOMICH 3JIEKTPOCTATHYECKON CTAaOMIBHOCTH B KHCIOH cpeme. DhPEeKTHBHOCTD
HHKANCYJSINUK  1eda3onHa, omnpeneiéHHas KOCBEHHBIM MeToJoM YD —BHANMOU CIEKTPOCKOINH,
cocraBuna 48 + 6 %, uro moaTBepkaaeT 3G(HEKTHBHOE BKITFOUCHHE Mperapara B CIIATYO MOJHMEPHYIO
cetb. Ilocne auanusa [Uisi yaajdeHHss HU3KOMOJICKYJSIPHBIX MpPUMECEil OYMINEHHBIC AUCIIEPCHH ObLIH
HCCIIEA0BaHbl METOJOM JHHAMHUYECKOTO HM3MEpEHHs IOBEPXHOCTHOTO HATSDKCHHS C HCIIONB30BAaHUEM
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MeTo/1a BHCsueit Karumy. [lycTeie HaHOTeNM MOCTENEHHO aICOPOMPOBAIUCH HA TPAHHILE pa3Jiesia BO3LyX—
BOJIa, CHIDKasl TMOBEPXHOCTHOe HaTshkeHwe ¢ 71,8 no 67,4 MH/M co Bpemenem. B ominume or HuEX,
HaHorenu c 1e}a3oJMHOM JIEMOHCTPUPOBAIM 0ojiee MEJICHHYIHO KHHETHKY aJcopOLuu U MeHee
BBIP2)KEHHOE CHIKCHHE IOBEPXHOCTHOTO HATSDKCHHS, JOCTHIas PaBHOBECHBIX 3HauyeHHH okono 68,9
MH/M. BeisiBiieHHBIE pa3nuuusi OOBSICHSIOTCS TOBBILICHHOW THApaTalyeil 1 CHUKEHHOH MOJBIYKHOCTHIO
Leneil XuTo3aHa MOcie BKIIOYCHHUs Iperapara. B memoM uHKancyisiuus nedasonnHa CynieCTBEHHO
U3MEHSIET Mex(a3Hoe ajCcOpPOIHOHHOE IMOBEIACHHE HAHOTENICH XWTO3aHA, COXPAHSS WX KOJUIOMIHYIO
crabmibHOCTE. [loydeHHBIE Pe3yNbTaThl PACHIMPSIOT IPEJICTABICHHS O B3aUMOCBS3H CTPYKTYpHl U
CBOWCTB MOJMMEPHBIX HAHOTEJIEH, TPUMEHSEMbIX B BOIHBIX M TOMMYECKAX CHCTEMaX JOCTAaBKH JIEKapCTB.

KiioueBble cj10Ba: HAHOTENM XUTO3aHA, MOHHAS TEISLUS, WHKANCYISAIMS neda3oinHa, THHAMUIECKOS
[MOBEPXHOCTHOE HATsHKEHHE, MK (pa3Hast acopOLHsi, KOJUIOUIHAS CTAOUIBHOCTD.
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Tyiiingeme. XwuTo3aH Heri3iHIEri HaHOTeNbAEp OWOCOMKECTINIr, peTTENeTiH (U3UKA-XUMHSIIBIK
KacHeTTepi JKOHE OJKYMCaKk ally IIApTTapbIHbIH apKachlHIa THAPOGMIbII JOpUTK 3arTap YIIiH
MEePCIeKTUBANBI KOJUIOMATHIK TachIMalaymbuiap Oomsin TaObIIamsl. OCEl XKyMbIcTa Iedha30luHMEH
JKYKTEITeH XWTO3aH HaHorenbaepi Hartpuil Tpumonudocdarsin (TPP) alikacmansl OaiiaHBICTHIPYIIBI
areHT peTiHAe KOJIaHa OTBIPBIM, HOH/BIK TeJISILUs 9iciMeH anbHbl. JIopiik 3aTThl HIi3yIiH KYieHIH
KOJUIOUATBHIK CHIIaTTaManapsl MeH (a3aapalibik MiHe3-KYJIKbIHA ocepi kyheni Typae 3eprrenui. XKananan
IaifbIHnanFaH 60c xoHe Ieha3oMMHMEH JKYKTENTeH HaHOTeNbJICP/iH THAPOANHAMUKAIGIK JHAMETpIepi
coiikecinme mamame 210 M xone 285 Hm OGommpl. Exi kyite ne +25 mB-tan jxorapsl OH a3era-
MOTEHIMA]l MOHJECPIH KepceTTi, Oyl KBIMKBUI OpTaja >KaKChl JICKTPOCTATHKAIBIK TYPAKTHLIBIKTEI
Oinmipeni. Y®—kepiHETIH CIEKTPOCKONHUSHBIH JKaHaMa OIICIMCH aHBIKTAIFaH  Le(a30JuHHIH
MHKanCysus THiMaimri 48 + 6 % Kypam, npenaparThlH aikacHans! GaillaHBICKaH HOJMMMEpPIIK TOp
imrHAe THIMAI OEKITIAreHiH pacTafpl. TeMEH MOJEKyNalbl KOCHaxapasl JKOK VIIIH Jdaliu3
JKYPri3UIreéHHEH KeiiH Ta3apThUIFaH AUCHEPCUsUIap UIIHMEH TaMIIbl QICi apKbUIbl JUHAMHUKAJIBIK OETTiK
Kepimynl emmiey omiciMeH 3epTrenai. boc HaHorempaep aya—Cy IIeKapachlHIa  OipTiHzemn
aZIcOpOLMSIIaHbIN, YakKbIT oTe Keie Oerrik kepinyai 71,8-men 67,4 mH/M-re neitin Temenzaerti. Aun
neha3oIMHMEH KYKTEITeH HAaHOTeIbAEP aAcopOIHs KHHETUKACBIHBIH OasyIayblH XKoHE OCTTIK KepLIyaiH
a3may TOMEHJIEYiH KepCeTTi, Teme-TeHJIK MoHi mmamameH 68,9 MH/M  OGongel.  AHbIKTanraxn
allbIpMaIIBUIBIKTAp TIperapaT eHri3UIreHHeH KeiliH XUTO3aH Ti30eKTEepiHIH THIPATAMSICHIHBIH apTybIMEH
JKOHE  KOSFAIFBINITBIFBIHBIH ~ TOMEHJeyiMeH  Tycinaipinexi. Kammbsl  anranpma,  uedasonunai
MHKANCYJSIIUSIAYy XHMTO3aH HAHOTENbACPiHIH (asaapalblk aJCOpOLMACHIH eIdyip e3repTendi, Oipak
OJIapIbIH KOJUTOMITHIK TYPAKTBUIBIFBIH CAKTaN/Ibl. AJIBIHFAH HOTHKENEP Cy KOHE JKEPTUTIKTI 1opi KETKi3y
KyHenepiHae KoIJaHbUIATEIH HOJIMMEpIIiK HaHOTeIIbIEPAIH KYPhUIBIM—KacHeT OaiiilaHbICTaphIH TEPEHIPeK
TYCiHyTe MYMKIHIIIK Oepesi.
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STUDY OF THE SORPTION OF NI*, CO*, AND V* CATIONS IN A
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Abstract. Introduction. Cobalt, nickel, and vanadium are toxic heavy metals that can concentrate
and accumulate in soil, wastewater, groundwater, and even in the human body. One of the effective ways
to address these problems is the use of accessible adsorbents capable of purifying various types of water.
According to the analysis of literature data, the most suitable sorbents are natural and modified forms of
zeolites. The aim of the study was to investigate the sorption properties of nickel(ll), cobalt(ll), and
vanadium(1V) ions using the saturation method from aqueous solutions with zeolites modified by guar
gum. Results and discussion. The sorption efficiency of the modified zeolite in multimetal systems was
investigated, and it was established that the obtained sorbent simultaneously absorbs all cations. It was
shown that, unlike natural zeolite, a high degree of sorption by the modified zeolite is achieved both for a
cation with a fixed concentration and for one with a variable concentration. The degree of uptake of the
sorbed cations is determined by the combination of two cations with constant and equal contents and the
concentration of the variable cation. In all the studied systems, a high degree of cation sorption (from 75.0
to 99.5%, depending on the process conditions) occurs in the region with a low concentration of the
variable cation (0.5-10 mg/L). Conclusion. It was revealed that in multimetal systems competitive
adsorption of cations occurs. Series of sorption efficiency for the cations were obtained, as well as data on
the initiating influence of the variable cation—under conditions of its increased concentration—on the
sorption of other ions present in the system. In the system “Ni** — Co*" — V# — MPC — H.O” with variable
C(Co*") and saturated solutions, the Co?" cation initiates the sorption efficiency of the modified sorbent
toward V** and Ni** cations: RV (66.6%) > RCo (42.4%) > RNi (13.4%). With variable C(Ni**), the Ni**
cation increases the sorption efficiency of V#" and Co?" ions: RV (63.6%) > RCo (1.8%) > RNi (3.8%).

Keywords: modified zeolite, saturation method, sorption, cobalt, nickel, and vanadium cations.
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1. Introduction

At present, under conditions of increasing environmental pollution caused by
industrial waste, including drilling waste, the removal of heavy metal ions (Ni?*,
Co*, and V*) from drilling fluids has become particularly important.
Environmental contamination by heavy metals is recognized as one of the major
problems of ecology and public health.

Recent studies have shown that sorption purification not only provides
competitive removal efficiency compared with traditional chemical methods, but
also minimizes the environmental impact of the treatment process. The use of
advanced sorbents, often chemically modified, has further improved the removal
capacity for heavy metals such as lead, cadmium, and mercury. These advances
highlight the potential of sorption methods as a cornerstone of modern drilling
fluid treatment systems [1].

The choice of a purification method depends on specific operational and
environmental conditions. The integration of sorption processes offers a
promising approach to more sustainable and efficient management of drilling
fluids contaminated with heavy metals.

Each method for the removal of heavy metals has its own unique advantages
and disadvantages, which requires careful selection based on the specific
characteristics of wastewater and operational constraints. Chemical treatment
methods, including precipitation and oxidation, provide a high degree of
purification but often produce hazardous sludge that requires further treatment.

Cobalt, nickel, and vanadium are toxic heavy metals that can concentrate and
accumulate in soil, wastewater, groundwater, and even in the human body.

The sorption removal of heavy metals from drilling fluids is based on the
interaction of physicochemical mechanisms, including adsorption, absorption, ion
exchange, surface complexation, and precipitation. Adsorption, the predominant
mechanism, occurs through electrostatic interactions, van der Waals forces, or
chemical bonding between metal ions and functional groups on the sorbent
surface (e.g., hydroxyl, carboxyl, or amino groups) [2]. Absorption, although less
common in solid sorbents, is important for polymeric materials where metals
diffuse into the sorbent matrix.

lon exchange plays a crucial role for aluminosilicate sorbents such as
zeolites, where metal cations replace exchangeable ions (e.g., Na*, Ca?") within
their porous structures. Surface complexation predominates in oxide-based
sorbents (e.g., iron oxides), where metals form coordination bonds with surface
hydroxy! groups [3]. Studies of adsorption toward metal cations on zeolites with
deposited organic layers have suggested [4,5] that the movement of molecules in
the inner sphere is coordinated by the zeolite’s own pore system.

In study [6], the adsorption of Cu(ll), Cd(ll), and Pb(ll) from aqueous
solution onto a methyl methacrylate—Na-Y zeolite composite (MMA-Na-Y
zeolite) was analyzed depending on pH, contact time, initial concentration of
metal cations, adsorbent dosage, and temperature.
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The removal of copper, nickel, cobalt, and iron ions from water resources in
the concentration range of 0.5-3.5 mg-eq/dm?® using natural zeolite from the
Yagodninskoye deposit in the Kamchatka region was experimentally studied [7].
The results show that natural zeolite can be used as an effective sorbent for the
extraction of Cu(ll), Ni(IT), Co(ll), and Fe(ll) ions from contaminated water.

The adsorption activity of zeolites from the Kholinskoye deposit toward
copper, zinc, and chromium ions was investigated [8], demonstrating the potential
of such materials for wastewater treatment from these ions.

One of the effective ways to solve these problems is the use of accessible
adsorbents capable of providing the required degree of wastewater purification.
These include adsorption technologies based on synthetic, natural, and modified
zeolites [9, 10]. According to the analysis of literature data, the application of
sorption methods for the treatment of drilling fluids using natural and readily
available sorbents capable of reducing the concentration of heavy metals is the
most suitable approach. Natural zeolite, significant reserves of which are
available in Kazakhstan, largely meets these requirements.

As is known, natural zeolite is characterized by less effective sorption
properties compared with synthetic ion-exchange resins. This disadvantage is
compensated by the good response of natural zeolite to modification processes.
There are various methods for modifying natural aluminosilicates: mechanical,
thermal, and chemical modification, which includes acid and alkaline activation,
modification with inorganic and organic compounds, and combined activation
methods.

Currently, promising modifiers include accessible, inexpensive, natural, and
non-toxic organic compounds that possess functional hydroxyl and amino groups
active in sorption processes, such as guar gum. This modifier is an inexpensive
natural biopolymer with functional hydroxyl and CH: groups that participate in
the sorption processes of cations.

It should be noted that the scientific literature provides insufficient
information on sorption processes for the removal of common pollutants such as
Ni(ll), Co(ll), and V(IV) cations using natural zeolite and its modified
polysaccharide forms, especially for environmental purification processes under
conditions of their simultaneous presence.

The necessity to improve the sorption characteristics of natural zeolite was
experimentally substantiated, since the degree of sorption even in systems
containing one metal cation does not exceed 75%, and in multi-metal systems
Rsorb. of a competing cation is no more than (60-65)%.

The sorption of heavy metals (Ni**, Co*, V*) by a guar gum-modified
zeolite in single- and multi-metal systems is studied for the first time. The
modified zeolite is shown to be an effective sorbent, and sorption efficiency series
for cations in multi-metal systems are obtained.

The aim of this study was to investigate the sorption properties of nickel(ll),
cobalt(ll), and vanadium(lV) ions using the saturation method from aqueous
solutions with zeolites modified by guar gum.
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2. Experimental part

Experiments to determine the sorption characteristics were carried out at
room temperature. The preparation of the modified zeolite was performed as
follows: natural zeolite was mixed with a guar gum solution at a solid-to-liquid
ratio of 1:100 for 10 hours. The precipitate was then separated and dried at 50 °C.
The dried samples of the modified zeolite were placed in conical flasks, and
model solutions with various concentrations were added. Each test was repeated
twice.The margin of error of experimental data is 0.1-1%.

For the preparation of model solutions, the following salts were used: nickel
sulfate NiSO4+7H20, cobalt sulfate CoSO4+7H.0O, and vanadium sulfate
VOSO4+3H:0 dissolved in H.O. To eliminate the influence of impurities, the
sorption of divalent and tetravalent cations of nickel, cobalt, and vanadium was
studied in the model system “Ni**, Co**, V4" — H.O — modified zeolite.”

Sorption of nickel(ll), cobalt(Il), and vanadium(IV) cations was carried out
at a constant zeolite-to-solution ratio (solid-to-liquid, 10:100) and equal
concentrations of the sorbed cations. The concentrations of nickel, cobalt, and
vanadium cations in the solutions were determined using atomic emission
spectroscopy.

3. Results and Discussion

The table presents the main sorption characteristics of the resulting sorbent
compared to the natural zeolite. The results show that all sorption characteristics
of the modified zeolite are higher than those of the PC. For the modified zeolite,
SEC cat is 15 times higher, SECan is 85.6 times higher, TSC is 9.7 times higher,
and TPV is 77 times higher than those of the natural zeolite.

Table - Sorption Characteristics of Modified and Natural Zeolites

TPV, glcm?® TSC, g/lem® SECca, mg-eq/g SEC.n, mg-eq/g
Modified zeolite

1.814 | 35.44 | 14.896 | 42.658
Natural zeolite

0.0235 | 3.67 | 0.997 | 0.4985

The sorption properties of natural zeolite modified with guar gum were
studied in the system “Ni>* — Co*" — V* — modified zeolite — H.O” under
conditions similar to those for sorption of these cations by natural zeolite, where
the concentrations of two cations were equal and constant, and the concentration
of the third component varied from 0.5 to 500 mg/L.

The sorption curves in all studied systems exhibit a wavelike pattern (Figures
1-3), in contrast to those observed for natural zeolite [12]. Furthermore, the
highest degree of sorption by the modified zeolite was observed for all sorbed
cations in low-concentration solutions, from 0.5 to 1.0 mg/L for the cation with
variable concentration.
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Figure 1 — Influence of vanadium (V) cation concentration on the extraction efficiency of cations by
the modified zeolite in the system “Ni** — Co?* — V*" — modified zeolite — H.0”

Regardless of the sorption conditions, as the concentration of the variable
cation increases, the sorption degree (R.«:b) of all sorbed cations decreases.
Moreover, unlike natural zeolite, its modified form exhibits high sorption capacity
for cations with both constant and variable concentrations, simultaneously
absorbing both cations.

In the first scenario, where C(Ni, Co) = 0.5 mg/L (constant) and C(V) is the
variable factor, the modified zeolite shows preferential sorption toward Co?
(Rsorb = 90.0%) and V** (Rso:b = 85.16%), while the sorption degree of Ni** is
44.8% (Figure 1).

The appearance of a weak maximum on the Co(ll) sorption curve at C(V) =
50 mg/L (RCo = 25%), as well as more pronounced maxima at C(V) = 30 and 100
mg/L on the Ni** sorption curve (RNi = 31.7% and 21.0%), is associated with
partial desorption processes. From 200 mg/L onward, the dependence of R for
Co?*" and V* on the concentration of V4" becomes approximately linear, and Ry.:b
fluctuates slightly (3.0-7.2%).

The sorption degrees of the cations can be ranked as: RCo > RV > RNi.

In the second scenario, where CNi = CV and the concentration of Co?* is
variable (Figure 2), the shape of the sorption curves is somewhat simplified
compared to the system described above (Figure 1).
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Figure 2 — Influence of cobalt (1) cation concentration on the extraction efficiency of cations by the
modified zeolite in the system “Ni** — Co** — V* — modified zeolite — H.0”

In the sorption curves, no maxima are observed for nickel(ll) and
vanadium(lV) cations, while the cobalt(ll) sorption curve exhibits a single
pronounced maximum at Cc, = 100 mg/L. The modified zeolite demonstrates
preferential sorption toward Ni?* at constant nickel concentration (Rni = 86.24%)
and for variable Co?" concentration (RCo = 88.6%) in the cobalt(Il) concentration
range of 0.5-1.0 mg/L, while RV ranges from 37.8 to 39.8%.

Starting from Cco = 30 mg/L, the sorption degree of vanadium(lV) cations
increases, reaching 66.6% at Cc, = 500 mg/L, which is 26.8-28.8% higher than in
the low-concentration range of Co?". For the Co?' sorption curve (variable),
starting from 100 mg/L, R also increases with increasing Cco, reaching 42.4%
at 500 mg/L. Meanwhile, the sorption curve of Ni?* decreases, and Rni drops to
13.4% at 500 mg/L cobalt(ll). In this case, cobalt cations initiate the sorption
process of vanadium cations, while a decrease in vanadium concentration, in turn,
stimulates the sorption of cobalt cations.

The amount of sorbed Co?*" at its concentrations of 400 and 500 mg/L is 105
and 212 mg/L, respectively, whereas for natural zeolite under the same conditions
it is 99 and 95 mg/L (Figure 1). In this system, at low cobalt concentrations, the
sorption ranking is Rco > Rni > Ry, whereas in saturated solutions it changes to
RV > RCo > RNi.

In the third scenario, according to the data shown in Figure 3, in the system
“Ni** — Co*" — V# — modified zeolite — H.O” with Cco = Cv = const and variable
Chi, the curves are further simplified compared to the previous scenario (Figure
2). As Cy; increases from 0.5 to 30 mg/L, the sorption degree of Co*" and V**
sharply decreases; with further increase in Cyi, its sorption gradually decreases,
while Co?" sorption slightly increases and then decreases again at 300 mg/L Ni**.
The V** sorption curve, in contrast, rises with increasing Chi.
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Figure 3 — Influence of nickel (1) cation concentration on the extraction efficiency of cations by the
modified zeolite in the system “Ni** — Co** — V* — modified zeolite — H.0”

In the low Ni** concentration range, the modified zeolite demonstrates
preferential sorption for Ni** (Reb = 95.2%) and Co** (RCo = 84.5%), while RV
under these conditions does not exceed 42.2-43.8%. Starting from 10-30 mg/L
Ni**, the sorption degree of vanadium(IV) increases from 44.8% to 63.6%,
whereas RCo and RNi sharply decrease and continue to decline with further
increases in CNi.

Thus, the modified zeolite acts as an effective sorbent for Ni** and Co?
cations (RNi > RCo > RV) in solutions with low nickel(ll) concentrations, while
in nickel-saturated solutions it is more effective for V** cations, where RV > RCo
> RNi.

4. Conclusion

The sorption efficiency of a modified guar gum zeolite on multiple metal
components was studied. It was found that the resulting sorbent consistently
controls all cations (Ni**, Co?*’, V*"). The degree of cation distribution is
determined by the combination of two cations with constant and equal
concentrations and the concentration of a variable cation.

In all experimental studies, high cation sorption (75.0-99.5%) was observed,
depending on low concentrations of the variable cation (0.5-10 mg/L).

Competitive adsorption of cations was revealed, cation sorption efficiency
series were obtained, and data were provided on the onset of the variable cation's
existence under conditions of its high concentration on the sorption of other ions
present in the system. With variable C(Ni**), the Ni** cation increases the
efficiency of sorption of V# and Co*" ions: RV (63.6%) > RCo (1.8%) > RNi
(3.8%). The results of the studies using the modified sorbent showed the
possibility of using the modified zeolite to purify wastewater from metallurgical
production from heavy metal ions, including nickel, cobalt and vanadium.
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MOJIUPUKAIUAJIAHFAH IIEOJIUT APKBLJIBI YIII KOMIIOHEHTTI KYWEE
N, Co%, V¥ KATUOHJIAPBIHBbIH COPBLUSICBIH 3EPTTEY

P.O. Kauiwwinbaega, I'.1l. Cynmanébaesa, P.M. Uepuaxosa', O.7K. Kycinbexos
O.b. Bekmypos amuvlnoazbl Xumust bLILIMOApblL uncmumymet, Aimamol, Kazaxcman

Tyiiingeme. Kipicne. KobanbT, HUKeIb XOHE BaHAAWIT - YJIbI ayblp METAJAAp, OJIap TOIMBIPAKTA, aFbIH/IbI
cyJiap/a, »ep acThl CyJapblHIa JKOHE TINTI ajaM ar3achlHa IIOFBIPJIAHBII, JKHHAIYBl MYMKiH. By
Mocenenepai mwenrygiH 0ip THIMII KOJBI - SPTYPIi Cy TYpJepiH Ta3apTyra KaOLIeTTi OHall KOJDKETiMJi
aacopOeHTTepni maiinanany. ©One0u MIONyFa COMKeC, €H KOJaiabl COpOeHTTep - TaOuFu IKOHE
MOAUGMDUKALMAIAHFAH  ICONUTTEp. Kymbicmbly — Mmakcamvl Tyap — IIaWBIPBIMEH  TYPJICHIIpLIreH
LEOJIUTTEPMEH CYyJIbl epiTiHaiiepaeH Kaubeiry oficimeH nukenb (II), xobamsr (II) sxone Banammii (IV)
HOHJIAPBIHBIH COPOLMSUIBIK KAaCHETTEpiH 3epTrey. Homuowcenep men nixipmanac. MomudukanusiiaHran
LEOJIUTTIH KOIMETaIbl JKyHelepiHaeri copOLMsIbIK THIMALTIT 3epTTEIIl JKOHE aJlbIHFaH copOeHT Oip
Me3riyiie OapiblK KaTHOHIAP/bl aACOPOLMSIIAUTBIHBI aHBIKTAN/Ibl. TaOUFH LEONUTTEH albIPMAIIbUIBIFDI,
MOTU(pHUKAMSIAHFAH [EONUTTIH JKOFApPhl [OPEeXKeaeri COpOIMsIChIHA TYPAKThI JKOHE AaWHBIMAIBI
KOHIICHTPALMsUIBl KaTHOHJAAp YIIIH KOJDKETIMALUIIN KepceTuireH. AJcopOuusuiaHFaH KaTHOHIAP/bIH
copOuusi 1opexeci aliHbIMalIbl KaTHOHHBIH TYPAKThl JKOHE TEH MOJILIePTIi KOHLEHTpAUUsChl 0ap exi
KaTHOHHBIH TIPKECIMIMEH aHBIKTANIA/Ibl. 3ePTTEITeH OapJIbIK XKyHenepae KaTuOoH COPOIMCHIHBIH JKOFaphl
JIopeskeci, Tpolece KaraaiiapbiHa OainanbicTel 75.0-1eH 99.5%-Fa neiliH, TOMEH ailHpIMalibl KaTHOH
KoHIeHTpanuschl aiimarbiaaa (0.5-10 mr/m) opeiH anagsl. Kopoimwsinowl. KenMeraael sxyienepae
KaTHOHAAP/BIH Oocekere KaOUIETTI aacOpOIMsCHl AHBIKTAIIBI JKOHE KATHOHIAP YIIIH COPOIMSUIBIK
TUIMILTIK KaTapiapbl, COHIal-aK JKOFapbl KOHICHTpAIMsAarbl aifHbIMalbl KaTHOHIAp )KyieciHae Oacka
HOHJAp/IbIH COPOLMACHIHA 6acTaMalIBUILIK dCepi Typasbl AepekTep anbiHabl. AlinbiMansl C(Co?t) xoHe
KaHEIKKaH epitinginepi 6ap Ni' — Co? — V¥-MTII-H-0 xyitecinge Co®" KaTHOHBI MOIM(UKAIUANAHFAH
copbeHTTiH THiMAimrin V4 sxone Ni*' karmoHaapblHa Kapail 0achIMABUIBIK kepceTeni: Rv (66.6%)>Rco
(42.4%)>RNi (13.4%). Ni*' xatnonsnb C(Ni?) aitupiManbicbiven V4 sxkone Co?” HOHIAapBIHBIH COPOLHS
trimaiiri apragei: RV (63.6%) > RCo (1.8%) > RNi (3.8%).

Tyiiin ce3mep: TaOUFN HEONNT, KAHBIKTBIPY 9J1iCi, COPOIHMs, KOOAIBT, HUKEIb )KOHE BaHAINN KaTHOHIAPbI

Cynmanoaesa I'uma Illamunxuize Texnuxa evlbimMoapvl KaHOUOambl
Kaiivinoaesa Paywan Onivexkpizol Texnuxa evlibimMoapvl KaHOUOamsl
Yepnuaroea Pauca Muxaiinoena Texnuxa evinbimoapsl 0OKMopbl
Kycinoexoe Omipsax Kymacwinynv Texnuxa evinbimoapsl 0OKMopbl

M3YYEHHUE COPBLIUA KATHOHOB Ni%, Co?, V¥ B TPEXKOMIIOHEHTHOM CUCTEME
MOAUP®UIIMPOBAHHBIM HEOJIMTOM

P.A.Kanvinoaesa, I' I11. Cynmanéaesa, P.M. Yepnaxoea, Y.7K. /[rcycunoexos
AO Unucmumym xumuueckux nayxk um.A.b.Bekmyposa, Anmamul, Kazaxcman

Pe3tome. Bgedenue. KobanbT, HUKENb U BaHAAWA — TOKCHYHBIC TSDKEJIbIE METAJUIBI, KOTOPHIE MOTYT
KOHIICHTPHPOBATHCS U HAKAIIMBAThCS B TIOYBE, CTOYHBIX BOJAX, TPYHTOBBIX BOJAX U JaXXe B OpraHU3Me
yenoBeka. OAHUM M3 3(QQPEKTUBHBIX CIIOCOOOB PEUICHHUs STHX MPOOJEeM SBISETCS HCIIOJIb30BaHUE
JOCTYIHBIX aJICOPOEHTOB, CIOCOOHBIX OOECHEYHTh OYHCTKY pa3iIM4YHBIX Box. CorylacHO aHaum3y
JIUTEPATYPHBIX  JAHHBIX  Hamboyiee  TMOAXOMAIIMMH  COpOEHTaMH  SIBISIOTCS — NPUPOIHBIE |
MOJIU(HUIMPOBAaHHBIE (OPMBI LEONUTOB. [Jenvro pabomsl SBISIIOCH W3ydeHHWE COPOLMOHHBIX CBOMCTB
nonos Hukens(1l), kobanbra(ll) u Banaxus (IV) METOIOM HACHINICHHUS U3 BOJHBIX PACTBOPOB IIEOIHTAMH,
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MOTU(PHUIUPOBAHHBIMU TyapoBOW Kamenbto. Pezyavmamsl u obcyscoenue. Vccnenopana copOLUOHHAS
3¢ dexTBHOCT, MOIU(UIMPOBAHHOTO I1I€OJIUTa B MHOTOMETAJIbHBIX CHUCTEMaxX M YCTAHOBIEHO, 4YTO
MIOJIy4CHHBI COPOCHT OJHOBPEMEHHO IIOIVIOMIAeT BCE KAaTHOHBL [lokasaHO, YTO B OTIMYHE OT
MIPUPOIHOTO IIEOJINTA, BBICOKAsH CTEHECHb COPOLMU MOAN(DUIIMPOBAHHBIM IEOJIUTOM JOCTUTAThCS KaK JUlst
KaTHOHA ¢ (DMKCHPOBAHHOM, TaK U C MEpPeMEeHHON KoHIeHTpauue. CTeneHp MOrJIOUIeHHsI COPOHPYEMBIX
KaTHOHOB OIpeJesseTcss KOMOMHAIMEeH ABYX KAaTHOHOB C TOCTOSIHHBIM H PaBHBIM COJCPXKAaHHEM U
KOHIICHTpaIMeil epEeMEHHOTr0 KaTHOHa. Bo BceX HCCIeoyeMbIX CHCTEMaxX BBICOKAs CTENEHb COpOLHH
katuoHOB oT 75.0 mo 99.5 %B 3aBHCMMOCTH OT YCIOBHH IIpolecca TNPHUXOAWTCS HA
HU3KOKOHIIEHTPHPOBAHHYIO 10 NEepeMEHHOMY KaTuoHy o6iacth (0.5-10 mr/m). 3axarouenue. BpisBieHo,
YTO B MHOTOMETAJbHBIX CHUCTEMax IMPOTEKAeT KOHKYPEHTHasl aJCopOLHsi KATHOHOB W IIOIYYCHBI PSiIbI
cOpOLMOHHON 3((PEKTUBHOCTH KATHOHOB, a TAKXKE JaHHbIC 00 MHUIMUPYIOMIEM BIUSHUHM HEPEMEHHOIO
KaTHOHA B YCJIOBUSIX €TI0 TOBBIIICHHON KOHIEHTPALMK Ha COPOLIMIO APYTUX NPUCYTCTBYIOLINX B CUCTEME
nonos. B cucreme «Ni?' — Co?" — V¥~ MITL-H.0» ¢ nepemennoii C(Co?") U HACHIIEHHBIX PACTBOPAX
kartron Co? ununuupyercs 3¢pdekTuBHOCT, MOAU(UIMPOBaHHOro copOenTa K katuoHam V4 u Ni?: Ry
(66.6 %)>Rco (42.4 %)>Rni (13.4 %). Tlpu nepemennoit C(Ni*) katnon Ni? nossimaercst 53peKTHBHOCTS
cop6uuu nonos V4 u Co* Ry (63.6 %) > Rco (1.8 %)> Rni (3.8 %).

KiroueBbie ciioBa: MOZ[H(bHHHpOBaHHBIﬁ COJUT, MCTOA HACBIIICHUSA, COpGLH/Iﬂ, KaTHOHBI KOOaJibTa 5
HHUKCJIA U BaHA UL

Kainvinoaesa Paywan Anubexosna Kanouoam mexnuueckux Hayx
Cynmanéaesa I'uma Illamunvesna Kanouoam mexnuyveckux nayx
Yepnuaroea Pauca Muxaiinoena Jlokmop mexnuueckux Hayk, npogheccop

Jocycunbexos Ymupsak Kymacunoeuu Axademux Hayuonanonoti axademuu nayk Pecnyonuxu
Kazaxcman, npogeccop, 0okmop mexruueckux HayK
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STUDY OF THE SORPTION CHARACTERISTICS OF
MODIFIED ZEOLITE
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Abstract. Introduction.Contaminated industrial wastewater contains carcinogenic metals that
negatively affect human health. Research in the field of purification of liquid media polluted with heavy
metals focuses on the use of efficient, accessible, inexpensive, and environmentally friendly sorbents and
sorption materials based on natural raw materials, in particular zeolite. Natural zeolites from different
deposits vary in their mineralogical composition andare characterized by less effective sorption properties
compared to synthetic sorbents. To improve the sorption characteristics, an inexpensive modifier guar
gum has been selected. The aim of the work. Modification of natural zeolite with guar gum by the
precipitation method and determination of the optimal conditions under which the highest sorption
characteristics are achieved. Results and discussion. Study of the effect of guar gum consumption on the
properties of modified zeolite showed that with an increase in the amount of modifier, the static exchange
capacity (SEC) of the cation exchanger sharply decreases. The optimal stirring time for obtaining the
modified sorbent was found to be 10 hours, at which the maximum SEC value of the cation exchanger
reaches 1398 mg-eq/g. Investigation of the effect of stirring temperature showed that in the range from
25°C to 75°C, the sorption characteristics of the composite sorbent change insignificantly. An increase in
the drying temperature to 100°C leads to an improvement in the sorption characteristics of the sorbent,
especially with respect to the sorption of cations. Conclusion. The conditions for modifying natural
zeolite with a natural polysaccharide (guar gum) by the precipitation method have been studied. Optimal
conditions for the modification process have been determined, and a new sorbent has been obtained in
which the cation exchange capacity, anion exchange capacity, overall exchange capacity, and total
sorption capacity are 15 times, 85.6 times, 9.7 times, and 77 times higher, respectively, compared to
natural zeolite.

Keywords: natural zeolite, zeolite modification, guar gum, static exchange capacity, total pore
volume, overall sorption capacity
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1. Introduction

The main sources of heavy metals are liquid wastes from the chemical,
metallurgical, oil extraction and refining, pharmaceutical, and other industries
[1,2].

At present, research in the field of purification of liquid media contaminated
with heavy metals is highly relevant, particularly using efficient, accessible,
inexpensive, and environmentally friendly sorbents and sorption materials based
on natural raw materials. Natural zeolite meets these requirements to a
considerable extent, and significant reserves of it are available in Kazakhstan. It
should be noted that natural zeolites from different deposits vary in their
mineralogical composition, as well as in the content of the main component—
clinoptilolite,which determines their sorption characteristics. Natural zeolite is
characterized by less effective sorption properties compared, for example, with
synthetic ion-exchange resins. However, this drawback is compensated by the
good responsiveness of natural zeolite to modification processes.

To improve the sorption characteristics, a suitable low-cost modifier of
natural origin—guar gumwas selected.

Guar gum is a polymeric compound classified as a polysaccharide,
containing functional hydroxyl and CH: groups, with mannose and galactose
units. It has sufficient rigidity and enhanced elasticity, is well soluble in water,
exhibits good stability, and has a tendency to form structured gels [3-7].

2. Experimental part

The experiments were carried out using natural zeolite from the Shankanai
deposit (Almaty, Kazakhstan) with the following mass composition: 1.38% K-O;
0.95% Naz0; 0.16% Fe20s; 10.81% AlOs; 2.32% CaO; 0.93% MgO; 65.28%
Si02; 18.5% loss on ignition. The main sorption properties of the zeolite are as
follows: static exchange capacity for cations — 0.997 mg-eq/g, static exchange
capacity for anions — 0.4985 mg-eq/g, total pore volume — 0.07 cm?/g.

The modification of natural zeolite was carried out as follows: natural zeolite
with a particle size of 1-1.5 mm and guar gum were added to distilled water. The
resulting mixture was stirred, after which the solid phase was separated from the
liquid phase by filtration, and the obtained solid sorbent was dried.

The sorption characteristics of the sorbent are significantly influenced by the
ratio of the initial components, mixing time, mixing temperature, drying
temperature and time, and zeolite consumption. The influence of these factors on
the modification process of natural zeolite with guar gum was studied using a
one-factor-at-a-time method.

Methods for determining the parameters of the porous structure of adsorbents
were applied. The main sorption characteristics were determined according to
standard methods [8, 9].
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3. Results and discussion

The results of studying the effect of guar gum consumption on the properties
of modified zeolite, presented in Table 1, showed that with an increase in the
amount of modifier (guar gum), the static exchange capacity (SEC) of the cation
exchanger sharply decreases.

Table 1 — Effect of guar gum consumption on the properties of modified zeolite

Experiment Consumption SEC,mg-eq/g TSC, mg- | TPV, g/cm®
number of GKam, g cation exchanger | anion exchanger | €d/g

1 0.1 25.54 10.9 60.57 0.3022

2 0.2 5.73 17.83 65.09 0.0384

3 0.3 6.87 26.52 69.43 0.3208

4 0.5 5.92 26.57 70.82 0.3594

5 0.7 4.89 30.21 66.85 0.7668

Thus, at a guar gum consumption of 0.2 g (Experiment 2), the static
exchange capacity (SEC) of the cation exchanger decreases by 4.5 times
compared to Experiment 1. The static exchange capacity of the anion exchanger
increases by 2.4-2.7 times when the amount of guar gum is increased from 0.1 to
0.7 g. Increasing the amount of guar gum from 0.1 to 0.7 g leads to a 2.5-fold
increase in its overall sorption capacity compared to the standard for guar gum.
The change in overall sorption capacity relative to the standard reaches an
extremum, with a maximum at 0.5 g of guar gum (Experiment 4).

The total pore volume (TPV) changes only slightly from Experiment 1 to 4,
increasing 2.5 times at a guar gum consumption of 0.7 g. Since the sorbent is
intended for the sorption of heavy metal cations, a guar gum concentration was
selected at which the SEC of the cation exchanger is maximized, i.e., 0.1 g.

The study of the effect of mixing time on the properties of the sorbent (Table
2) showed that increasing the mixing time affects the static exchange capacity
(SEC) of the cation and anion exchangers, the overall sorption capacity (OSC),
and the TPV.

Specifically, when the mixing time is increased from 2 to 10 hours
(Experiments 1-3), the SEC of the cation exchanger significantly increases—from
0.299 to 1.398 mg-eq/g, i.e., by 4.7 times. This indicates a more complete
activation of the sorbent due to the extended contact time of the components.
However, further increasing the mixing time to 15 hours (Experiment 4) leads to a
decrease in SEC to 1.098 mg-eq/g, which may be associated with the onset of
sorbent structure degradation or reduced accessibility of active sites.

The SEC of the anion exchanger changes only slightly, ranging from 14.569
to 15.293 mg-eqg/g. The total sorption capacity increases from 68.217 to 73.939
mg-eqg/g when the mixing time is increased up to 10 hours, after which it
decreases to 66.575 mg-eq/g at 15 hours, demonstrating an extremal behavior
with a maximum at 10 hours. The TPV varies slightly, from 0.8612 to 0.9387
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cm?/g. The highest value is observed at the shortest mixing time (Experiment 1),
after which the volume gradually decreases. Since the sorbent is primarily used
for the sorption of heavy metal cations, the optimal mixing time is 10 hours
(Experiment 3), at which the maximum SEC of the cation exchanger—1.398 mg-
eq/gis achieved.

Table 2 — Effect of mixture mixing time on the properties of modified zeolite

Experiment T mixing, h SEC,mg-eq/g TSC, mg- TPV, g/cm®
number _ _ eqlg
cation cation
exchanger exchanger
1 2 0.299 15.293 68.217 0.9387
2 5 0.469 15.054 70.389 0.9219
3 10 1.398 14.569 73.939 0.8612
4 15 1.098 14.656 66.575 0.9285

The study of the effect of mixing temperature (Table 3) on the properties of
the sorbent showed that changes in mixing temperature in the range from 25°C to
75°C have little effect on the sorption characteristics of the composite sorbent.
The SEC of the cation exchanger ranges from 11.88 to 13.94 mg-eq/g, and the
SEC of the anion exchanger from 47.43 to 50.04 mg-eq/g. The total sorption
capacity varies from 51.05 to 56.52 mg-eq/g. The total pore volume also remains
stable, ranging from 0.929 to 0.9764 cm?®/g. Considering technological simplicity
and economic feasibility, the mixing was carried out at room temperature (25°C)
in subsequent experiments and production.

Table 3 — Effect of mixture mixing temperature on the properties of modified zeolite

Experiment T of mixing, °C SEC,mg-eq/g TSC, mg- TPV, g/cm®
number cation cation eqa/g
exchanger exchanger
1 25 13.41 47.43 53.22 0.9764
2 40 12.53 50.04 51.048 0.973
3 55 13.94 47.25 56.52 0.929
4 75 11.88 48.467 54.65 0.937

The results of studying the effect of sorbent drying temperature on the
properties of modified zeolite are presented in Table 4.

The data show that the drying temperature significantly affects the sorption
properties of the composite sorbent. Increasing the drying temperature from 25°C
to 100°C leads to an increase in the static exchange capacity of the cation
exchanger from 15.87 to 18.87 mg-eq/g. The highest value is observed at 100°C
(Experiment 4), indicating a positive effect of elevated drying temperature on the
activation and structural stability of the sorbent. This may be associated with the
removal of excess moisture and stronger fixation of guar gum within the zeolite
structure.
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Table 4 — Effect of sorbent drying temperature on the properties of modified zeolite

Experiment T sorbent drying, SEC,mg-eq/g TSC, mg-eq/g TPV, glcm®
number °C cation cation
exchanger exchanger
1 25 15.87 46.92 50.07 1.4313
2 50 15.65 48.49 49.75 1.4091
3 80 16.81 48.52 42.98 1.5394
4 100 18.87 49.51 52.19 1.5804

The SEC of the anion exchanger changes only slightly, ranging from 46.92 to
49.51 mg-eq/g, showing no pronounced dependence on the drying temperature.
The total sorption capacity also increases from 50.07 to 52.19 mg-eq/g, which
corresponds with the growth in the SEC of the cation exchanger. The total pore
volume increases with higher temperature, reaching a maximum of 1.5804 cm?/g
at 100°C. This indicates the formation of a more porous material structure during
high-temperature drying.

Thus, increasing the drying temperature to 100°C improves the sorption
characteristics of the sorbent, particularly with respect to cation sorption.
Therefore, a drying temperature of 100°C can be recommended for further studies
and potential industrial applications.

Next, the effect of sorbent drying time on the sorption characteristics of the
synthesized sorbent was studied. The results (Table 5) show that varying the
drying time in the range of 0.5 to 2.5 hours has little effect on the SEC of the
cation exchanger.

Table 5 — Effect of sorbent drying time on the properties of modified zeolite

Experiment T sorbent drying , SEC,mg-eq/g TSC, mg-eq/g TPV, glcm?®
number h cation cation
exchanger exchanger
1 05 5.940 28.71 17.74 1.553
2 1 5.923 34.62 2331 1.543
3 1.5 5.917 30.78 18.52 1.721
4 25 5.952 32.64 24.05 1.694

The values of the SEC for the cation exchanger vary within a very narrow
range, from 5.917 to 5.952 mg-eq/g, indicating the stability of cation-exchange
properties with changes in drying time.

The SEC of the anion exchanger shows more pronounced fluctuations,
ranging from 28.71 to 34.62 mg-eq/g, with the maximum observed after 1 hour of
drying (Experiment 2). However, after 1.5-2.5 hours, a slight decrease is
observed, which may be related to partial loss of active surface area or changes in
the structure of the polymer component. The TSC varies from 17.74 to 24.05 mg-
eqg/g, reaching a maximum after 2.5 hours (Experiment 4), indicating a slight
increase in sorbent efficiency with longer drying. TheTPV ranges from 1.543 to
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1.721 cm®/g and does not show a consistent dependence on drying time, with the
highest value observed at 1.5 hours (Experiment 3), followed by a slight decrease.

Thus, drying time in the range of 0.5-2.5 hours does not significantly affect
the cation-exchange properties, although a slight improvement in TSC is observed
at longer drying times up to 2.5 hours. Nevertheless, for practical applications,
considering energy consumption and the minimal difference in results, the
minimum drying time of 0.5 hours is recommended.

The optimal conditions for the modification process have been determined as
follows: volume of distilled water for preparing the guar gum solution — 200 mL;
guar gum consumption — 0.1 g; natural zeolite consumption — 10 g; mixing time
of zeolite with guar gum — 10 hours; mixing temperature — 25°C; drying
temperature of the sorbent — 50°C; drying time — 2.5 hours.

As shown in Table 6, compared to natural zeolite, the modified zeolite
exhibits some changes in total pore volume, iodine sorption capacity (E), and
cation exchange capacity (SEC).

Table 6 — Main properties of modified and natural zeolites

TPV, glcm® TSC, glcm?® SECecatexc,mg-eq/g SECanexc,mg-eq/g
Modified zeolite

1.814 | 35.44 | 14.896 | 42.658
Natural zeolite

0.0235 | 3.67 | 0.997 | 0.4985

TheTPV and the SEC of the anion exchanger increase by 1.14 and 1.12
times, respectively. The improvement in the sorption properties of the modified
zeolite is expected to enhance its sorption capacity for heavy metal cations as
well.

4. Conclusion

The conditions for modifying natural zeolite with a natural polysaccharide
(guar gum) using the precipitation method have been studied. The optimal
synthesis conditions for the new sorbent, corresponding to high sorption
characteristics, have been determined. A new sorbent has been obtained, in which
the cation exchange capacity, anion exchange capacity, overall sorption capacity
(TSC), and total pore volume (TPV) are 15, 85.6, 9.7, and 77 times higher,
respectively, compared to natural zeolite.
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MOJUPUKALUATAHFAH HEOJIUMTTIH COPBLIUSAJIBIK
CHUIIATTAMAJIAPBIH 3EPTTEY

Cynmanoaeea I'11l., Kaitninoaesa P.A., Yepuakosa P.M., Kycinoexoe O.7K.
O.b. bexmypos amuvinoazel Xumus ulieimoapel uncmumymul, Aaimamol, Kasaxcman

Tyiiinaeme. Kipicne. Jlacranran ©HEPKOCINTIK aFbIHIbI CyJlap/a ajlaM JICHCAYJIbIFbIHA Kepi dcepeTeTiH
KaHIeporeni Merangap 6ap. Twimpmi, KODKETIMIi, ap3aH KOHE DKOJOTHMSIBIK Ta3a COpPOCHTIEP MEH
TaOWFM MIMKi3aTKa, aram aWTKaHIa I[EOJMT KEHETI3ICIreH COPOIISUIBIK MaTepHaAapiasl Maiimanana
OTBIPBII, ayblp METAIJAPMEH JAaCTaHFaH CYHMBIK OPTaHbI Ta3apTy MNPOLECTEpl CalachbIHAAFbl 3epTTeyIep
©3eKTi OOJIBIN TaObUIaBl. Op TYpPil KEH OpBIHAAPHIHAH AJIBIHFaH TaOWUFU LEOJIUTTEP MHHEPATOTHSUIBIK
KypaMbl OOUBIHINA EpEKIICIEHEei >KOHE CHHTETHKAIbIK COPOCHTTEpP MEH CalbICTBIPFaHia THIMJLIr
TOMEH COPOIMSIIBIK KaCHeTTepiMeH cumartanaabl. COpOUMSIIBIK CHITATTAMAaTap bl KAKCcapTy YIIH ap3aH
MoaudUKaTOp — ryap maiiblpel TaHganabl. Maxcamer. TaOufu LEOIUTTI Tyap MIAWBIPHIMEH TYHABIPY
apKbUIbl MOJM(HKALMANAY JKOHE €H JKOFapbl COPOLMSUIBIK CHIATTaMalapra JKeTy VIIiH OHTaWIIbI
JKaFJaiap/iel aHblkTay. Homuoicenep sicone mankviiay I'yap maibipbl MeIepiHiH MoauduKanusIaHFaH
LIEOJUTTIH  KAacHeTTepiHe ocepiH  3epTTey  MOAMGHKATOP  MONIIEPiHIH  apTybIMEH  KaTHOH
IMACTBIPFBILTBIH ~CTaTUKAIBIK anMmacy CchldbIMABLIbIFBI (CAC) KypT TOMEHICHTIHIH KOpPCETTi.
MopudukanusianFan COpOSHTTI aly/IbIH OHTAMIbI apaiacTeipy yakbIThl (10 carar) aHBIKTANbI, KATHOH
anMacy mmaiibpeiablH KACMakcuManapr MoHi 1398 Mr-skB/r-raxeTTi. ApanacTeIpy TeMIlepaTypachIHbIH
dCepiH 3epTTey KOMIIO3UTTIK COPOCHTTIH CcopOUMsIIbIK KacuerrepiHiH 25°C-tan 75°C-ka jaedinri
JMara3oH/ia eneycis esreperiin kepcerti. Kenripy remneparypackin 100°C-ka nefiin keTepy cOpOEHTTIH
COpOLMSIIBIK KACHETTEPIH, acipece copOImsIFa KaThICThI KATHOHBIK KACUETIH XKaKcapTaabl. KopulmblHObL.
Taburu 1eonutTi TaOWFU TONMCAXapUANeH (Tyapluailblpsl) TYHIBIPY apKbUIbl MOAH(MHUKANUSIAY
miaprrapsl 3eprrengi. CopOeHTTI MoaudUKanusiay MPOLECIHIH OHTAMIBI MAPTTaphl aHBIKTAJI/bI JKOHE
KAaTHOH/BIK  LIAHBIPABIH ~ COPOLMSUIBIK  CHIMBIMABUIBIFBI, AHHOHJBIK  LIANBIPABIH  COPOLMSIIBIK
ceiibMaBLIBIFRL KoHE KKK MoHIepi Taburu 11eonuTIeH canbICThIpFanaa coiikecinme 15 ece, 85,6 ece,
9,7 ece xoHe 77 ece OFapbl )KaHa COPOCHT aJIbIH/IbI.

Tyiiin ce3mep:  TaOWUFH IEONUT, LECONMT MOAUMHUKAIMACH, TyapIIalfbIpbl, CTaTHKAIBIK aIMacy
CBHIMBIMIBLIBIFBL, JKAJIIBl KEYEK KOJIEMI, JKANIbI COPOLMSIIBIK CHIABIMIBIIBIK

Cynmanoaeea I'umalllamunkpizot Texnuxa euLibiMOapsvl KAHOUOAmbl
KaiivinoaesaPayuianOnioekKpi3nl Texnuxa evLibiMOapsl KAHOUOAmbl
YepnarxosaPaucaMuxaiinosna Texnuxa evinvimoapsl 0OKMopbl
Kycinoexoe Omipsax Kymacwinynv Texnuxa evinvimoapsl 0OKMopbl

HU3YYEHUE COPBLHIUOHHBIX XAPAKTEPUCTUK MOJJU®PULIUPOBAHHOI'O HEOJIUTA
Cynmanéaesa I.11l., Kaitvinoaesa P.A., Yepuakoea P.M.*, /Ioicycunoeros Y.7K.
AO Hucmumym xumuveckux Hayk um. A.5.bekmypoea, Aimamol, Kazaxcman

Pe3tome. Bsedenue. 3arpsi3HEHHbIE TPOM3BOJICTBEHHBIE CTOKH COJEPIKAT KOHIEPOTCHHBIC METAJLIBL,
HEraTUBHO BIIUSIOIINE Ha 370pOBbe 4desioBeka.llccrnenoBanus B 00JacTH MPOLECCOB OYHUCTKH IKUAKUX
cpej, 3arps3HEHHbIX TSDKEIBIMU METaJUIaMH, C HCHIOJIB30BaHUEM 3((EKTUBHBIX, JOCTYIHbIX, HEAOPOTUX U
9KOJIOTHYECKH UHCTBIX COPOEHTOB M COPOLMOHHBIX MAaTEpHalOB HAa OCHOBE IPUPOJHOTO ChHIPbs, B
YaCTHOCTU  IEOJNIUTASABIAIOTCS  aKTyaldbHBIMU.IIpHpOMHBIE IICOMUTHI Pa3NUYHBIX MECTOPOXKACHHI
pa3nMYalTCs MO CBOEMY MHHEPAJIOTHYECKOMY COCTaBY, XapaKTepu3yroTcsi MeHee d(deKTUBHbIMH
COpPOLIMOHHBIMM CBOWCTBAMH IO CPaBHEHHMIO C CHHTETHYECKUMH copOeHTamu. Jlnsg yiydineHus
COpOLIMOHHBIX XapaKTEPUCTHK MOJ00paH HeIOporoi MoauuKaTop - ryapoBas Kamenb. [lenv pabomoi.
Mopudukanust NPUPOJHOTO LEOJUTA TyapoBOH KaMEAbI0 METOAOM OCKACHHS W OmnpelereHHe
ONTHMAJbHBIX  YCIIOBHH, TPH KOTOPBIX JOCTHI'aeTCsi MAaKCHMAalbHO BBICOKME COpOLMOHHBIE
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XapaKTepUCTUKU. Pezynomamst u o06cysicoenue. V3ydueHne BIMSHHE pacxoia TIyapoBOil KaMmenu Ha
CBOMCTBA MOAM(UIMPOBAHHOTO IEONUTA IIOKA3al0, YTO C YBEJIMYEHHEM pacxofa MoAuduKaTopa
crarndeckass oomenHas emkocth (COE) katnonuta pe3ko cHmxkaercs. HaiieHo onTUManbHOE Bpems
MepeMelInBaHus IPY NOoJTy4eHUH MoanunrpoBanHoro copoenta (10 4acoB), mpu KOTOPOM JAOCTUTACTCS
MakcumanpHoe 3Hauenne COE  katmonura - 1398 wmr-sks/r.M3yueHue BIMAHMS TeMIepaTypbl
nepeMeluBaHusl IoKaszano, 4ro B auanasoHe or 25°C npo 75°C copOLMOHHBIE XapaKT€PHUCTHKU
KOMIIO3UTHOTO COPOEHTa M3MEHSIOTCSI HE3HAUUTENIbHO. A MOBBIICHUE TeMiepaTypsl cyuiku go 100 °C
MPUBOJIUT K YJIYUIICHHIO COPOILMOHHBIX XapaKTEPUCTHK COpPOEHTa, OCOOCHHO B OTHOLICHHU COPOIMH
KaTUOHOB. 3axmoyenue. VI3ydeHbl ycIOBHA MOAM(UKALMY MPUPOJHOTO LEONUTA MPUPOJHBIM
HoJIcaxapujaoM (TyapoBoil KaMenblo) METOJOM ocaxieHus. OIpeneneHsl ONTHMATIbHBIC YCIOBUS
MPOBE/ICHUs Tpoliecca MOAU(UKAIMK COpOEHTa M TOJMY4eH HOBBIH COPOCHT, B KOTOPOM COpPOIMOHHAsS
€MKOCTb [0 KaTHOHUTY, copOrronHast emkocth 1o annonuty, OCE u COII B 15 pas, B 85.6 pa3, B 9.7 pa3
B H 77 pa3 GolblIe IO CPABHEHUIO C IIPUPOJTHBIM LICOJIHTOM.

KiiouyeBble cJ0Ba: NPUPOIHBIN LEONUT, MOAHGHKALHS LEOIHTa, IypoBas KaMmeldb, CTaTHYECKas
0OMEeHHasi eMKOCTb, CyMMapHbIi 00beM 1op, 0011ast COpOIHOHHAs EMKOCTh

Tuma Illamunvesna Cynmanbaesa Kanouoam mexnuueckux nayx

Paywian Anuoexoena Kaitvinoaesa Kanouoam mexunuueckux Hayx

Pauca Muxaiinosna Yepuakosa Jlokmop mexnuueckux nayk, npogeccop
Ymupsax Kymacunosuu /Ircycunoexos Axaoemux HAH PK, npogeccop,

OOKmOp MEeXHU4YeCKux HayK
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CATALYTIC PROCESSING OF NATURAL BITUMEN FROM
BITUMINOUS SANDS

Y.1. Imanbayev”, Y.A. Akkazin, Y.K. Ongarbayev, Y. Tileuberdi, A.K. Rakhimova, Y. Kanzharkhan
Institute of Combustion Problems, Almaty, Kazakhstan
*Corresponding author e-mail: erzhan.imanbayev@gmail.com

Abstract: Introduction. Bituminous sands deposits are a very rich source of energy in bitumen.
However, access to the main part of these reserves is difficult, and the conversion of bitumen into liquid,
low-sulfur products require innovative solutions, since the properties of traditional oil and bitumen are
significantly different. Methods. To obtain the necessary products from bituminous sands, it is first
necessary to separate organic part from the bituminous sands, and only then it can be further processed.
Currently, industrial bitumen production in Canada is carried out using mining technology. In this regard,
Kazakhstan needs to develop domestic technology in accordance with its West Kazakhstan conditions and
domestic demand. Results and discussion. High-temperature cracking processes of West Kazakhstan
natural bitumens in the presence of mesoporous aluminosilicate, synthetic zeolite and natural zeolite
catalysts have been studied. The catalysts lead to the formation of liquid products up to 92.2%, reducing
the number of tar-asphaltene compounds from 52.4% to 16.3%. Conclusion. Natural bitumen from the
Beke and Munaily Mola fields is classified as heavy oil and consists mainly n-alkanes, terpanes, and
steranes. A mesoporous aluminosilicate catalyst enabled efficient catalytic cracking, giving up to 89%
liquid products and increasing oil and light fraction yields. High activity is attributed to the large pore
size. Cracking destroys aliphatic and polynaphthenic structures in asphaltenes, increases aromaticity, and
reduces oxygen-containing compounds, while resins show increased aromaticity due to the breakdown of
naphthenic rings and alkyl groups.
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1. Introduction

Kazakhstan's oil sector occupies a leading position in the national economy.
Today, many of Kazakhstan's oil and gas fields were discovered in the 1930s and
1940s and are in the late stages of development. Most of these fields are hard-to-
recover, highly viscous oils, and over 40% are sulfur and high-sulfur. Therefore,
the oil and gas industry will have to increasingly focus on developing and
bringing heavy, highly viscous, hard-to-recover oil fields into commercial
production [1].

Direct cracking of heavy feedstocks is the simplest method technically.
However, the presence of impurities in the feedstock deactivates the catalyst,
promotes intensive coke formation, reduces process selectivity, and degrades the
quality of the products. Pre-treatment of residual feedstock increases product
yield and quality, but increases the cost of the process. Solvent-based catalytic
cracking is most often used to upgrade feedstock. Deasphalting using various
hydrocarbon solvents from Cs to Cs or their mixtures, as well as light gasolines.
Less common are thermal adsorption deasphalting processes using contacts with
large pores, a small surface area, and low activity. The deasphalted products and
distillates obtained from these processes can be used (directly or after
desulfurization) as feedstock for catalytic cracking units. These processes result in
the removal of resins and asphaltenes, fairly deep demetallization , and partial
desulfurization and denitrogenation, which significantly facilitates subsequent
processing by catalytic processes [2-5].

The conversion of heavy crude oils into synthetic crude [6] involves mild
thermal cracking of fuel oil in soaking chambers downstream of the atmospheric
column. The possibility of additionally introducing physical energy into the
visbreaking process in the form of acoustic cavitation is indicated. The developed
technology enables the production of up to 70% synthetic crude, with a 20%
increase in gasoline fractions and a 17% increase in diesel fractions compared to
the original crude, and approximately 30% residue. The residual product after the
thermal polycondensation unit has a density of 990-1000 kg/m® and, in quality,
corresponds to the most liquid grades of road bitumen.

A variant of processing natural bitumen, called Donor Refined Bitumen [7],
where the distillate fractions are first distilled from the bitumen, and the residue
with a boiling point above 500°C is mixed with a hydrogen donor solvent. The
latter is the circulating product of the process, which is pre- hydrogenated to
restore the donor capacity. Hydrocracking of the mixture is carried out at a
temperature of 410-460°C and a pressure of 3.5-5.5 MPa, with the degree of
conversion reaching 70%. By mixing the final product with light fractions of
bitumen, synthetic oil is obtained, which does not contain residual fractions.
However, the use of hydrocracking as the main process for processing natural
bitumen requires higher hydrogen consumption and the involvement of significant
resources of natural gas or other hydrocarbon feedstock for its production.

Currently, global experience is based on approximately 20 processes for
upgrading natural bitumen, deposits of which are at various stages of
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development [8-10]. However, if we consider projects that have reached the
industrial level, it is necessary to note that technologies traditionally used for
processing heavy residues are being employed: coking, hydrogenation, and
deasphalting. There is an ongoing debate regarding the optimal method for
increasing the hydrogen:carbon ratio. Many researchers believe that delayed
coking offers potential. The advantage of this process is the absence of hydrogen
production, which significantly reduces capital investment. However, the low
quality of the products in terms of sulfur and unsaturated hydrocarbon content, as
well as problems with the use of low-grade coal, are increasingly limiting the use
of this technology.

Natural bitumens and heavy oils are characterized by high contents of metals,
N, S, and O, which create difficulties during oil refining. Concentrations of
heteroatom-containing compounds in oil may be relatively low, but their impact
during oil refining can be significant. The presence of these compounds in the
catalytic system creates significant process limitations, causing catalytic
poisoning and catalyst deactivation [11, 12]. In finished products, heteroatom-
containing compounds can also cause problems, including instability during
storage and discoloration. Therefore, studying the composition of high-molecular
heteroorganic compounds in oil is very important.

A literature review reveals that natural bitumen from oil-bituminous rocks is
an important source of hydrocarbon feedstock, and interest in it is growing
annually. However, its use as a feedstock requires efficient extraction of bitumen
from -bituminous sands, study of the physicochemical composition and
properties, and development of processing processes. Extraction of natural
bitumen from bituminous sands is dependent on the chemical composition and
nature of the natural bitumen, its resin, asphaltene, and heteroatom content.
Therefore, important objectives of this study include extracting natural bitumen
from bituminous sands and studying the changes in high-molecular compounds
during thermal processing of natural bitumen using catalytic additives. Thus, it
follows from the above that cracking natural bitumen produces synthetic crude oil
whose characteristics (density, viscosity, molecular weight and others) exceed
those of conventional crude oils, and its processing using a conventional process
flowsheet can yield a wide range of hydrocarbon components.

2. Experimental part

A distinctive feature of Kazakhstan's bituminous deposits is the outcrop of
bituminous sands at the surface. In these reactivated deposits, in zones of active
water exchange, light fractions have been lost, and the residual petroleum
components have been exposed to various supergene factors, which have led to a
heavier composition and the formation of slow-moving extra-heavy oils and solid
bitumens. Bitumen deposits occur in the form of small lenses and interlayers.
Visual analysis of a sample of bituminous sands reveals a rich black color with a
bitumen sheen. All rock grains are coated and glued together by viscous bitumen.
At a temperature of 20°C, the bituminous sands are difficult to separate into
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individual pieces. When the temperature rises to 50-60°C, due to the decrease in
bitumen viscosity, the sands is easily crushed with a spatula and forms a mastic-
like mass. The organic part of the bituminous sands was extracted by solvent. The
solvent extraction method allows to determine the exact amount of organic matter
in bituminous sands and facilitates the complete extraction of the organic part.
Extraction of natural bitumen from bituminous sands was carried out with
chloroform.

Table 1 - Physical-chemical characteristics of natural bitumens

Indicator Bituminous sand depos_it
Beke Munaily Mola

Content in bituminous sands, wt. % 10-12 16-25
Density, g/cm?® 0.99 0.99
Total sulfur content, % 1.5 14
Ash content, % 0.4 0.5
Coking ability, % 30 35
Viscosity at 80°C, cSt 21 26
Softening temperature, °C 20 41
Pour point, °C 18 16
Content of mechanical impurities, wt. % 0.08 0.11

Table 1 present physical and chemical characteristics of natural bitumens
from two bituminous sands. Natural bitumen extracted from the Beke deposit is
characterized by the following indicators: density 0.99 g/cm?; freezing point
+18°C; degree of coking 30%; ash content 0.4%; softening point +20°C. The
content of natural bitumen in the sands of the Munaily Mola deposit ranges from
16 to 25% and is characterized by high values of density, viscosity, and degree of
coking. Extra-heavy oils also have these characteristics.

Methodology for thermal cracking of natural bitumen

Thermal catalytic cracking of natural bitumen was conducted in a steady-
state mode in 12-ml autoclave reactors. The bitumen mass loaded into the reactor
was 7 g. The experiments were conducted in air, which does not significantly
change the composition of the resulting products due to the small volume, at a
temperature of 450°C for 60 minutes. During the experiment, the mass of the
reactor without a sample and the mass of the reactor with a sample, prepared for
the experiment, were recorded. After the heat treatment of natural bitumen, the
yield of gaseous products was determined by the mass loss of the reactor with a
sample after removing the gas products from the reactor. After collecting the
liquid products, the reactor was washed with chloroform and weighed. The
resulting difference between the mass of the reactor before and after the
experiment was defined as coke.

Table 2 presents the characteristics of the mesoporous aluminosilicate (MP),
zeolite in active hydrogen form (HY), as well as natural zeolite (NZ) catalysis.
The zeolite catalyst (HY) has a high specific surface area of 874 m?/g with a small
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pore size (7.4 nm). In [12], it was shown that this catalyst increases the depth of
destruction of the resinous components of heavy oil with the production of low-
boiling fractions. The MP catalyst has a lower specific surface area (600 m?/g),
but its pore size is almost 7 times higher and is 50 nm. MP was used based on the
assumption that it is the large pore size that will increase the depth of destruction
of resins and asphaltenes without developing a coke deposition reaction. Zeolite
heulandite-clinoptilolite from the Tayzhuzgen deposit (East Kazakhstan region,
Tarbagatai district), activated by acid treatment and calcination, was used as a
natural catalyst.

Table 2 - Characteristics of natural bitumen cracking catalysts

. Specific surface area, Silicate Concentration of
Catalyst Pore size, nm 2 S
m?/g module acid sites, umol/g
MP 50 600 20
HY 7.4 874 4.9 929
NZ 10.4 7.2

Methodology for determining the material composition of liquid products

The organic matter composition was determined using a traditional approach:
first, the asphaltene content of the sample was determined using the "cold" Golde
method. The resin concentration in the resulting maltenes was then determined by
adsorption. The analyzed product was applied to activated silica gel, the mixture
was placed in a Soxhlet extractor, and the hydrocarbon components (oils) were
sequentially eluted with n-hexane and the resins with an ethanol-benzene mixture
(method 1217-2005, Institute of Petroleum Chemistry).

3. Results and discussion

Thermal degradation processes for heavy hydrocarbon feedstocks can
increase the yield of low-boiling liquid products, forming coke and gas as
byproducts. Cracking processes in the presence of various catalysts are of
particular interest. Thermal cracking of natural bitumen produces liquid products
and coke, along with a small amount of gas (Table 3). The yield of liquid cracking
products from Munaily Mola bitumen was 6% higher than from Beke bitumen,
while the yield of coke was lower 4.7%. Thermal processing increases the oil
content, while the total amount of high-molecular-weight components in the
bitumen decreases. This is likely due to increased coke formation and the
breakdown of resinous components, resulting in lighter products. The data
obtained indicate that the high-molecular-weight components of Munaily Mola
bitumen are more readily cracked than those of Beke bitumen.

The most probable mechanism of catalytic cracking of hydrocarbons is
considered to be the carbonium ion mechanism:

Catalyst + Bitumen — Coke/Catalyst + Liquid Product + Gas

Coke/catalyst + 20, — Catalyst + 2CO + CO- (regeneration)
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Table 3 - Material balance of the process of thermal catalytic cracking of bitumen

Content, wt . %
Process —
Gas Coke Liquid products
Natural bitumen from the Beke deposit
Natural bitumen 0 0 100.0
Cracking 1.4 30.9 67.7
Cracking with mesoporous cat. 2.2 8.8 89.0
Cracking with synthetic zeolite 27 7.7 89.6
Cracking with natural zeolite 1.0 19.1 79.9
Natural bitumen from the Munaily Mola deposit

Original bitumen 0 0 100.0
Cracking 0.2 26.2 73.6
Cracking with mesoporous cat. 14 7.4 91.2
Cracking with synthetic zeolite 1.6 6.2 92.2
Cracking with natural zeolite 1.2 134 85.4

Catalytic cracking of bitumen with a mesoporous catalyst reduces coke yield
by 3.5 times for both types of bitumen. For Beke bitumen, the yield of gaseous
products increases from 1.4% to 2.2%, while for Munaily Mola bitumen, the gas
content increases sevenfold to 1.4% by weight. Oil content increases by more
than 1.5 times compared to the initial content. This increase is due to the
extensive degradation of resins, the amount of which in the cracking products
decreases by more than fourfold.

The use of a synthetic zeolite (HY) catalyst also significantly slows down
coke formation, with the yield of solid cracking products being 1% lower by
weight compared to bitumen cracking with an MP catalyst. This catalyst allows
for the significant destruction of high-molecular components of bitumen (more
than 51% relative), but their content in liquid cracking products is higher than in
experiments using an MP catalyst.

A natural zeolite catalyst is a catalytic additive for thermal cracking and
hydrogenolysis of heavy hydrocarbons. Natural zeolite prevents secondary
polymerization of the resulting low-molecular-weight fragments, is resistant to
sulfur poisoning, and is capable of binding nitrogen and sulfur from the products.
It is also inert to the mineral component of bituminous sands and the metals
present in bitumen. At the same time, the coke and gas yields of both fields
decreased by 12.2% and 11.6%, respectively, at the Beke and Munaily Mola
fields, compared to thermal cracking.
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Table 4 - Group composition of products of thermal catalytic cracking of natural bitumen

Content, wt. %
Process - -
Oils Resins Asphaltenes
Natural bitumen from the Beke deposit
Natural bitumen 49.2 44.9 59
Cracking 61.3 28.3 104
Cracking with mesoporous cat. 77.2 13.7 9.1
Cracking with synthetic zeolite 72.8 16.8 104
Cracking with natural zeolite 77.0 144 8.6
Natural bitumen from the Munayily Mola deposit

Natural bitumen 47.6 46.4 6.0
Cracking 83.6 134 3.0
Cracking with mesoporous cat. 79.7 111 9.2
Cracking with synthetic zeolite 75.8 13.2 11.0
Cracking with natural zeolite 61.5 27.3 11.2

Table 4 presents the results of an analysis of the component composition of
the products of cracking of natural bitumen. The natural zeolite catalyst affected
the material composition of natural bitumen from the Beke field, with the oil
content reaching 77% and the resin content decreasing by 14.4%. For natural
bitumen from the Munaily Mola field, the yield of high-molecular components
was 22.1% higher than with cracking. The data obtained show that the total
content of resinous-asphaltene components in the cracking products of Munaily
Mola bitumen changes (compared to the composition of the initial bitumen), with
the asphaltene content decreasing by 50% and the resin content by 29%.
However, when processing Munaily Mola bitumen with a mesoporous catalysis,
despite a significant increase in the yield of liquid cracking products and their oil
content, an increase in the asphaltene component content is observed. Moreover,
the oil content in the liquid cracking products of Munaily Mola bitumen is 2%
higher than that of the Beke bitumen. Cracking with synthetic zeolite led to
increasing the resin and asphaltene content 22% for Munaily Mola bitumen and
27% for Beke bitumen. The resin content with the natural zeolite decreased by
30% for Beke bitumen compared to the composition of the initial bitumen, and
the asphaltene content increased by 2%. Munaily Mola bitumen led to increasing
the oil content 14% compared to the composition of the initial bitumen.

Thus, it has been established that the use of catalysts for these objects in the
cracking process increases the destruction of high-molecular-weight components
(up to 50% relative). The use of mesoporous and zeolite catalysts significantly
enhances the cracking process. The presence of a mesoporous structure in the
synthesized aluminosilicate ensures the accessibility of its active sites located in
the bulk to large molecules of petroleum feedstock (resins and asphaltenes),
where they undergo destruction. Metal particles promote disproportionation and
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redistribution of hydrogen from high-molecular-weight compounds to
components of gasoline and diesel fractions, thereby inhibiting coke formation.

Natural _ Cracking

bitumen ——» Asphaltenes + Maltenes + Gases
R A
_g _ Cyclization of alkyl chains
© 2 =
5§ 2 2
2| c6 = i~
2|18 0 o [$)
S|E3 Naphthenic = S
2 ;
= ring
[
a |
4 Dehydrogenation \ 4
and aromatization .
Stronger asphaltenes Low molecular weight >
A = maltenes
(Coke formation) Dealkylation and cracking
T Combination of ring radicals or polymerization

Condensation of aromatic rings

Figure 1 - Scheme of reactions of catalytic cracking of natural bitumen

Cracking at 450°C causes chemical structural changes, resulting in the
formation of asphaltenes, coke, maltenes, and a small amount of gas (Figure 1).
Asphaltenes in bitumen form coke, resins, and gaseous products. Coke formation
occurs through dealkylation of the long aliphatic side chains of asphaltenes. The
resulting strong asphaltenes, in the presence of a catalyst, form low-molecular-
weight maltenes. Gaseous cracking products are then formed from the low-
molecular-weight maltenes and more stable asphaltenes. Maltenes are converted
at high temperatures via two reaction pathways: alkyl chain cyclization and
cracking. Alkyl chain cyclization leads to the formation of an intermediate
product a naphthenic ring. Naphthenic hydrocarbons then form more stable
products through aromatization and dehydrogenation. As the concentration of
low-molecular-weight maltenes in the system increases, the following reactions
occur: radical combination (polymerization) and condensation of aromatic rings.
All these reactions lead to the formation of more stable asphaltenes and then coke.
Thus, thermal processing of bitumen involves primary and secondary reactions.
Primary reactions during thermal cracking of bitumen mainly proceed in three
directions: stable asphaltenes (coke), maltenes, and gases. Strong asphaltenes and
maltenes can also undergo secondary reactions, such as dealkylation of aliphatic
side chains, cyclization of alkyl chains, recombination of ring radicals or
polymerization, dehydrogenation and aromatization of naphthenic rings, and
condensation of aromatic rings.
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4. Conclusion

The group and detailed physical-chemical composition of natural bitumen
from the Beke and Munayly Mola fields shows that both hydrocarbons are heavy
oils and the composition of the oils is represented by n-C,,-Cys -alkanes, aromatic
hydrocarbons such as terpanes (pentacyclanes), steranes (tetracyclanes).

A mesoporous aluminosilicate catalyst was proposed for the catalytic
cracking of natural bitumen from the Beke and Munaily Mola deposits. This
catalyst resulted in liquid products with an 89% yield and increased oil content
(77%) and light fractions. The high activity of the mesoporous catalyst is due to
the large pore size (50 nm).

As a result of cracking, aliphatic and polynaphthenic structures in the
asphaltene structure are destroyed, aromaticity increases, and the number of
oxygen-containing structures decreases. In the resin structure, the aromaticity
factor increases with the destruction of naphthenic rings and alkyl substituents.
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Higher Education of the Republic of Kazakhstan (Grant No. AP26100405).
Conflict of Interest: The authors declare no conflicts of interest requiring the disclosure in this
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MYHAUBUTYM/bI ’KbIHBICTAPJAFbI TABUFU BUTYM/IAP/IbI
KATAJIMTUKAJIBIK OHJEY

E.HU. HUmanoaes, E.O. Axkasun, E.K. Onzapoaes, E. Tineyoepoi, A.K. Paxumosa, E. Kanscapran
Kany npobnemanapvr uncmumymesi, Anmamet, Kazaxcman

Tyiiinaeme. Kipicne. MyHallOUTYM/IbI JKBIHBICTAp KEHOPBIHAAPH!I OMTYMFa oTe Oail sHeprust ke3i 00JIbII
TaObuIagsl. JlerenMeH, Oyl KOpJiapAblH HeTisri OejiriHe KOJ JKeTKi3y KWBIH, al OUTyMIbl CYHBIK, a3
KYKIPTTi eHimMziepre aifHaIABIpy WHHOBAUMSUIBIK LICIIIMICPIl KaXeT eTeli, ce0edl macTypii MyHail MeH
OWTYMHBIH KacHeTTepi aWTapibIKTail epekiiencHeai. Odicmep. MyHaWOUTYMIbI KBIHBICTAH KaXXETTi
OHIMJIep/li ally YIUiH albIMEH OMTYM[bI JKbIHBICTAaH OHbI OeJIill aly Kepek, coJaH KeWiH FaHa OHbI dpi
Kapaii enzeyre Oonanpl. Kasipri yaxpirra Kanamama eHepkacinTik OMTYM eHZipici Tay-KeH
TEXHOJIOTHSACHIH KOJIZIaHY apKbUIbI 3Ky3ere aceipputazbl. OcbiFaH opait, Kasakcran e3iniH bateic
Kazakcran >xaralibiHa JKoHe 1IIKi CypaHbICKa caif OTaHABIK TEXHOJIOTUSHBI IaMBITY Kepek. Homuoicenep
oicone mankwinay. barsic Kazakcran Tabury OMTYMIApbIHBIH ME30KEYEKTI allFOMOCHIINKAT, CHHTETHUKAJIBIK
LEOJTUT JKOHE TAOUFHM LICONUT KaTalM3aTOpJIaphl KaTHICHIHAA JKOFAphl TEMIIEpaTypa KPEeKHHI HpoLecTepi
seprrenai. Karanuzatopiap 92,2 % neiiin cyiblK eHIMAEp TY3UIyiHE OKelei, MIalbIpibl-achanbTeH I
KOCBUIBICTapIbIH MeuiepiH 52,4 %-nan 16,3 % neitin temennereni. Kopvimoinovl. beke xone MyHaitnsl
Moia KeH OpbIHaPEIHBIH TAOUFH OMTyMIAphl ayblp MYHaiira )KaTaJ(bl koHE HETi3iHEH H-alKaHNapbIHAH,
TepmaHgap MeH CTepaHaapiaH Typaabl. Me30oKeyeKTi alOMOCHIMKATTBl KaTalu3aTOpAbl KOJJaHy
KaTaIUTAKAIBIK KPEKUHITIH THIMIUIITIH apTTBIPBIN, CYHBIK OHIMJAEpIiH WIBIFBIMBIH 89%-Fa neifin
JKETKI3/ KOHe >KeHUT (pakuusiap yiecin kebelTri. KaranuzaTopaslH jxorapbl OenceHainiri ipi keyek
emmeMimMeH Tycinaipineni. Kpexunr notmkecinze acdamprenaepaeri amudarTsl kKoHE MOIMHA(TEHII
KYpbUIBIMIAp Oy3bUIBIN, ApOMATTBUIBIK apTajpbl, ajl OTTEKKYpaMabl KOCBUIBICTAp CaHbI a3asiibl;
maifbIpyiap/ia apoMaTThIIbIK HAQTEH caKMHAIaphl MEH aJIKHJI TONTapbIHBIH bIAbIpaybl €ceOiHEeH oceli.

Tyiiinai ce3nep: Taburu OHTYM, Karaau3aTopiiap, KpPEKHHT, IIaWbIpibl-achaibTeHal KOCHUIbICTAp,
peakuusiiap OarbIThI
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KATAJITMTUYECKASA IEPEPABOTKA IPUPOJHBIX BUTYMOB
HE®TEBUTYMHUHO3HBIX IOPO/|

E.HU. Umanoaes, E.A. Akkazun, E.K. Onzapéoaes, E. Tuneyoepou, A.K. Paxumosa, E. Kanxcapkan
Hnemumym npobaem copenus, Aimamot, Kazaxcman

Pe3tome. Bsedenue. Burtymbl B 3anexax OMTYMHHO3HBIX NMECYAHUKOB IMOTCHLHUAIBHO IPEICTABISIOT
co0o0if oueHb OOraThlii MCTOYHHK SHEpruu. BmecTe ¢ TeM, JOCTYyn K OCHOBHOM 4YacTH ITHUX 3aIlacoB
3aTpylHEH, W JUIsl TOpeBpallleHuss OUTYMOB B JKHAKHE MAJIOCEPHHCThIE MPOIYKTHI IOTPEOYOTCS
HECTaH/IapTHBIC PEICHHUS, TaK KAaK CBOWCTBAa OOBIYHON He(TH M OMTYMOB CYIIECCTBEHHO Pa3IMYalOTCS.
Memoowr. [Inst nonydeHus 1eNeBbIX MPOIYKTOB U3 He(DTEOUTYMHUHO3HOM MOPOJBI CHavYana HeOOXOIMMO
OCYLIECTBUTH U3BJICYCHHE OUTYMOB U3 MOPObI, U TOJIBKO HOCIE STOT0 MOXKHO Jaliblle nepepadaThIBaTh.
B mHacrtosimiee Bpemsi TOpoOMBbIIUICHHas Jo0bida OutymoB B Kanajme BemeTcs ¢ mpUMEHEHHEM
TOPHOTEXHHYECKUX MeTOoB. B cBsi3um ¢ stum Kazaxcrany HeoOXoJUMO pa3BHBAaTh OTEUECTBCHHBIC
TEXHOJOTWH, aJaNTHpOBaHHBIE K yClIoBHAM 3amagHoro KaszaxcraHa ©  BHYTpPEHHEMY CIPOCY.
Pesyromamur 1 0bcyswcoenue. Bpuin  MCCIENOBaHbl MPOLECCHl  BBHICOKOTEMIIEPATYPHOTO KPEKUHIa
MpUPOAHBIX OuTyMOB 3amaaHoro KaszaxcraHa B IMPUCYTCTBHH ME30IMOPHCTOrO aJFOMOCHUIMKATHOTO,
CHHTETHYECKOTO IIEOJIUTHOTO M MPUPOJHOTO IICOJMTHOTO KaTauu3aTtopoB. IIpuMeHeHne KaTaau3aTopoB
00ecnedynio BIXO KHIKHX MPOAYKTOB 10 92,2 % M CHIKEHHE COJSPIKaHUsSI CMOJINCTO-ac(haabTeHOBBIX
coeaunennit ¢ 52,4 % mo 16,3 %. 3axnmouenue. TpynnoBoi U neTanbHbI (U3NKO-XUMHUYECKHI aHAIN3
1oKa3aj, YTO MpPUPOJHBIE OUTYMBI MecTopokaeHHi beke m MyHaiinsl Mona OTHOCATCS K TSDKEIBIM
He(TAM M COJACp)KaT H-aJIKaHBL, a TAK)XKE€ apOMaTHYECKHe yTJICBOAOPOBI (TepHaHsl U crepansl). it ux
KAaTAIUTUYECKOTO  KPEKMHTa  MPE/UIOKEH  ME30HOPHUCTBIA  aJIOMOCHJIMKATHBIA  KaTanu3arop,
o0ecreunBaroOIINiA BBIXO/ KUIKUX MPOAYKTOB 10 89% u moBbleHne noiu HedTsHO# daser g0 77% 3a
CYeT YBeJNMYeHHs JIeTKuX (pakumit. Beicokas axkTHBHOCTH KaTaim3aropa OOYCIIOBIIEHAa KpPYITHBIM
pa3mepom 1op. B pesyibrarte KpekHHra paspymarTcs anudaTHueckue W MOMHHA(QTEHOBBIC CTPYKTYPBI
acanpTeHOB, BO3pAaCTAaeT apOMAaTHYHOCTh M  CHIDKACTCS COZCPKAaHUE  KHUCIOPOJICOICPIKAIINX
COCJIMHEHHH; B CMOJIaX YBEIMYMBACTCS apOMATHYHOCTh 3a CYET pa3pylIeHUs HAPTEHOBBIX KOJIEI U
AJIKWJIBHBIX 3aMECTHTEICH.

KiioueBsble ciioBa: IPUPOAHBINA OHTYM, KaTalH3aTOP, KPEKUHT, CMOJIHMCTO-aC()aabTEHOBBIC KOMIIOHEHTHI,
HalpaBJICHUE PEaKIHH.
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HYDROGENATION OF TOLUENE TO METHYLCYCLOHEXANE
OVER PROMOTED SKELETAL NICKEL CATALYSTS
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Abstract. Introduction. Methylcyclohexane (MCH) is a key solvent and a promising Liquid
Organic Hydrogen Carrier (LOHC). The selective hydrogenation of toluene to MCH requires efficient,
stable and cost-effective catalysts. Skeletal nickel (Raney Ni) is widely used but suffers from rapid
deactivation. The purpose of this work is to develop multicomponent skeletal nickel catalysts modified by
industrial ferroalloys (FeMo, FeTiMn, FeMn) and to study their catalytic performance in toluene
hydrogenation. Methods. Catalysts were prepared by high-frequency induction melting of Ni-Al-
ferroalloy systems, followed by leaching with 20% NaOH. Surface morphology and composition were
characterized by SEM-EDXRS and BET. Kinetic experiments were carried out in a high-pressure
autoclave (0.25 L) at 393-473 K and hydrogen pressures of 2.0-12.0 MPa. Results. The addition of 3.0
wt.% FeMo or 5.0 wt.% FeTiMn increased the hydrogenation rate by 2.2-2.5 times compared to
unmodified Raney Ni. Specific surface area reached 82.1 m?/g for Ni-Al-FeMo and 78.5 m*g for Ni-Al-
FeTiMn. SEM-EDXRS showed uniform distribution of Fe, Mo, Ti, Mn in the nickel matrix. The reaction
order was zero with respect to toluene and first with respect to H. (at 2-6 MPa). Apparent activation
energy was 34.5 ki/mol for Ni-Al-FeMo and 38.2 kJ/mol for Ni-Al-FeTiMn. The catalysts exhibited
99.9% selectivity to MCH and maintained >92% of initial activity after 100 h on stream. Conclusion.
Ferroalloy-modified skeletal nickel catalysts are highly efficient, selective and stable, making them
promising for industrial hydrogen storage and petrochemical applications.

Keywords: toluene, methylcyclohexane, hydrogenation, skeletal nickel, ferroalloys, kinetics, SEM-
EDXRS

Kedelbaev Bakhytzhan Doctor of Technical Sciences, Professor
Shilmirzaevich

Lakhanova Kulzada Mergenbaevna Doctor of Agricultural Sciences, Professor

Turtabayev Sarsenbek Doctor of Technical Sciences, Professor
Koishabayevich

Shitybayev Serikbek Altynbekovich Candidate of Chemical Sciences, Associate Professor

Kalymbetov Gani Yeskermesovich PhD student, Senior research

Citation: Kedelbaev B.Sh., Lakhanova K.M., Turtabaev S.K., Shitybaev S.A., Kalymbetov G.Y.
Hydrogenation of toluene to methylcyclohexane over promoted skeletal nickel catalysts. Chem. J. Kaz.,
2026, 2(94), 92-101. DOI: https://doi.org/10.51580/2026-2.2710-1185.17

92


https://doi.org/10.51580/2026-2.2710-1185.17
https://doi.org/10.51580/2026-2.2710-1185.17

KA3AKCTAHHBIH XUMUA )KYPHAJIbI XUMHYECKHUY XKXYPHAJI KA3AXCTAHA

1. Introduction

The development of hydrogen energy is considered as one of the key
pathways to low-carbon economy. However, the widespread use of hydrogen is
hampered by the lack of safe, efficient and economically feasible technologies for
its storage and transportation. Among the current approaches (compression,
liquefaction, adsorption, chemical hydrides), liquid organic hydrogen carriers
(LOHC) deserve special attention [1,2,22].

The LOHC principle is based on the repeated «hydrogenation-
dehydrogenation» cycle of an organic compound. The toluene—
methylcyclohexane (MCH) system is one of the most promising LOHC systems
due to the following advantages [3,4,20]:

Parameter Toluene Methylcyclohexane (MCH)
Boiling point, °C 110.6 101
Mass conc., wt% — 6.16
Density, g/cm? 0.87 0.77
Toxicity low extremely low

Methylcyclohexane is also widely used as a high-octane fuel component and
an environmentally friendly solvent. The selective hydrogenation of toluene to
methylcyclohexane is a crucial step in LOHC technology.

Traditionally, catalysts based on noble metals (Pd, Pt, Ru) or Raney nickel
are used for the liquid-phase hydrogenation of aromatic compounds. Despite their
high activity, noble metals are expensive, and the classic Raney nickel (sponge
nickel) catalyst rapidly loses its activity due to sintering [5]. In this respect, the
development of modified nickel catalysts that combines economic affordability
with improved service characteristics is of great relevance.

One effective way to enhance sponge catalysts is to promote them with
various metal additives. In the works of Kedelbaev and Tashkaraev [6,7], the
potential of using industrial ferroalloys as complex modifiers has been
highlighted. Ferroalloys containing Mo, Ti, Mn, make it possible to increase the
specific surface area (SSA) of the catalyst and alter the electronic state of nickel,
promoting hydrogen adsorption [8].

In recent years, highly efficient catalytic systems have been proposed for the
hydrogenation of toluene, including MOF-based Ni-Co bimetallic nanoparticles
[9], Ni catalysts encapsulated in zeolites [10], as well as the unique material
LaNis, which combines the functions of a catalyst and a hydrogen reserve
[11,21,25]. Unfortunately, these systems are difficult to scale up. The use of
industrial ferroalloys (ferromolybdenum, ferrotitanium-manganese,
ferromanganese) as complex modifiers of the nickel framework ensures ease of
preparation and low cost [12]. The commercialization of LOHC technologies
faces a number of challenges, including the cost of carriers and the long-term
stability of catalysts [23].

The purpose of this work — is the development of multicomponent nickel
sponge catalysts, promoted by ferroalloys (FeMo, FeTiMn, FeMn), and to
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investigate their physicochemical and catalytic properties in the liquid-phase
hydrogenation of toluene.

2. Experimental part

2.1 Preparation of catalysts

Starting alloys with a composition of Ni:Al = 50:50 (wt.%) containing
ferroalloy additives (FeMo — ferromolybdenum grade FMo60 per GOST 4759-91,
Mo content >60%; FeTiMn — ferrotitanium-manganese, Ti ~25%, Mn ~15%;
FeMn — ferromanganese grade FeMn75 according to GOST 4755-91) were
smelted in a high-frequency induction furnace (OKB-8020) in quartz crucibles at
1200-1500 °C. The amount of promoter varied from 1 to 10 wt%. The ingots were
crushed to a particle size of <0.25 mm. Activation was carried out using 20%
NaOH in a boiling water bath for 60 min. The catalyst was washed to pH 7 and
stored in ethanol. At least three parallel samples were prepared for each
composition.

2.2 Analysis methods

The specific surface area (SSA) was determined using the BET method
(Autosorb iQ). The phase composition was determined by dispersive X-ray
spectroscopy (DXRS) (Rigaku SmartLab). The elemental distribution was
determined by SEM-EDXRS (JEOL JSM-IT200). Kinetic experiments were
conducted in a batch autoclave (0.25 L) equipped with a stirrer at 393-473 K and
H> pressures of 2.0-12.0 MPa. Sample loading: 200 mL of toluene, 0.5 g of
catalyst. The samples were analyzed on a “Crystallux-4000M” chromatograph
(SE-30 capillary column, FID). Each experiment was repeated at least three times;
the error in the reaction rate measurement did not exceed £5% (relative).

2.3 Properties of used catalysts

After 100 hours of operation in the flow reactor, the catalysts were removed,
washed with ethanol, and examined using SEM-EDXRS and DXRS.

3. Results and discussion

3.1 Physicochemical properties of catalysts

Table 1 provides the characteristics of the studied samples. The addition of
ferroalloys increases the specific surface area by 1.5-1.7 times. The catalyst with
3% FeMo has the highest SSA (82.1 m?/g). As shown in Anderson’s work [27],
the dispersion of metal particles significantly affects catalytic activity, and our
data confirm this: a decrease in crystallite size is correlated with increased
activity.

Table 1 — Composition, specific surface area (SSA), and phase composition of catalysts

Catalyst (wt.%) SSA m?/g (avg. = std. dev.) Phase composition (DXRS)
Ni-Al (50:50) 542+15 Ni, NiAls, Ni2Al3
Ni-Al-3%FeMo 82.1+21 Ni, Mo, Fe, NiMo
Ni-Al-5%FeTiMn 785+2.0 Ni, Fe, MnO;, TiO:
Ni-Al-3%FeMn 65.4+1.8 Ni, Mn, MnOx
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3.2 Catalytic activity (kinetic curves)
Fig. 1 shows the kinetic curves for the hydrogenation of toluene at 413 K and 4.0
MPa. The Ni-Al-3%FeMo catalyst turned out to be the most active, ensuring an
MCH vyield of 88% in 60 minutes, which is 2.5 times higher than that achieved
with unmodified nickel. The Ni-Al-5%FeTiMn catalyst demonstrated a yield of
83% in 60 min.

100 -

80 -

60 -

40 -

Methylcyclohexane yield, %

20 -

—-@- Ni-Al (50:50)
I Ni-Al-3%FeMo
—A— Ni-Al-5%FeTiMn
—4— Ni-Al-3%FeMn
0 10 20 30 40 50 60
Time, min
Fig. 1 - The kinetic curves for the hydrogenation of toluene (413 K, 4.0 MPa)

3.3 Kinetic trends

The rate dependence on toluene concentration (0.5-2.0 mol/L) exhibited
zero-order Kinetics with regards to the substrate. The rate dependence on
hydrogen pressure (Fig. 2) was linear in the range of 2.0-6.0 MPa (first-order
kinetics with regards to Hy). The apparent activation energy was 34.5 + 1.2 kJ/mol
for Ni-Al-3%FeMo and 38.2 + 1.5 kJ/mol for Ni-Al-5%FeTiMn (45.0 + 1.8
kJ/mol for Ni-Al). It confirms the promoting effect of ferroalloys. The obtained
Ea values are consistent with data for modern Ni catalysts [13].

The Langmuir-Hinshelwood-Haugen-Watson (LHHW) approach, which
assumes dissociative hydrogen adsorption on two different types of active sites, is
commonly used to describe the kinetics of aromatic compound hydrogenation.
Similar models have been successfully applied to the hydrogenation of benzoic
acid on Ni catalysts [17] and to the hydrodeoxygenation of m-cresol [18]. The
effect of water vapor on the hydrogenation of toluene over Ni catalysts was
investigated in [19], where it was shown that even small additions of water can
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alter the kinetic parameters. The solubility of hydrogen in organic solvents,
according to data [26], can also affect the observed reaction rate; however, under
our conditions, mass transfer does not limit the process.

100 -

90 -

80 -

70 -

60 -

50 -

40 -

Methylcyclohexane yield, % (at 40 min)

-@- Ni-Al (50:50)
30- Ni-Al-3%FeMo
&~ Ni-Al-5%FeTiMn
—4— Ni-Al-3%FeMn
20 - ! ! ! ' : ‘
2 4 6 8 10 12
Hydrogen pressure, MPa

Fig. 2 — Dependence of methylcyclohexane yield on hydrogen pressure (413 K, 40 min)

3.4 Stability and selectivity

Tests in a flow reactor (100 hours) showed that Ni-Al-3%FeMo retains 92%
of its initial activity (binary Ni-Al - 70%). Selectivity for MCH >99.9%. DXRS of
spent catalysts showed a slight increase in crystallite size (from 5.4 to 6.1 nm for
Ni-Al-3%FeMo compared to 5.4 to 8.2 nm for Ni-Al). The investigation of
pressure distribution in a granular LaNis layer [24] showed that the uniformity of
particle packing is important for the long-term stability of reactors - we took this
factor into account when preparing the catalyst layer.

3.5 Mechanism of Promoting Action of Ferroalloys

During the alkaline leaching, ferroalloy components (Fe, Mo, Ti, Mn)
partially remain within the nickel matrix in the form of oxides and intermetallics,
which exert their promoting action through two coupled mechanisms.

Electronic effect. Molybdenum and titanium atoms, possessing partially
filled d-orbitals, integrate into the nickel lattice forming Ni-Mo and Ni-Ti alloy
phases. This leads to hybridization of the d-bands of the constituent metals and a
modification of the local density of electronic states (LDOS) near the Fermi level.
The increased LDOS facilitates more efficient dissociative adsorption of
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hydrogen via a reverse electron transfer from Ni to the promoter. Consequently,
the Ni—H binding energy is weakened, enhancing the mobility of adsorbed
hydrogen and its availability for the subsequent hydrogenation of the aromatic
ring. The experimentally observed decrease in the apparent activation energy
from 45.0 to 34.5-38.2 kJ/mol corroborates the formation of a more readily
activable hydrogen adlayer.

Geometric effect. Incorporation of Mo, Ti, and Mn atoms at the nickel grain
boundaries induces a localized expansion of the metallic lattice (controlled by
XRD data showing a 0.8-1.2 % increase in the lattice parameter). The enlarged
Ni—Ni interatomic distances reduce the overlap of d-orbitals of adjacent nickel
atoms, which lowers the hydrogen adsorption energy and decreases the depth of
the potential well for Hads. The synergy of electronic and geometric effects
increases the proportion of weakly bound ("mobile™) hydrogen, which is
kinetically relevant in the stage of aromatic ring hydrogenation.

Furthermore, the oxide particles MnOx and TiO2, stably anchored on the
catalyst surface, act as structural spacers that hinder thermal agglomeration of
nickel crystallites, thereby preserving the high specific surface area of the catalyst
during prolonged operation (100 h).

3.6 Comparison with commercial catalysts

Table 2 presents a comparison with commercial analogues. The developed
Ni-Al-3%FeMo catalyst outperforms commercial Ni/Al,O3 catalysts in terms of
both activity and stability and is on par with the best laboratory samples. It should
be noted that for the hydrogenation of benzoic acid on Ni catalysts, mesoporous
carriers have been shown to be highly effective [17], which is consistent with our
results regarding surface area enhancement due to ferroalloys. The hydrogenation
of N-ethylcarbazole on LaNis [21] demonstrates an alternative approach using
metal hydrides; however, our catalyst has the distinct advantage of being simple
to prepare.

Table 2 — Comparison of catalytic properties

Catalyst TP MCH yield per Ea, kJ/mol Stability
hour, % (after 100 h.)
Ni-Al (50:50) 160°C, 68 45.0 70%
4 MPa
Ni-Al-3%FeMo 160°C, 88 345 92%
(our version) 4 MPa
Ni/Al-Os 180°C, 75 ~50 85%
(commercial) [14] 5 MPa
Ni/TiO: (lab.) [15] 150°C, 82 41.2 88%
4 MPa
Pt:Co SAA [16] 180°C, 95 ~40 95% (Pt savings)
3 MPa
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4. Conclusion

1. Multicomponent nickel sponge catalysts promoted by ferroalloys (FeMo,
FeTiMn) have been developed. The optimal compositions are Ni-Al-3%FeMo
and Ni-Al-5%FeTiMn.

2. The rate of toluene hydrogenation on these catalysts is 2.2-2.5 times
higher than on standard Raney nickel. The reaction is zero-order with regard to
toluene and first-order with regard to hydrogen (at 2-6 MPa).

3. The apparent activation energy has been reduced to 34.5-38.2 kJ/mol.

4. The catalysts exhibit high stability (activity retention >92% after 100 h)
and selectivity (>99.9%).

5. A mechanism for the promoting effect of ferroalloys is proposed,
involving stabilization of the nickel phase and an increase in the fraction of
weakly bound hydrogen.

6. In terms of their overall characteristics, the developed catalysts outperform
commercial Ni/Al;Oz catalysts and are comparable to modern nanostructured
systems.

The obtained results allow us to recommend these catalysts for the industrial
production of methylcyclohexane (MCH), including in LOHC hydrogen storage
systems.
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MPOMOTUPJIEHI'EH KAHKAJIBIK HUKEJIb KATAJIU3ATOPJIA-PBIHJA TOJYOJIJAbI
METUJIHUKJIOTIEKCAHFA TUJAPJIEY

B.III. Kedenvoaes *, K.M./laxanosa ?, C.K.Typmaéaes ?, C.A.Illumwidaee >, I.Kanvimbenos *

M.Oyes06 amvindazer Oymycmix Kazaxcman sepmmey ynueepcumemi, ILlvivkenm, Kazaxcman
20.)Koniberos amvinoazer Oymycmix Kazaxcman nedazozuxansiy ynusepcumenti, ILlvivxenm,
Kaszaxcman

Tyiiinaeme. Kipicne. Merwiuknorekcan (ML) cyTeriniH Oomamarsl 30p CYHBIK OpraHHKAJBIK
taceiManayibicel (COCT) sxonHe Herisri epiTkimn Oonsin TaObuiansl. Tomyosnmst MII-Fa cenekTHBTI
THApIICY THIMIi, TYPaKThl KOHE SKOHOMHKAJBIK TYPFBIIAH THIMI KAaTAHU3aTOpIApAbl KaXeT eTei.
Kankaner vHukens (Peneit Hukeni) KeHIHEH KOJIaHBUIFAHBIMEH, OJ Te3 JIe3aKTHBAIlMsIaHyFa Oeiim. By
JKYMBICTBIH MaKcaThl — OHepKacinTik (eppokopsiT-nanapmer (FeMo, FeTiMn, FeMn) Typrenmipiiaren
KONKOMIIOHEHTTI HHKEJB/I KaHKaJIbl KaTaJu3aTopiapibl d3ipiey KOHE OJIap/blH TONYOJIbl THIApIEY
MpoLeciH/eri KaTaIMTHKAIBIK KacHeTTepin 3eprrey. Odicmeme.Karammsaropnap Ni-Al-deppokopsirna
JKYHeNepiH JKOFapbl JKUUTIKTI MHIYKUHUSIIBIK OankpiTy, omaH keiin 20%-meik NaOH epitinzmiciMen
mraiimanay ojiciMer maibiHnanpl. berTik Mopdosoruscel MeH aneMeHTTiK Kypambl DJIC-COM (3neprus
JIMCTIEPCHSUIBIK PEHTTEH/IIK CIIEKTPOCKONHUSICHI Oap CKaHEepJIeyIlli 3IeKTPOH/IBIK MUKPOCKOITHS) jkoHe BOT
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smicrepimen 3eprreii. KuHeTnkanslk toxipuoenep xorapsl KbickiMabl aBrokiasra (0.25 i) 393-473 K
Temreparypana sxoHe 2.0-12.0 MIla cyreri KblchIMbIHAA Xyprizinai. Homuowenep. 3.0 mac.% FeMo
nemece 5.0 mac.% FeTiMn xocy ruapiey >KbULIAMIBIFBIH TYpJICHAIpiIMEreH PeHell HUKeTiMeH
canbIcThIpranga 2.2—2.5 ecere aptreipapl. Menmiikti Oerrik ayman Ni-Al-FeMo yurin 82.1 m?/r xone Ni-
Al-FeTiMn ymin 78.5 M*r xerri. DJIC-COM nepektepi Hukens Marpunacsiaa Fe, Mo, Ti sxone Mn
OipkenKki TapanyblH KepceTTi. Peakumst peri Toiayon GoiblHIIA HemiHImi xoHe H. Goitpamma (2-6 MIla
Ke3inge) Oipinmn exeni aubikTanabl. KepiHerin axrturenmipy sHeprusicel Ni-Al-FeMo yuin 34.5
kx/moib xone Ni-Al-FeTiMn yuin 38.2 kIx/moib Kypazast. Karamuzaropnap MU -ra kateictsl 99.9%
JCHIeiiiHme CcelleKTUBTLIIK KopceTTi jkoHe 100 caraTThIK KYMBICTaH KeifiH OacTamkbl O€ICeHALTINHIH
>02%-piH  cakTam Kajmel. Kopweimeirnosi. DeppoKOpHITIIATAPMEH TYPIACHIIPIITeH KaHKAIbl HHUKEIh
KaTaJlM3aTopJiapbl )KOFapbl THIMALTIKKE, CEJICKTUBTUTIKKE KOHE TYPAKThUIBIKKA He, OYJI 0Japbl CyTeriHi
OHEPKACINTIK CaKTay TEXHOJOTHsUIapbl MEH MYHail XMMHSCHIHAA KOJJIAaHy YIIiH KeJjemeri 0ap eKeHiH
KepceTe/i.

Tyiiinai ce3aep: TOIyo, METHILUKIOTEKCaH, THAPICY, KAaHKaIbl HUKEIb, (EepPOKOpPHITIATAp, KHHETHKA,
31C-CoM

Keoenvoaes baxvimaican Texnuka 2bL1bIMOAPbIHLIY OKMOPbL, NPopeccop

Hlunmupsaesuy

Jlaxanosa Kynzada Mepzenoaesna Aybin wapyaublivi, 2blIbIMOAPbIHBIY OOKMOPYL,
npogheccop

Typmaobaes Capcenoek Koiutmaoaeguu Texnuka 2bL1bIMOAPbIHLIY OKMOPbL, NPopeccop

Hlumuibaee Cepuxoex Anmvinoexosuy Xumus 2o1161MOapPHIHLIY KAHOUOAMBL, OOYEHM

Kanvimoemos I'anu Eckepmecosuu Jloxmopanm, aza vlivlmu Kblzmemxep

I'NAPUPOBAHUE TOJYOJIA 10O METUWIHUK/JIOI'EKCAHA HA TIPOMOTUPOBAHHBIX
CKEJIETHBIX HUKEJIEBBIX KATAJIU3ATOPAX

B.III.Kedenvoaes *, K.M./laxanosa >, C.K.Typmaéaes ?, C.A.Illumwibaee®, I.E.Kanvimbemos *

YOuucno-Kazaxcmancruii uccaredosamensciuii ynusepcumem um.M.Ayesosa, Ilvimxenm, Kasaxcman
2[0xcHo-Kazaxcmarnckuii nedazo2uieckuti yrugepcumem um.O. JKoniberos, [Lvivkenm, Kazaxcman

Pestome. Bgeoenue. Merunuuxiorekcad (ML) siBisieTcst KII0YeBBIM PACTBOPHTEIIEM H NEPCIIEKTUBHBIM
KUIKHM OpTaHHYeCKUM HocuteneM Bogoponga (JKOHB). CenexruBHoe ruppuposanue tomyona B MIT
TpedyeT 3(pHEKTUBHBIX, CTAOMIBHBIX U YKOHOMHYECKH BBITOJHBIX KaTanu3aTopoB. CKeNEeTHbIH HUKENIb
(Huxenp PeHest) MMPOKO NpHUMEHsIETCS, OJHAKO ITOJBEPXKEH OBICTpOH ne3akTHBauuM. Llenbio paHHOM
paboTsl  sBisieTcss pa3pabOTKa MHOTOKOMIIOHGHTHBIX — HHKEIEBBIX CKEIETHBIX  KaTaIM3aTOpOB,
MOAUGHIMPOBAHHBIX MPOMBIILIEHHBIMU (eppociuiaBamu (FeMo, FeTiMn, FeMn), u uccrenoBanne nx
KaTaJIMTUYECKUX CBOWCTB B TMpoOIecCe THAPUPOBaHUS Toiyosa. Memoouka. Katanmzatopbl Obuin
[IPUTOTOBJICHBI METOJOM BBICOKOYAaCTOTHOM MHIYKIMOHHOW 1uiaBku cucreM Ni-Al-¢eppociuias ¢
nocnenyromuM  BeimenaunBanueM 20%-ueiM - pactBopoM NaOH. Mopdosorus mnoBepxHOCTH H
JJIEMEHTHBIA cocTaB ucchaenoBaanch meromamu SEM-EDXRS (scanning electron microscopy with
energy-dispersive X-ray spectroscopy) u BOT. Kuneruyeckue sKCIEpUMEHTHI IPOBOIMINCH B aBTOKIIABE
BeIcoKoro namieHus (0.25 ;) mpm temmeparype 393-473 K u pmaBnenunu Bomopoma 2.0-12.0 MIla.
Pesynvmamer. [Jo6asnerne 3.0 mac.% FeMo wmn 5.0 mac.% FeTiMn yBeanamiio ckopocTs THAPUPOBAHHS
B 2.2-2.5 pa3a 1o CpaBHEHHIO C HEMOAU(DUIMPOBAHHBIM HHKeleM PeHes. VYaenbHas IUIOMIAAb
noBepxHoctH gocturia 82.1 m¥/r mist Ni-Al-FeMo u 78.5 M/t st Ni-Al-FeTiMn. Taunusie SEM-EDXRS
MoKasali paBHOMepHoe pactpenencuue Fe, Mo, Ti u Mn B uukeneBoit marpuiie. [TopsioK peakiuu
OKa3aJicsl HyJEBBIM 110 TOJNyoly W mepBbiM 1o Ha (mpu 2—6 MIla). Kaxyruasicst sHeprusi akTHBaIun
cocrasmiaa 34.5 x/bx/monb mist Ni-Al-FeMo u 38.2 x/Dx/monb mis Ni-Al-FeTiMn. Karanuszatopst
MPOJEMOHCTPHPOBAIN cenekTuBHOCT, K ML Ha ypoBHe 99.9% wu coxpanmmu >92% ot cBoeit
NepBOHaYaIbHOW akTUBHOCTH mociae 100 wacoB pabotel. 3akmouenue. CKeNeTHbIE HHKEICBbIC
KaTalM3aTopsl, MOIU(PHUIUPOBaHHbIE (eppociuiaBaMH, O00JaJar0T  BBICOKOH  3((EKTUBHOCTHIO,
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CCJICKTUBHOCTBIO U CTa6I/IJ1bHOCTblO, YTO ACJIacT UX NEPCICKTUBHBIMHU IJId NPUMEHEHUS B TEXHOJIOTUAX
IIPOMBINIUICHHOI'O XpaHCHUsS BOAOPOJa U HCq)TCXI/IMI/II/I.

KiiouyeBble cjioBa: TONYyOJ, METHILMKIOIEKCAH, TMAPHPOBAHUE, CKEICTHBIH HHUKENb, (eppocIuiaBsl,
kuHetuka, DJ1C-COM

Keoenvoaes baxvimoaican Joxmop mexuuueckux nayk, npogeccop
Hlunmupsaesuy
Jlaxanosa Kynzada Mepzenoaesna Jlokmop cenbcKoxXo351UCmeeHHbIX HAYK, npogeccop

Typmabaes Capcenoex Kotimabaesun  JJokmop mexuuueckux Hayx, npogeccop

Llumvibaes Cepuxoek Kanouoam xumuueckux nayx, ooyenm

Anmuinoexosuy

Kanvimoemos I'anu Ecxepmecosuy Jlokmopanm, cmapwiutl HayuHvil cOmpyOHUK
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Abstract. Purification of drinking water, isolation of rare metals from industrial wastewater, and
water treatment for a wide variety of applications are constant tasks requiring various solutions.
Population growth, the development of new territories, agriculture, factories and manufacturing
enterprises, all of them need clean water. lonite is an ion—exchange resin, one of the ways to solve the
described problems. lonite is able to sort various ions from solutions, thereby purifying them or releasing
valuable ions during sorption. The urgent task is to produce ionites more economically with minimal
energy and material costs. The process of ionite synthesis consists in polymerization and
copolymerization of various monomers, while introducing various initiators and changing the process
conditions, it is possible to achieve a product with high characteristics.

The ionite was based on well-known monomers such as epoxy resins and aliphatic polyamines. The
reagents used were (AGE) allylglycidyl ether, (ED-20) epoxy resin, and (PEI) polyethyleneimine. A
product was synthesized from diglycidyl ether of dioxydiphenylpropane, allylglycidyl ether, and
polyethylenimine using initiating systems based on potassium persulfate (K2S20s) and
azobisisobutyronitrile (AIBN). The synthesis process and method of introducing the initiator into the
reaction mass were selected. The reaction was carried out in an organic solvent medium (DMF) -
dimethylformamide. These initiators have not been described in known sources in combination with
specific reagents during the synthesis of the ion exchanger. Further, the properties of a weakly basic anion
exchanger were investigated using various methods, gravimetric, acid-base titration, infrared
spectroscopy, atomic emission spectral analysis. The study of sorption capacity was carried out on the
ions of metavanadate (VO?%). According to the content of vanadium - (V), in the solution before and after
sorption, the sorption capacity of the ionite - (CE) in mg/g was calculated.

The resulting ionite can solve the problems of water purification and industrial wastewater
treatment. It can be used for the selective extraction of non-ferrous and rare metals contained in industrial
wastewater.
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1. Introduction

Simple methods for producing anion exchangers based on copolymers of
glycidyl methacrylate and polyamines have been studied, and their potential for
extracting metal ions from aqueous solutions has been demonstrated [1, 9, 10,
22]. A comparative analysis of synthetic polyamine resins with commercial
counterparts has shown their high efficiency in sorption [2]. New epoxy sorbents
with amino groups for the removal of azo dyes from aqueous media [3] have been
developed, as well as initiating systems for controlled radical polymerization
using diazo compounds [4]. The diffusion characteristics of azo initiators and
their radicals [5] have been studied, as well as the structure and application of
poly(ethylene glycol)-based macroinitiators for the synthesis of cross-linked
polymer structures [6]. Special attention was paid to the reproducibility of free-
radical copolymerization [7], as well as to the kinetics and mechanism of the
polymerization of acrylamide and methyl methacrylate in the presence of various
initiators, including potassium persulfate and benzoyl derivatives [8, 14, 16]. It
was found that the structural and physical-chemical properties of the resulting
polymers depend on the temperature, monomer concentration, and the nature of
the initiating system [13, 17, 18]. The obtained data can be used to develop
thermostable and chemically stable ion exchangers with high sorption capacity for
metal sorption [11, 23, 24, 25].

The aim of this study was to synthesize an ion exchanger with new initiators
under new conditions and to investigate the sorption properties of the resulting
product towards metal ions.

The novelty of this study lies in the use of AIBN initiators and potassium
persulfate together with known starting reagents for the synthesis of an ion
exchanger. The literature cited describes the use of the components separately
with other reagents. Conducting a joint synthesis and studying the properties of
the resulting product is an urgent task.

2. Experimental part

The initial reagents are allylglycidyl ether (AGE) with a molar mass of
114.14 g/mol, polyethyleneimine (PEI) with a molar mass of 43.04 g/mol, and
epoxy resin (ED-20) with a molar mass of 60.1 g/mol. The ratio of the average
molar mass of the oligomers is 1:1:1 (mol). The synthesis was carried out using
equipment such as a Loip 4T-105A thermostat, as well as ISOLAB 615,10,100,
and IKA eurostar 20 digital overhead mixers. AGE was introduced into a three-
necked flask with a reflux condenser and heated to 80°C. ED-20 was dissolved in
dimethylformamide (DMF). Next, the initiator was added at a ratio of 0.1%
(mass) by weight of the reaction mass.

Ionite «Ax»: the initiator K2S,0g — potassium persulfate was introduced as a
2% aqueous solution.

lonite "B": the initiator azobisisobutyronitrile (AIBN) was introduced as a
2% solution in DMF.
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Next, PEI was added through a dropping funnel as an emulsion of a 50%
aqueous PEI solution in DMF. The reaction mass was stirred until it formed a gel,
making the liquid thick and viscous. Curing was carried out in furnaces at a
temperature of 100 °C.

The ionite was previously washed, prepared, and converted to the OH form
according to standard methods. The static exchange capacity was determined
using the standard method of acid-base titration according to GOST 20255.1-89.
lonites. Methods for Determining the Static Exchange Capacity. The method of
determining the moisture content of the ionite was carried out in accordance with
GOST 10898.1-84, taking into account the adaptations to the specific features of
the sample under study.

The sorption properties were tested on metavanadate anions (VOs), and the
calculation was based on the vanadium content. The starting reagent is
ammonium metavanadate, NH,VOs. To study the dependence of the sorption
capacity (1) on the concentration of the initial solution, five solutions with
concentrations of 25, 50, 100, 150, and 200 mg/L were prepared over a period of
7 days. To study the dependence of the sorption capacity on the pH of the initial
solution for 7 days, five solutions with a concentration of 100 mg/l were prepared,
with pH values: 2, 3, 4, 5, 6, 7, acidifier — nitric acid HNO3 0.1%, alkalizing agent
- ammonia hydrate NH4sOH 0.01%. To study the dependence of the sorption
capacity on the contact time of the ionite with the solution, five solutions with a
concentration of 100 mg/L and a pH of 2 were prepared. The contact time was
0.5, 1, 2, 4, and 24 hours. ge = @ (1), R=100 - (12—%) (2), where: ge —

0
sorption capacity (mg/g); R — degree of extraction (%); Co — initial concentration
of metal ions in the solution (mg/L); C — equilibrium concentration of metal ions
in the solution (mg/L); V — volume of the solution (L); g — weight of the ion
exchanger ().

To study the infrared spectrum, the ionite samples were crushed and mixed
with potassium bromide, then dried at 40-60 °C and cooled in an desiccator.

3. Results and their discussion

At the intermediate stage of ionite «A» synthesis, a light yellow, rather fluid
gel was obtained. The finished product had a soft, rubbery texture and was
insoluble in acids, alkalis, and water. After drying in an oven at 40-60 °C, the
sample took the form of dark yellow-brown transparent granules. At the
intermediate stage of ionite «B» synthesis, a jelly-like gel with a soft, elastic,
rubber-like structure was obtained. The final product was an elastic, soft, and
greasy material that was resistant to water, acids, and alkalis. After drying at 40—
60 °C, the ionite looked like light brown transparent granules. The characteristics
of ionites are listed in Table 1.
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Table 1 - Comparison of the properties of ionites obtained using potassium persulfate and AIBN as

an initiator.
lonite «A» lonite «B»
The initiator used potassium persulfate azobisisobutyronitrile
Molar ratio 1:1:1 - AGE: PEI: ED-20 1:1:1 - AGE: PEI: ED-20
Product yield 26.2 % 43.4 %
Curing time 70 hours 57.5 hours
Static exchange | 1.98 meg/g 2.54 meqg/g
capacity
lonite humidity 43.7 %. 27.1 %.
Appearance Hard, yellowish-brown, darker, Hard, yellowish-brown, lighter,
transparent, brittle transparent, elastic
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Figure 1 - IR spectrum of the «A» ionite sample

Figure 1 shows the IR spectrum of ionite «A». Figure 2 shows the IR
spectrum of ionite «B». The IR spectra indicate the formation of an epoxy-amine
cross-linked structure in both cases. lon exchanger «A» is characterized by bands
at 3898, 3853, 3678, 3668, and 3341 cm™, which belong to the O-H and N-H
groups, as well as signals at 2937, 2924, and 2850 cm™, which correspond to the
aliphatic - CH, fragments. The bands at 1655 and 1601 cm™ are associated with
the deformational vibrations of the amino groups and the aromatic framework,
while the signals at 1248, 1113, and 1088 cm™ indicate the CN and C-O-C bonds,
i.e., the opening of the epoxy ring and the formation of a polymer network. A
band around 926 cm™ may indicate the presence of residual epoxy groups.
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The spectrum of ion-exchange resin «B» is similar, but slightly different in
the main bands. It shows bands at 3349 and 3078 cm™ for the -OH, -NH-, and -
NH2- groups, bands at 2925 and 2843 cm™ for the -CH- fragments, and signals at
1651 and 1601 cm™. The bands at 1247 and 1112 cm™ also confirm the formation
of C-N and C-O-C bonds, while the band at 926 cm™ is weak, which may indicate
the completion of the reaction.

The difference between the spectra is no longer related to the set of
functional groups, but to the way the polymer network is formed.
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Figure 2 - IR spectrum of the «B» ionite sample

Table 2 shows the results of sorption. It has been shown that ionite «A» has
higher and more stable sorption capacity values than ionite «B». In an acidic
environment (pH 2.3), the maximum sorption location were observed, especially
for ionite «B», but as the pH increased, its efficiency decreased significantly,
while ionite «A» maintained more stable characteristics. An increase in contact
time led to a regular increase in sorption capacity and degree of extraction for
ionite «A», while the changes were less pronounced for ionite «B», which
generally indicates a higher efficiency and stability of ionite «A» under the
studied conditions. Figures 3 - 5 show the graphs of the sorption capacity as a
function of concentration, pH, and time, respectively. Figure 6 shows the
structural unit of the obtained ion exchange resin, where R is a branched
oligomeric unit of PEI, epoxy oligomers, and oligomers of allylglycidyl ether that
form a mesh structure.
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Table 2 - Results of sorption of ionites «A» and «Bx»

Sorption depending on concentration
The ionite weight is 0.05 g; T=20°C; static sorption for 7 days in 10 ml of the initial solution.

Initial solution (mg/L) 26.25 50.98 98.53 149 201.98
pH of the initial solution 6.6 6.6 6.6 6.6 6.6
Solution after sorption «A» | 1 15.75 72.45 125.55 168.25
(mg/)

Solution after sorption «B» | 1.65 33.92 79.1 127.5 175.78
(mg/l)

Sorption capacity «A» (mg/g) 5.04 7.02 5.15 4.59 6.6
Sorption capacity «B» (mg/g) 4.92 3.37 3.84 4.19 5.11
Extraction rate «A» (%) 96.19 69.1 26.47 15.74 16.7
Extraction rate «B» (%) 93.71 33.46 19.72 14.43 12.97
Sorption depending on pH

The ionite weight is 0.05 g; T=20°C; static sorption for 7 days in 10 ml of the initial solution.

Initial solution (mg/L) 99.85 104.68 101.92 102.38 103.24 99.77
pH of the initial solution 23 3.3 4 5.6 6.6 7.8
Solution after sorption «A» | 37.46 57.31 71.14 73.08 72.97 64.56
(mg/l)

Solution after sorption «B» | 18.35 87.42 89.42 87.68 85.96 85.85
(mg/l)

Sorption capacity «A» (mg/g) 124 9.36 6.12 5.77 5.92 6.97
Sorption capacity «Bx» (mg/g) 16.04 3.45 2.46 2.94 3.37 2.71
Extraction rate «A» (%) 62.48 45.25 30.21 28.62 29.32 35.29
Extraction rate «B» (%) 81.62 16.49 12.26 14.36 16.74 13.95
Sorption depending of time

The ionite weight is 0.05 g; T=20°C; static sorption in 10 ml of the initial solution.

Initial solution (mg/L) 99.52 99.52 99.52 99.52 99.52
pH of the initial solution 2.3 2.3 2.3 2.3 2.3
Contact time (hours) 0.5 1 2 4 24
Solution after sorption «A» | 80.01 61.16 43.56 35.9 22.7
(mgfl)

Solution after sorption «B» | 79.7 85.96 92.32 86.79 73
(mg/1)

Sorption capacity «A» (mg/g) 3.9 7.54 11.08 12.67 15.06
Sorption capacity «B» (mg/g) 3.95 2.67 1.41 2.5 5.24
Extraction rate «A» (%) 19.6 38.55 56.23 63.93 77.19
Extraction rate «B» (%) 19.92 13.63 7.23 12.79 26.65
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Figure 3 - Graph of the sorption capacity dependence on the concentration of the initial solution

Figure 4 - Graph of the dependence of the sorption capacity on the pH of the initial solution
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Figure 6 - Structural unit of the obtained ionite

4. Conclusion

It was possible to synthesize ionites using new initiators for this composition:
potassium persulfate and AIBN. The conducted studies showed that the type of
polymerization initiator significantly affects the characteristics of the obtained
materials. The resulting ionites fully reflect the specific features of the synthesis
conditions used and demonstrate pronounced differences in their main operational
parameters.

lonite "A" exhibited higher stability and sorption capacity, despite its higher
moisture content and lower yield. The curing time was longer, which may
indicate a slower polymerization process and the formation of a more developed
porous structure with increased hydrophilicity. The experimental data showed that
this material has stable sorption properties when interacting with metal ions. The
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static exchange capacity of ionite "A" was 1.98 meq/g, and the sorption capacity
was 15.06 mg/g at pH 2.3 over a long sorption time.

lonite B with a shorter curing time and higher yield had a higher sorption
capacity at low pH. The static exchange capacity of ionite B was 2.54 meg/g, and
the sorption capacity was 16.04 mg/g at pH 2.3.

The results of IR spectroscopy confirmed the formation of a dense and
uniform polymer matrix. The obtained results confirm the potential of the
synthesized ion exchangers for use in sorption processes and further research in
the field of ion exchange materials.
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METAJIZAP/IBI COPBLHUSJIAY YIIIH )KAHA BACTAMAIIBLI KYUEJEPII
KOJIJAHA OTbIPBIIL, GIIOKCUATI IHAUBIPJIAP MEH HOJIMAMUH/JIEP
HET'T3IHAEI'TI MOHUT CUHTE3I

A.M.Poouonos”, T.K.Hanos, K.T.Cepuxéaesa, K.A.Caovixos, @.E.Epbonosa
O.b. bexmypos amvinoazel xumus evlivimoapsl uncmumymol AK, Anmamot, Kazakcman

Tyiiingeme. AysI3 Cyzbl Ta3apTy, OHIIPICTIK aFbIHABL CyJIapJiaH CHPEK MeTalgap/bl Geril aiy, Cyasl ap
TYpPJi KOJJIaHy cajianapblHa AadbIHAAy op TYpJii IIeMiMIepAi KaKeT eTeTiH TYPaKThl MiHIETTep OOJIbl
TabbLIanbl. XambIKThIH 6cyi, KepAiH jKaHa ayMaKTapblH Hrepy, aybll INApyallbUIbIFbl, 3aybITTap MEH
OHIIPICTIK KOCINOpPBIHIAP, ONApABIH OapibIFbl Ta3a cyra MyKTaX. VIOHMT-WOH anMacy IIaibIpbl,
CUNATTalFaH Macesenepai memyaid Oip »xonbl. MoHUT epiTiHALIEpAeH opTYpii MOHIAPIBI CYpBINTai
aajpl, OChUIAiiIA onapsl Ta3apTaabl HeMece COpOLus MpoLecinae KYHAB HOHAapAs! MbFapansl. EH a3
SHEPreTHKANbIK JKOHE MAaTepUasblK INBIFBIHAAPMEH HOHHUTTEPJi HEFYpIbIM SKOHOMHKAIBIK THIMIL
OHIIpy e3ekTi MiHger Oonbin TaObutagsl. MoHWTTEpai cuHTE3ley Ipoleci opTYpiai MOHOMepIepai
MOJIIMepIIey JKOHE COIOIIMepIIey OOIBIN TabbLIaIbl, all SpTYPIIi GacTaMaIIbLIapAbl €HTi3Y JKoHe IPOLece
JKaFIaiapelH ©3repTy apKbLIbl )KOFapbl OHIMALTIKKE KOJ JKeTKi3yre 6omanbl. IOHUTTIH Heri3i 3MOKCUATI
maiibiprap MeH anudaTThl NOJMAMHHAEP CHAKTHI Oenrini MoHomepnep ©Oonnbl. KonpaHbeiiaTbia
pearenrrep: (AI'D) - ammwimmma s¢upi, (3-20) - smokcuari wraiislp, ([IDM) — HOMUITHICHUMHUH.
JuokcunueHUIIPonaH AUTTHIUANT d(GUPIHeH, AUTIINIHICANT SPUPIHEH KoHE MONHITHICHIMUHHEH
kanmuii mepeyabdater (K2S20g) xone azo0ucuzobytuponutpun - (AVBH) Herisinmeri MHUIHAIMSIBIK
KyHenepai KosiaHy apKpulbl ©HIM cuHTe3fennl. CuHTe3 mpoueci >koHe OacTaMallbIHBl peaKIys
MaccachlHa eHTri3y ogici Tammanmsl. Peakums opranukanslk epitkim (JIM®A) — muMerundopmamun
opTachIHAa KYpri3iani. byn 6acramamsuiap Oenrini ke3aepae HOHUT CUHTE3IHeT] HAKThl PeaKTHBTEPMEH
Oipre cunarraamaraH. Opi Kapail op TypJi omicTep/i, rpaBUMETPHUSUTBIK, KBIIIKBIUIIBIK-HET13/1iK THTPICY I,
NH(PPAKBI3BUI CHEKTPOCKOIUSIHBI, aTOMIBIK-9MUCCHSUIBIK CIICKTPIIIK TalIayAbl KOJJaHa OTBIPHIN, QJICi3
HETi3/1i aHHOHUTTIH KacuerTepi 3eprreni. CopOumsuIbK KabineTin 3eprrey MetaBananat nouaapst (VO3Y)
GoiibIHIIa Kyprisinmi. Banaguiaig kypamsl 6oiibiHimna — (V), copOumsira Jedinri sxoHe Kelinri epitinmine
HOHUTTIH COpPOLMSIIBIK ChIHBIMABLIBIFEI - (CE) Mr/r menm caHamapl. ANBIHFaH MOHUT CYy MEH OHAIPICTIK
arbIH/Bl CyJIapJbl Ta3apTy MoceleNepiH LIele anagsl. OHEepKICINTIK aFbIH/bI Cylapaa Ke3IeceTiH TYCTI
KOHE CHPEK MeTalIap/bl CETIeKTUBTI OKIIAayIay YIIiH KOJIIaHyFa 6oaIbL.

Tyiiinai ce3aep: MOHMT, MOH anMmacy IIaWbIpbl, copOuus, Oacramalubuiap, SMOKCHUITI IIAHbIpIIap,

amudaTTel  NOMMAMHUHACD, AUNUITIHIEAWT dSGupi, NONMITUICHHMHUH, Kalumid mepcynbdarsl,
a300MCH300y THPOHUTPUIL.
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Yanoe Tynezen Kamenosuu Xumusi 2611bIMOaPbIHBIY OOKMOPYL, NPpopeccop
Cepukoaesa Kamupa Typnvixanoena Aza evinvimu Kbizmemkep

Caovikoé Kanam Amupkynoeuu Fouivimu Kvismemxep

Poouonoe Anexceit Makcumoguu Unorcenep

Epéonosa ®amuma Epoonkpize Hnowcenep

CHUHTE3 HIOHUTA HA OCHOBE 3IIOKCHUJHBbIX CMOJI U TIOJIMAMHHOB C
MNPUMEHEHMEM HOBBIX HHULIUUPYIOIUX CUCTEM AJ11 COPBLIMU METAJIJIOB

A.M.Poouonoé”, T.K.Yanos, K.T .Cepuxbaesa, K.A.Caovixos, @.E.Epéoonosa
AO Uncmumym xumuueckux nayk umenu A. 5. bexmyposa, Aimamer, Kazaxcman

Pe3tome. OuncTka NUTBEBOH BOJbI, BBIACICHUE PEAKUX METAVIOB M3 IMPOMBIIUICHHBIX CTOKOB,
MOArOTOBKA BOJBI JUIS CaMbIX PA3IMYHBIX 00JacTell NPUMEHEHHUs SBISIOTCS IIOCTOSHHBIMH 3aJadaMu,
TpeOyrolye pasiIHYHbIX penIeHud. PocT HaceneHWs, oCBOGHHE HOBBIX TEPPUTOPUH 3eMIIH, CEIbCKOE
XO3SCTBO, 3aBOJIBI M [IPOU3BOACTBEHHBIE MPEIIPHUATHS, BCE OHU HYXKIAIOTCSA B YHCTOH Bojae. MoHuT —
HMOHOOOMEHHAsi CMOJIa, OAWH W3 CHOCOOOB ISl pEIICHHS ONMCAHHBIX 3amad. MoHuT cnocobeH
COPTUPOBATH PA3IUYHBIC HOHBI M3 PACTBOPOB, TEM OYMINAS MX WM BHIACILATH LICHHBIC HOHBI B IpoLEcce
copOmy. AKTyanbHOW 3ajgaueil sBIseTcs 6oliee SKOHOMHYECKH BBITOJHOE IPOHM3BOJACTBO HOHHTOB C
MUHUMAQJIBHBIMH JHEPreTHYECKUMU M MaTepuajbHbIMM 3arparamu. [Ipomecc CcHHTe3a MOHHTOB
3aK/II0YAeTCST B IOJMMEPU3alMM M COIOJMMEPH3AlMU PA3IMYHBIX MOHOMEPOB, IIPU OITOM BBOIS
pa3nuYHble WHULIMATOPBI, M MEHSS YCJIOBHS IIPOIECCa MOXXHO JOOHThCS MHPOAYKTAa C BBHICOKHMH
xapaktepuctukamu. OCHOBOM IJIsi HOHUTA MOCIY)KHJIM M3BECTHbIE MOHOMEpBI, TAaKUE KaK SIOKCHJHBIC
cMoJIbl 1 anudaTrieckue noaramuHel. Mcmonb3yembie peareHTsl: (AlD) - ammuarnuuuaunoBsiid d¢up,
(B-20) - onokcumuas cmoma, (IIOV) — nonamdTHICHUMHH. BbUT CHHTE3MpOBaH NPOIYKT H3
JUTIHALHAIOBOTO (pupa AMOKCHIN(BESHUINPONaHa, ajIITIHLEIHIOBOT0 d(QUpa U MOJHUITUICHUMUHA C
NpUMCHEHHEM  WHULOMUPYIOMMX  cHCTeM Ha  ocHoBe mepcyimbdara kamus — (KoS208) u
a3zo6ucuzobytuponutpuia - (AUBH). beut momobpan npoliiece cMHTE3a M CIIOCO0 BBEICHHST HHUIIMATOPA B
peakIMOHHyI0 Maccy. Peakuust Bemach B cpene  opraHudeckoro pacrsopurenst (JAM®PA) -
nuMmetiidopmamu. JlaHHbIe HHUIMATOPHI HE OBUTH OMKCAHBI B U3BECTHBIX HCTOYHHMKAX B COUYCTAHHUH C
KOHKPETHBIMH PeareHTaMM IpH CHHTe3¢ MOHMTA. Jlajee ObUTH MCCIIeOBaHbI CBOMCTBA CI1a000CHOBHOTO
AQHHOHHUTA C IPUMEHEHHEM Pa3IMYHEIX METOJOB, IPaBUMETPHYECKOT0, KHCIOTHO-OCHOBHOTO TUTPOBAHMS,
HH(PPAKPACHOH CIIEKTPOCKOIMH, aTOMHO-3MHCCHOHHOTO CIEKTPAJIBHOrO aHaimm3a. lccienoBaHue
COpPOIMOHHO CTOCOGHOCTH MPOBOMMIOCH 0 MoHaM MeraBanamara (VOgz). [To comepxaHnio BaHAIHUS -
(V), B pactBope 10 W mocie COpOIMH, cuurasach copbimonHas emkocth Houuta — (CE) B Mr/T.
Tony4yeHHBIE MOHUT MOYET PELIUTh MPOOJIEMbI OYMCTKHA BOJABI M MPOMBIIUICHHBIX CTOKOB. MOXKeET
enecoo0pa3sHo  MPUMEHSATCS Ul CEIEKTHBHOTO  BBIICNCHHS [BETHBIX W PEIKHX METaJlIOB,
COJIePIKAIIUXCS B MPOMBIIUICHHBIX CTOKAX.

KiioueBble cj10Ba: HOHUT, HOHOOOMEHHAs CMOJa, COPOLHs, HHHIHATOPBI, SIOKCHIHBIE CMOJIbI,
anudaTHIecKre TOJMAMUHBL, AJUTHJINTHLIEIUIOBbIH d(Up, MONUITHICHUMHH, Iepcyabdar Kaus,
a3001CcHU300y THPOHHUTPHUIL.

Yanoe Tynezen Kamenosuu Jlokmop xumuueckux HayK, npogeccop
Cepuxoaesa Kamupa Typavixanoena Cmapwiuil HayuHwlll COMPYOHUK
Caovikoe Kanam Amupkynosuu Hayunwiii compyonux

Poouonoe Anexceit Maxcumoguu Huowcenep

Epéonosa ®amuma Epoonkpize Huowcenep

111



ISSN 1813-1107, elSSN 2710-1185 Ne 2, 2026

References

1. Ybraimzhanova L. Synthesis and research of ion-exchange materials based on epoxyacrylates.
The Sci. Herit., 2022, Ne 91, P. 21-23. https://doi.org/10.5281/zenodo.6695628

2. Amphlett J. T. M., et al. Polyamine functionalised ion exchange resins: Synthesis,
characterisation and uranyl uptake. Chem. Engi. J., 2018, Vol. 334. P. 1361-1370.
https://doi.org/10.1016/j.cej.2017.11.040

3. Podkoscielna B., Wawrzkiewicz M., Klapiszewski L. Synthesis, characterization and sorption
ability of epoxy resin-based sorbents with amine groups. Polymers, 2021, Vol. 13. Ne 23. P. 4139.
https://doi.org/10.3390/polym13234139

4. Yamago S., lida K., Nakajima M., Yoshida J. Practical protocols for organotellurium-mediated
living radical polymerization by in situ generated initiators from AIBN and ditellurides. Macromol.,
2003, Vol. 36. Ne 11. P. 3793-3796. https://doi.org/10.1021/ma034211a

5. Terazima M., Nogami Y., Tominaga T. Diffusion of a radical from an initiator of a free radical
polymerization: a radical from AIBN. Chem. Phys. L. 2000. Vol. 332. Ne 5-6. P. 503-507.
https://doi.org/10.1016/S0009-2614(00)01298-7

6. Walz R., Bomer B., Heitz W. Monomeric and polymeric azoinitiators. Macromol. Chem. and
Phys., 1977, Vol. 178. Ne 9. P. 2527-2534. https://doi.org/10.1002/MACP.1977.021780904

7. Marques, N., Lima, B., Silveira, R. PNIPAM-based graft copolymers prepared using potassium
persulfate as free-radical initiator: synthesis reproducibility. Coll. and Pol. Sci., 2016, Vol. 294. P. 981-
991. https://doi.org/10.1007/s00396-016-3854-2

8. Hunkeler D. Mechanism and kinetics of the persulfate-initiated polymerization of acrylamide.
Macromol., 1991, Vol. 24. Ne 9. P. 2160-2171.

9. Yergozhin E. E., Chalov T. K., Kovrigina T. V. Synthetic and Natural lonites for Sorption
Technologies. 2018. ISBN 978-601-332-041-0.

10. Yergozhin E. E., Chalov T. K., Iskakova R. A., Kovrigina T. V. Polyfunctional anion
exchangers based on allylglycidyl ether and some polyamines. J. of App. Chem., 2004, V. 77. No. 3. Pp.
465-469.

11. Yergozhin E. E., Begenova B. E., Chalov T. K. Synthesis and study of the physical and
chemical, acid-base, and complex-forming properties of ion exchangers based on glycidyl derivatives of
aromatic compounds and polyamines. J. of App. Chem., 2007, Vol. 80, No. 3, pp. 473-478.
https://doi.org/10.1134/S1070427207030238

12. Yergozhin E. E., Chalov T. K., Kovrigina T. V., Iskakova R. A., Nikitina A. I. Study of the
Complex-Forming Ability of Anionites Based on Some Polyamines, Allyl and Epoxy Compounds. J. of
App. Chem., 2004, VVol. 77, No. 10, pp. 1693-1698. https://doi.org/10.1007/s11167-005-0096-3

13. Yergozhin E. E., Mukhitdinova B. A., Chalov T. K., Iskakova R. A. Polymers based on
polyglucid amines. J. of App. Chem. 2005 Vol. 78, No. 10, pp. 1716-1720.
https://doi.org/10.1007/s11167-005-0587-2

14. Pirmedova T., Annadurdyeva G., Ashirov O. Ashirova B. Study of the Influence of Various
Factors on the Polymerization Process and the Properties of the Resulting Polymers. Wor. Sci., 2024, Vol.
1, No. 21, pp. 280-285.

15. Pashchenko E. A. et al. Synthesis of modified epoxy oligomers with substituents based on
framework compounds and study of their curing processes; Study of the curing processes of modified
oligomers using ionic polymerization initiators. Study of the physical and mechanical properties of
composites based on modified epoxy oligomers and SPM powders. Rock-breaking and metal. tools-techn.
and tech. of their man. and applic., 2014, No. 17, pp. 379-384.

16. Zaikina A.V., Yarmukhamedova E.I., Puzin Yu.l., Monakov Yu.B. Study of the Polymerization
of Methyl Methacrylate Initiated by the N, N-Dimethyl-N-Benzylamine-Benzoyl Peroxide System. Chem.
and Chem. Techn., 2010, Vol. 53, No. 3, pp. 86-89.

17. Vent D.P., Savelyanov V.P., Lopatin A.G., Safin M.A. Influence of the agitator rotation speed
on the dynamics of the styrene suspension polymerization reactor. B. of the Inter. Acad. of Sys. Res.
Inform., Ecol., Econom., 2012, Vol. 14, No. 1, pp. 91-94.

18. Nikolaev A. V., Vorobyov I. V., Anuchin N. V. Influence of the choice of the polymerization
initiator on the effectiveness of the curing of unsaturated polyester resin. New tech. in the educ. proc. and
prod, 2019, pp. 446-449.

19. Klenin V. I, Fedusenko I. V. High-Molecular-Weight Compounds. 2013.

112


https://doi.org/10.5281/zenodo.6695628
https://doi.org/10.1016/j.cej.2017.11.040
https://doi.org/10.3390/polym13234139
https://doi.org/10.1021/ma034211a
https://doi.org/10.1016/S0009-2614(00)01298-7
https://doi.org/10.1002/MACP.1977.021780904
https://doi.org/10.1007/s00396-016-3854-2
https://doi.org/10.1134/S1070427207030238
https://doi.org/10.1007/s11167-005-0096-3
https://doi.org/10.1007/s11167-005-0587-2

KA3AKCTAHHBIH XUMUA )KYPHAJIbI XUMHYECKHUY XKXYPHAJI KA3AXCTAHA

20. Navolokina R. A., Zilberman E. N. Chem. of H.-Mol. Com.: Polycon. and Step-by-Step
Polymer.. 2008.

21. Kireev V. V. High-Molecular-Weight Compounds. 2015.

22. Kendi J., Nairuti R. N. lon Exchange Processes. Advan. Tertiary Waste. Treatment: Tech. and
Meth. Cham : Sprin. Nat. Switz., 2026, C. 23-39.

23. Bulenbayev M., Altaibayev B., Magomedov D., Bakrayeva A., Bekpeisov Zh. Sorption
Concentration of Uranium and Vanadium from Productive Solutions of Black Shale Ores. Complex use of
min. Res., 2026, Vol. 340. Ne 1. P. 87-94. https://doi.org/10.31643/2027/6445.09

24. Pavel Ks., Helena P., Arka L., Miroslava N., Ludek J. Co-sorption of vanadium (V) and
molybdenum (V1) onto ion exchange resin with multiple hydroxyl groups. Separ. Sci. and Tech., 2026, P.
1-12.

25. Sadykov K., Bektenov N., Chalov T., Serikbayeva K., Kuznetsova Y., Yerbolova F. New anion
exchangers and their sorption properties toward chromium (vi) and vanadium (v) ions. Chem. J. of
Kazakhstan, 2025, Ne 3 (91). P. 123-133. https://doi.org/10.51580/2025-3.2710-1185.41%20

113


https://doi.org/10.31643/2027/6445.09
https://doi.org/10.51580/2025-3.2710-1185.41

ISSN 1813-1107, elSSN 2710-1185 Ne 2, 2026

Chemical Journal of Kazakhstan
Volume 2, Number 94(2026), 114-123 https://doi.org/10.51580/2026-2.2710-1185.19

UDC 547.(1+435+6+822)+549.623+631.(811+84+85)

SOFT ORGANOMODIFICATION OF BENTONITE WITH
OXYPHOSPHONATE AND ITS APPLICATION AS A PROLONGED-
LASTING GROWTH STIMULATOR

B.Y. Kapar,'?, T.Y. Zharkynbek 2", B.B. Tyussyupova 2, D.M.-K. lbraimova ?,
S.M. Tazhibayeva 2, V.K. Yu !

A.B. Bekturov Institute of Chemical Sciences JSC, Almaty, Kazakhstan
2Al-Farabi Kazakh National University, Almaty, Kazakhstan

“Corresponding author e-mail: tolganay.zharkynbek@gmail.com

Abstract. Introduction. Organomodified clay materials are of significant interest as functional
systems for agriculture due to their ability to provide the sustained release of biologically active
substances. Natural bentonite, with its high specific surface area and ion-exchange capacity, serves as an
excellent matrix for the immobilization of organic growth stimulants. The purpose of this study is to
develop a low-energy, efficient method for the soft organomodification of bentonite using a specific
oxyphosphonate (Kaz-6) and to evaluate its effectiveness as a prolonged-action growth stimulator for
wheat. The proposed method involves the pre-dispersion of bentonite in water at 40°C, followed by drying
at 50°C. The prepared mineral matrix was then treated with low-concentration aqueous solutions of
dimethyl(4-hydroxy-1-(2-ethoxyethyl)piperidin-4-yl)phosphonate (Kaz-6) in the concentration range of
102-10° wt % at room temperature. The structure of the resulting composite was characterized using IR
spectroscopy. It was found that the developed approach significantly reduces the process temperature and
duration compared to existing analogs, while using substantially lower concentrations of the organic
component. Biological trials showed that the organomodified bentonite exhibits pronounced growth-
promoting activity toward wheat (varieties “Almaken” and “Zhenis™). The most significant stimulatory
effect was observed at concentrations of 10-°-10 wt. %, where the composite outperformed both the
control group and the free (unbound) oxyphosphonate. The results indicate that the immobilization of
Kaz-6 on bentonite ensures prolonged action and increased bioavailability of the active component. The
developed organomineral composite can be recommended as a promising growth-promoting agent for
sustainable agricultural applications.

Key words: bentonite, organomodification, oxyphosphonate, immobilization, growth stimulator,
wheat, sustained release.
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1. Introduction

Natural clay minerals, particularly bentonite, are widely used in various
fields due to their high specific surface area, pronounced sorption properties, and
high ion exchange capacity. These characteristics stem from the layered
montmorillonite-type structure, which enables the intercalation and fixation of
various organic and inorganic compounds [1].

In recent years, the use of bentonite in agriculture as a functional carrier of
biologically active substances has attracted particular interest. It has been shown
that the application of bentonite to soil improves its physicochemical properties,
increases its water-holding capacity, and enhances the availability of nutrients to
plants [2]. Furthermore, bentonite is capable of adsorbing organic compounds and
ensuring their gradual release, providing a prolonged effect.

One effective approach to improving the functional properties of bentonite is
its organomodification. Modern modification methods include the use of
surfactants, polymers, and organic acids, which significantly alter the surface
characteristics of the material and enhance its sorption activity [1,3]. However,
most known approaches are characterized by high concentrations of modifying
agents, elevated temperatures, and long processing times, which limits their
practical application.

In this regard, a pressing task is the development of gentle and cost-effective
methods for organomodification of bentonite using low concentrations of
functional organic compounds. Of particular interest are oxyphosphonates , which
possess high complexing capacity, hydrophilicity, and potential biological activity
[4]. The introduction of phosphorus-containing groups into organomineral
systems helps to enhance their coordination and adsorption properties [5].

Furthermore, modern research shows that modified bentonite compositions
can improve soil fertility, stabilize organic component, and stimulate crop growth
[2,6]. This area is particularly relevant for Kazakhstan due to the widespread use
of bentonite clays and the need to increase crop yields in arid climates [7].

Previous studies have demonstrated that organomodified clay materials serve
as effective carriers for agrochemicals and controlled-release systems, minimizing
the loss of active substances and improving their utilization efficiency [8-10].

In particular, it has been shown that the intercalation of organic molecules
into the interlayer space of montmorillonite promotes the formation of stable
hybrid structures with controlled desorption kinetics [11].

Modern research also demonstrates that functionalization of the bentonite
surface with phosphorus-containing compounds increases its affinity for
biologically active molecules and improves their retention in the soil system
[12,13]. An important factor is the use of low concentrations of modifying agents,
which helps avoid aggregation and preserve the active surface of the mineral [14].

In addition, the use of nanostructured organo-mineral compositions is
considered as a promising direction in agrochemistry, aimed at creating
environmentally friendly and resource-saving technologies [15-17].
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The aim of this work is to develop a method for obtaining organomodified
bentonite using Kaz-6 under mild conditions, as well as to study its growth-
stimulating activity in relation to wheat.

2. Experimental part

Materials

Natural bentonite from the Tagan deposit (Kazakhstan) was used in the
study. Before use, the bentonite was pre-treated (dispersed and dried).
Dimethyl(4-hydroxy-1-(2-ethoxyethyl)piperidin-4-yl)phosphonate (Kaz-6) was
prepared previously by a known method and used as a modifying agent [18].
Distilled water was used to prepare the solutions. All reagents were used without
further purification.

Preparation of organomodified bentonite

Bentonite was pre-treated as follows: the original bentonite was dispersed in
distilled water at 40°C until a homogeneous suspension was obtained. The
resulting suspension was dried at 50°C for 3 hours, after which the dried material
was ground to a powder.

Organomaodification was carried out by treating prepared bentonite with Kaz-
6 aqueous solutions with various concentrations (10%-10° wt. %). For this, 1 g of
bentonite was mixed with 50 mL of the modifier solution and kept at room
temperature for 40 minutes with occasional stirring.

After completion of the process, the mixture was filtered and the resulting
solid product was dried at 50°C for 2 hours. As a result, organomodified bentonite
was obtained in powder form.

IR spectroscopy

The IR spectra were recorded in the 4000400 cm™ range using a Nicolet
5700 IR spectrometer, using thin-films.

Spectral analysis was performed to confirm the immobilization of the organic
component on the bentonite surface. Particular attention was paid to the bands
corresponding to the stretching vibrations of the P=0 (=1230-1250 cm™), P-O-C
(=1000-1050 cm™) groups, as well as O—H and N-H bonds.

Biological testing

The growth-promoting activity of organomodified bentonite was studied on
the seeds of the “Almaken” and “Zhenis” wheat varieties. The experiments were
conducted under laboratory conditions at Al-Farabi Kazakh National University at
an average temperature of 22 + 2 °C and a relative humidity of 50 = 5%.

The seeds were treated with suspensions of organomodified bentonite
containing Kaz-6 at concentrations of 102-10° wt. %. Distilled water and
solutions of free phosphonate at appropriate concentrations were used as controls.

The growth-stimulating effect was assessed based on shoot length on days 2
and 14. A series of parallel experiments (n = 3-5) were conducted for each
treatment, and the results were expressed as mean values.
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3. Results and Discussion

A comparative analysis of the developed method is presented in Table 1.
Compared to the method described in [19], the proposed approach is
characterized by a simpler process flow. Direct immobilization of organic
oxyphosphonate on a mineral matrix eliminates the need for suspension
preparation, multiple washings, and centrifugation. This results in reduced
synthesis time and reduced reagent consumption while maintaining the
effectiveness of the modification.

Table 1 — Comparison of conditions for obtaining organomodified bentonite (developed method and
prototype)

Concentrati Temperature, °C Time, h
on of Soaki Drying Aging | Drying | Soaking Drying Aging Drying
Organic ng (pre- (pre-
Component, treatment) treatment)
wt.%
Dimethyl (4-hydroxy-1-(2-ethoxyethyl)piperidin-4-yl) phosphonate
102 40 50 Room 50 12 3 2/13 (40 | 2
temp. min)
10° 40 50 Room 50 12 3 2/13 (40 | 2
temp. min)
10* 40 50 Room 50 12 3 2/13 (40 | 2
temp. min)
10° 40 50 Room 50 12 3 2/13 (40 | 2
temp. min)
10 40 50 Room 50 12 3 2/13 (40 | 2
temp. min)
Aminoacetic acid (prototype)
5.0-5.5 - 110 Room 70 24 6 24 4
temp.

Specifically, the processing temperature was reduced from 110 to 50°C, and
the holding time was reduced from 24 hours to 40 minutes. Furthermore, the total
duration of the preparation and modification stages was more than halved.

A significant advantage of the developed approach is the use of significantly
lower concentrations of the organic component (102-10° wt. %), whereas the
prototype uses concentrations of approximately 5 wt. %. Reducing the modifier
concentration not only reduces the cost of the process but also promotes a more
uniform distribution of organic matter on the bentonite surface.

The IR spectra of organomodified bentonite demonstrate the appearance
and/or strengthening of bands characteristic of the oxyphosphonate fragment
(Table 2). In particular, bands of the P=0 group stretching vibrations are observed
in the region of ~1200 cm™ and the characteristic P-O-C bands appear as
prominent peaks at 1150-1030 cm™. Simultaneously, changes are recorded in the
region of broad O—H bands (=3200-3600 cm™), indicating the interaction of the
organic component with the hydroxyl groups of the clay mineral surface.

The strong retention of Kaz-6 in the bentonite matrix is likely due to the
formation of hydrogen and coordination interactions between the phosphonate
groups of the modifier and the active sites of the clay mineral. Although specific
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studies of desorption kinetics, binding strength, and the effect of pH on the release
of the active component were not conducted in this study, the results of 14-day
biological tests indicate the prolonged action of the composite and the effective
retention of the modifier in the mineral matrix. A detailed study of the release
kinetics and pH-dependent behavior of the system is of significant practical
interest and will be the subject of further research.

The results of biological tests are presented in Figure 1. The obtained data
indicate a pronounced growth-stimulating activity of organomodified bentonite.

Compared to the control (H.0), a significant increase in shoot length was
observed on both the 2" and 14™ days. The most pronounced effect was achieved
at concentrations of 10°-10° wt. %, where seedling length exceeded control
values by an average of 20-40%.

It is important to note that organomodified bentonite exhibits higher activity
compared to free oxyphosphonate in similar concentrations. This confirms the
effectiveness of immobilization of the active substance on the mineral matrix
(Figure 2).

Table 2 — IR spectra data of bentonite, oxyphosphonate and obtained composite

Functional group Bentonite, cm™ Oxyphosphonate, cm™* Composite, cm™?

v O-H 3628, 3438 3269 3631, 3442, 3347

v C—Haikyi 2922, 2853 2957, 2931, 2878, 2822, 2773 | 2977, 2756

v P=0 - 1225 ~1200 (overlaps with
Si-0)

v P-O-C/P-O - 1150-1030 1150-1030 (overlaps
with Si-0)

v Si-0 ~1008 — ~1009

v AI-OH 916 — 916

5 CH> u CHs - 1500-1300 (intense) 1500-1300 (weak)

3 Si-O-Al 754, 694 — 768, 700

3 P-0, Si-0, AI-0 541, 469 565, 492, 429 519, 489, 424

“Almaken” wheat variety “Zhenis” wheat variety

I Bentonite + Ka: Il Bentonite + Kaz-6
184 [ JKaz-6 18 4 [ IKaz6

Shoot length (14" day), em
o
1

Shoot length (14" day), em

10 10°° 10t 10 10°° H:0 1072 10°* 10 107° 107" Hy0
Concentration, wt.% Concentration, wt.%

Figure 1 — The effect of organomodified bentonite on the growth of wheat seedlings
of the “Almaken” and “Zhenis” varieties.
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An important aspect of using the developed organomineral complexes is
assessing their environmental safety and phytotoxicity. During a 14-day
observation period, no signs of growth inhibition, chlorosis, or necrotic changes
were detected in seedlings of the “Almaken” and “Zhenis” wheat varieties at
concentrations ranging from 102 to 10° wt.%. Active development of the root
system and aboveground parts of the plants indicates the absence of phytotoxic
effects and confirms the high biocompatibility of the Kaz-6-bentonite composite
at the concentrations studied.

Visual observation of the experimental samples on the 11" day (Figure 3)
correlates with the quantitative morphometric data. Wheat seedlings of the
“Almaken” and “Zhenis” varieties treated with the bentonite-Kaz-6 composite at a
concentration of 10® wt. % show visibly more robust development of the
vegetative mass compared to both the distilled water control (H.O) and the free
oxyphosphonate.
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Figure 2 — Dependence of sprout length on modifier concentration
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Figure 3 — Visual observation of the experimental shoots on the 11" day
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The results obtained allow us to propose a probable mechanism for the
formation of organomodified bentonite and its biological activity. Immobilization
of oxyphosphonate on the bentonite surface is apparently achieved through:

. coordination interaction between the phosphoryl group (P=0) and
surface hydroxyl (Si—OH) of bentonite;

. hydrogen bonds involving O—H and N-H groups;

. possible ion adsorption in the interlayer spaces of montmorillonite.

This interaction leads to the formation of a stable organomineral system in
which the oxyphosphonate is fixed on the surface and in the interlayer space of
bentonite.

Unlike the free compound, immobilized oxyphosphonate is released
gradually, providing a prolonged effect. This explains the higher effectiveness of
organomodified bentonite at low concentrations (10°-10° wt. %).

Additionally, bentonite acts as a carrier, improving the distribution of the
active ingredient and promoting its retention in the plant root zone. The
combination of the mineral's sorption properties and the biological activity of the
oxyphosphonate results in a synergistic effect.

4. Conclusion

In this study, we developed an effective method for the mild
organomodification of bentonite using Kaz-6 as a modifying agent. It was
demonstrated that the proposed approach allows the process to be carried out
under mild conditions (40-50 °C) with a significant reduction in processing time
compared to known methods.

It was established that the use of low concentrations of oxyphosphonate (10
210 wt. %) ensures effective immobilization of the organic component on the
bentonite surface. IR spectroscopy data confirm the formation of an
organomineral system due to the interaction of phosphorus-containing functional
groups with the active sites of the clay mineral.

Biological testing results showed that the resulting organomodified bentonite
exhibits pronounced growth-promoting activity against the “Almaken” and
“Zhenis” wheat varieties. The greatest effect is observed at low modifier
concentrations (10°-10° wt. %), indicating a prolonged action and increased
efficiency of the active substance.

It was found that immobilization of oxyphosphonate on bentonite provides
higher biological activity compared to the free compound, which is associated
with its gradual release and more uniform distribution in the system.

Thus, the proposed organomodified bentonite is a promising functional
material combining the properties of a mineral carrier and a biologically active
component. The practical significance of this work lies in the possibility of
creating effective, prolonged-release growth-promoting preparations with reduced
active ingredient consumption and a simplified production technology. The
developed approach can be used to create new agrochemical compositions
adapted to the conditions of arid regions, including Kazakhstan.
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BEHTOHUTTI OKCU®OCPOHATIEH ) K¥MCAK OPTAHOMOJJUO®UKALIUAJIAY )KOHE
OHBbI ¥3AK YAKBIT 9CEP ETETIH OCY BIHTAJTAH/JBIPFbILIBI PETIHAE KOJJAHY

B.E Kanap,'?, T.E.JKapxwinéex ***, B.5.Trocionoea %, J.M.-K . Hopaumosa ?,
C.M.Taxcuébaesa >, B.K.IO*

L 8.5. Bexmypos amvindaser Xumus evinvimoapul uncmumymut AK, Anmamet, Kazaxcmarn
20n-Dapabu ameinoazer Kaszax ynmmulx ynueepcumemi, Anmamol, Kasaxcman

Tyiiingeme. Kipicne. OpraHomoanbuKanusiaHFaH Ca3apl MaTepHajigap OHONOTHSUIBIK —OenceH I
3arTap/blH OaKpUIaHATHIH OOJNiHYIH KaMTamachl3 eTy KaOineTiHe OaillaHbICTBI aybUl IIApyallbUIbIFbIHA
apHaJFaH (GYHKIHOHAIIBI XKYHenep peTiHie YIKeH KbI3bIFYIIBUIBIK Ty IbIpaisl. JKorapsl MEHIIKTI OETTiK
ayJIaHbl MEH HMOH anMacy KaOiteri 06ap TaOuru OCHTOHHUT OPraHHKAIBIK ©CY BIHTAJIAH/BIPFBILIBIH
HMMOOWIN3aLMsIIAy YIIIH Tamalla MaTpuia OoJbill TaObulambl. BYn JHCYMbICMbIY MAKCAMbl — EPEeKIIe
okcudochonarter (Kaz-6) xongaHa OThIPbIN, OCHTOHUTTI KYMCAK OPraHOMOJN(DHUKALMSIAYABIH SHEPTUs
THIMAI OMICIH >Kacay »KOHE OHbIH OMAAHMIbIH ecy BIHTAJAHABIPFBILIBI PEeTiHAEri THIMIUIriH Oaranay.
¥evinvinean a0ic 6enronutti 40 °C Temneparypaja cyna aljblH ala JUCIIeprupieyai, coqan keiin 50 °C
TeMneparypana Kentipyai kamTuasl. [laiibiHaanrad MUHepaiIbl MaTpuna Oesme Temmeparypacbinaa 10
2.10° wmac. % KOHIEHTpalHUs ayKbIMBIHAA JUMETHI(4-THApOKCH-1-(2-3TOKCHITII)IUNIepHaHH-4-
nn)pocponarteiy (Kaz-6) cynsl epitiHauiepiMeH eHuenil. AJBIHFaH KOMIIO3UTTIH KypbuibiMbl MK-
CHEKTPOCKOIHS 9JIiCIMEH CHMATTAJIbl. O3IPJICHIeH TACLI OPraHUKAaIbIK KOMIIOHEHTTIH aWTapIbIKTai
TOMEH KOHICHTPAIMSACHIH KOJJIaHAa OTBIPBIN, OENTriIl aHAJOrTapMEH CAlBICTBIPFaH/Ia MPOLECTIH
TeMIepaTypachl MEH Y3aKTBIFBIH aNTapiblKTali TOMEHIETYre MYMKIHIIK OepeTiHi aHBIKTaJIBL
Buonorusibik chiHaKTap opraHoMoAnUKalUsUIaHFaH OCHTOHUTTIH Ounaiira («AsMakeH» xoHe «JKeHic»
COpTTaphl) KaTBICTHI aiiKbIH OCY/Ii BIHTAJIAHBIPYLIBI OCJICEHALTIKTI KopceTeTiHiH aanenaeni. EH jxorapsl
trimpainik 10°-10% mac. % koHIEHTpanMsaCHHAa GaifkanIbl, MyHa KOMIIO3MT GaKbLIay TOOBIHAH KOHE
epkin okcudochonarTan acein Tycti. HoTmkenep Kas-6-Hpl OeHTOHHTKE MMMOOHIM3auMsIay OenceHi
KOMIIOHEHTTIH Y3aK dcep eTYiH JKOHE J>XOFapbl OHMOXETIMIUIIriH KaMTaMachl3 ETETiHIH KepCeTesi.
O3ipJieHreH OpraHOMHHEPAJIIbl KOMIIO3UT aybUl HIAPYyaIIbUIBIFBIH TYPAKTHI AaMbITY YILIiH HEePCIEKTHBAIBI
Cy CTUMYJISITOPBI PETiH/IEC YCHIHBUTYBI MYMKiH.

Tyiiin  ce3mep:  OeHTOHUT, opraHoMoauduKanus, okcudochoHaT, UMMOOUITH3ALMS,  OCY
BIHTAJIAHIBIPFBILIBI, OMIal, OipTiHACT OOCaTYy.

Kanap Baan Epoonxpizn Maeucmpanm, Huoicenep

Kapxvinoex Tonzanait Epkinkpi3ot Texnuxa sicone mexHono2us Masucmpi, Kiui bLivimu
Kbl3MemKep

Trocronosa baxeim Baiimypamoena Xumusi eblIbIMOAPBIHBIH KAHOUOAMDbL,
KaAyblMOacmulpulizan npogheccop

Hopaumosa /Jana Mvikmoi-Kepeeena Xumusi eblIbIMOAPLIHBIH KAHOUOAMDbL, A&A OKbIMYULbL

Tasicuoaesa Cazoam Medepoexosna Xumusi ebl1bIMOapbIHbIY O0KMOPYL, NPogeccop

10 Banenmuna Koncmanmunogna Xumus 2o11biMOapbibly O0OKMOpbl, npogheccop
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MAT'KASI OPTAHOMOJU®UKALIMA BEHTOHUTA OKCU®OCPOHATOM H EI'O
INPUMEHEHHUE KAK TIPOJIOHTHPOBAHHOI'O POCTCTUMYJIATOPA

B.E Kanap,*?, T.E.Kapxuinéex >, B.5.Tiocionoea ?, JI.M.-K.Hépaumosa ?,
C.M.Tasxcubaesa ’, BK.JO1!

Y40 Uncmumym xumuueckux nayk um. A.5. Bexmyposa, Anmamei, Kazaxcman
2Kasaxckuii nayuonanbhoiil ynusepcumem um. ano-®apabdu, Anmamel, Kasaxcman

Pe3tome. Bseoenue. OpraHoMoAn(pHUIMPOBAHHBIC TIIMHUCTBIC MaTEPHANIbl PEICTABISIOT 3HAUYHTEIIBHBIN
HHTepeCc Kak (YHKIHMOHANBHBIE CHCTEMBbI IS CENbCKOrO XO3sicTBa Oilarojapsi MX CIOCOOHOCTH K
KOHTPOJIMPYEMOMY  BBICBOOOXKICHHIO OHOJOrHYECKH aKTHBHBIX BeIeCTB. IIpUpOAHBIA OCHTOHMT,
obyaaromuii BEICOKOH YAENBHOW MOBEPXHOCTHIO M HMOHOOOMEHHOH €MKOCTBIO, SIBISIETCS OTJIMYHOU
Marpuuei Juii IMMOOHIM3AlMM OPTaHUYECKUX CTUMYJIATOPOB pocta. [leavio TaHHOH paboThl sBISETCS
pa3paboTka 3HeprodpHEeKTHBHOrO METO/a MATKOH OpraHoMOJU(MHKALMH OCHTOHUTA C UCIOJIb30BaHUEM
cnenudunueckoro okcudochonara (Kasz-6) u ouetnka ero 3ppekTHBHOCTH B KaUeCTBE CTUMYJIATOPA POCTa
MILIEHUIBI TPOJOHIMPOBAHHOTO AeiicTBUs. [Ipednodicennvlii Memoo BKIIOYACT IPEABAPUTEIILHOE
nucnieprupoBanue 6enronuta B Boje mnpu 40°C ¢ mocnenytromeit cymkoir npu 50°C. IToaroroBiaeHHyO
MHUHEPAIbHYI0 ~ Marpuily  o0pabarelBald  BONHBIMH  pacTBopamu  jauMeTi(4-rumpokcu-1-(2-
STOKCHITWI)UNepuauH-4-wi)pocponara (Kasz-6) B amanasone konuentpauuit 102-10° mac. % npu
KOMHATHOM Temmeparype. CTpyKTypa MOJIydEeHHOIO KOMIIO3UTa oOxapakrepuzoBana merogom WK-
CHEKTPOCKOIIMK. YCTaHOBJIEHO, 4YTO pa3pa0OTaHHBI IMOJAXOA TIO3BOJSET CYLIECTBEHHO CHU3UTh
TEeMIEpaTypy H MPOJODKHTEIBHOCTh IpPOLEcca [0 CPAaBHEHHIO C W3BECTHBIMH AHAIOTaMH [pU
HCIIOJb30BaHUU 3HAYMTEIBHO MEHBIIMX KOHIEHTPAlMil OpPraHHYecKoro KOMIIOHeHTa. buonormyeckue
UCTBITAHKUS ~ TMOKa3aJlM, YTO OPraHOMOAM(UIMPOBAHHBI OCHTOHHT MPOSBISAECT  BBIPAKEHHYIO
POCTCTUMYJIMPYIOIIYI0 aKTUBHOCTh MO OTHOIICHHIO K MIIeHUne (copta «Aumaken» u <« OKeHHC»).
Haun6onee 3mHaummblii >pdekt Habmomancs npu KoHuentpaumusx 10°-10% mac. %, rae kommosur
MPEB30ILIE OKa3aTeIn KOHTPOJIS U CBOOOAHOrO okcudochoHara. Pe3ynbTaThl yKa3bIBalOT Ha TO, 4TO
nmmoOum3anust Ka3-6 Ha OeHTOHUTE OOecreyuBaeT MPOJOHTMPOBAHHOE JACHCTBUE U IIOBBILICHHYIO
OMOIOCTYITHOCTh aKTHBHOTO KOMIIOHEHTa. Pa3paboTaHHbIi OpraHOMHUHEPAIbHBIH KOMIIO3UT MOXKET OBbITh
PEKOMEHJIOBaH KaK IIePCIEKTUBHBIH CTHUMYJIATOp poOCTa ISl YCTOMYMBOIO Pa3BUTHS CENbCKOIO
XO3SIHCTBA.

KiroueBbie cioBa: GeHTOHUT, opraHomoxudukanus, okcudochoHaT, UMMOOWIN3ALMS, CTUMYJIATOP
pocTa, MIICHUIA, IPOJIOHTHPOBAHHOE BEICBOOOKICHHE.

Kanap Basan Epoonkei3n Maeucmpanm, undicenep

Kapkwvinoex Tonzanaii Epkinkpizot Mazucmp mexuuku u mexHono2uu, MAAOWUL HAYYHBIU
CcOmpYOHUK

Trwocionosa baxeim Hopaumosa Karnouoam xumuueckux nayx, accoyuupoganmwiii npogheccop

Jana Moikmui-Kepeesna Karnouoam xumuueckux nayk, cmapuwiuti npenodasameis

Baumypamogna

Taxcubaesa Cacoam Medepoexosna  Jlokmop Xxumuueckux HayK, npogeccop

10 Banenmuna Koncmanmunosna Joxmop xumuueckux nayx, npogeccop
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PHYTOTOXICITY OF THE BIOLOGICALLY ACTIVE COMPOUNDS
LIBRARY CONSISTING OF O-para-TOLUOYL-g-(MORPHOLIN-1-
YL)PROPIOMIDOXIME SALTS AND 5-ARYL-3--(PIPERIDIN-1-
YL)ETHYL-1,2,4-OXADIAZOLES

L.A. Kayukova®, A.K. Tursunova?, A.M. Duysenali®, A. Yerlanuly!,
A.B. Sartoyeval, A.A. Sardar?, Sh.M. Turbekova?

LJSC «A.B. Bekturov Institute of Chemical Sciencesy, Almaty, Kazakhstan
2Zh. Zhiembaev Kazakh Research Institute of Plant Protection and Quarantine, Almaty, Kazakhstan
3Abai Kazakh National Pedagogical University, Almaty, Kazakhstan
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Abstract. Introduction. Agrochemical use increases environmental and health risks, making
phytotoxicity studies essential. Amidoximes and 1,2,4-oxadiazoles are exogenous sources of NO, which
can reduce abiotic stress and the phytotoxicity of agrochemicals; nevertheless, their phytotoxic profile has
been poorly studied. Goals and objectives. To assess phytotoxicity of water-soluble compounds: O-para-
toluoyl-p-(morpholin-1-yl)propioamidoxime salts (hydrochloride, oxalate, citrate) and three 5-aryl-3-p-
(piperidin-1-yl)ethyl-1,2,4-oxadiazoles (aryl: para-MeCeHs, para-BrCeHs, meta-CICsH4). Methods.
Compounds were synthesized via improved multi-step synthesis. Phytotoxicity was tested on Lactuca
sativa L. root and stem lengths at 100, 500, 1000 pg/ml. Results. Phytotoxicity depended on concentration
and organ; roots were more sensitive. The highest phytotoxic effect was observed for para-bromo-
oxadiazole with phytotoxicity from 57-67% at 500-1000 pg/ml 33-72%, followed by meta-chloro-
oxadiazole with phytotoxicity from 33-72% at 100-1000 pg/ml. A growth-stimulating effect of
amidoxime chloride and oxalate on stem growth is noted. Moderate toxicity was seen for hydrochloride
salt and para-methyl oxadiazole. Citrate salt exhibited minimal phytotoxicity, comparable to control.
Conclusion. The studied compounds showed different degrees of phytotoxicity depending on
concentration and plant organ; roots were more sensitive with increasing concentration. Phytotoxicity is
maximum for oxadiazoles with halogen substituents (para-bromo, meta-chloro), moderate/minimal for
para-methyl oxadiazole and amidoxime hydrochloride and citrate. Shoot growth was stimulated by
amidoxime hydrochloride and oxalate.

Key words: phytotoxic effects, root and shoot length of Lactuca sativa L., biological activity, O-
para-toluoyl-p-(morpholin-1-yl)propioamidoxime salts, 5-aryl-3-B-(piperidin-1-yl)ethyl-1,2,4-oxadiazoles
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WI)IPOIMAOAMUJIOKCUMA U 5-APUJI-3-B-(IIAMEPUAH-1-UI)3THI-1,2,4-
OKCAJIHA30JIOB

JLA. Kaoxoea'", A.K. Typcynosa?, A.M. Jlyiicenani®, A. Epnanynwt’,
A.B. Capmoesa, A.A. Capoap?, III.M. Typéexoea®

Y40 Uncmumym xumuueckux nayx um. A.5. Bexmypoea, Anmamwl, Kasaxcman

2TOO Kaszaxckuil HayuHO-UCCe006aMeNbCKULl UHCIMUNTYNt 3auumpl U Kapanmuna pacmenuti um. JK.
Kuembaesa, Anmamui, Kazaxcman
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AHHOTanus. Beedenue. VICTIoNb30BaHNE arpOXMMHKATOB YBEIUYMBACT HKOJNOTHYCCKUE M MEIUIUHCKUE
PHCKH, YTO JENAeT HCCIACH0BaHKUs (UTOTOKCUYHOCTH KpailHE BaXXHBIMH. AMHUIOKCHMBI u 1,2.4-
OKCaJMa30jbl SABIAIOTCS 9K30TeHHbIMU McTOYHMKaMH NO, KOTOpBIi MOXET CHIKATh aOHMOTHUYCCKHUId
cTpecc M (UTOTOKCHYHOCTH AarpoOXMMHUKATOB; OJHAKO HMX (DUTOTOKCHYECKHH INpouis H3ydeH
orpaHuueHHo. [Jenu u 3ad0auu. OUECHUTH (UTOTOKCHYHOCTH BOJOPACTBOPHMBIX COCAMHEHHI: coneil O-
napa-toiayoun-f-(mopdonun-1-mn)nponnoamugokcumMa (THAPOXIOPUA, OKCANAT, LIUTPAT) U TPEX S-apui-
3-B-(munepuaus-1-wn)atii-1,2,4-oxcanuaszonos  (apun: napa-MeCesHa, napa-BrCeHs, mema-CICsHa).
Memoowi. CoenuHEeHNs GBI CUHTE3UPOBAHEI C IIOMOIIBI0 YCOBEPIICHCTBOBAHHOTO MHOTOCTYIIEHYATOI'O
cunre3a. OUTOTOKCHYHOCTh TECTHPOBAIN Ha KOPHsX U creOmsix Lactuca sativa L. mpu koHIeHTpammsix
100, 500, 1000 mkr/ma. Pesyromamei. DOUTOTOKCHYHOCTh 3aBHCETa OT KOHICHTPAlMd W OpraHa
pacTeHus; KOpDHM OKa3ajguch Oosee 4yBCTBUTENbHbIMH. HanOonbimit Qurorokcuueckuit sddext
HaOIo#acs y napa-6poM-okcaauasosia ¢ GUTOTOKCHYHOCTBIO oT 57-67 % mpu 500-1000 mxr/mi 33-
72%, 3a KOTOPBIM CIENOBAl Mema-XJI0p-OKCannua3on ¢ (GUToToKCHIHOCTBIO OoT 33-72% mpu 100-1000
MKI/MI. OTMEUEHO CTUMYNIHUpPYIOIIee POCT ACHCTBHE XJIOpUAa U OKcallaTa aMUAOKCHMa Ha POCT CTeOs.
VMepeHHass TOKCHYHOCTh HaOJIIOfaNach y THAPOXJIOPUIA U napa-MeTHi-okcaauasona. L{urparHas conb
O-napa-ronyonn-f-(MoposiH-1-11)IPOTHOaMHIOKCHMA TIPOSIBIISLIIa MUHUMAIBHYIO (PUTOTOKCHYHOCTB,
COIOCTaBUMYI0 C KOHTpONEM. Bwigodbl. M3ydeHHBIE COEAMHEHHS IOKAa3ald pa3IHYHYyI0 CTCICHb
(GHUTOTOKCHYHOCTH B 3aBHCHMOCTH OT KOHLCHTpAlMd M OpraHa pacTeHHs; KOpPHH Oblin Gosee
YyBCTBUTEIBHEI C YBEINYCHHEM KOHIEHTpAUnH. PUTOTOKCHYHOCTH MAaKCHMAJIbHA JUIS OKCAJMa30JIOB C
TAJIOTeHHBIMH 3aMECTUTEIAMU (napa-OpoM, Mema-XJIOp), yMEpeHHas/MUHUMAJbHAS NI napa-MeTHIl-
OKcaJua3oia, a TakKe IS THAPOXJIOpUAA M LUTpaTa aMHAOKCHMa. PocT crebis CTUMYNIHpOBanCs
THAPOXJIOPUIOM M OKCAIATOM aMHIOKCHMOMA.

KaroueBbie ciaoBa: (HUTOTOKCHYECKOE JedcTBHME, IIMHA KOpHA M creOns Lactuca sativa L.,
Oouonornyeckas aKTHBHOCTb, OCHOBaHHE u conu O-napa-tonyoun-f-(mopdonun-1-
WI)IIPONUOAMUJIOKCHMA, S-apuil-3-B-(nunepuaun-1-mn)stun-1,2,4-okcaaua3onsl

Karokosa Jlloomuna Anexcandposna  Jlokmop xumuyeckux HAyK, npogeccop, 2iaeHviil HAy4Hblll

COMPYOHUK
Typcynosa Anvnypa Kaipamoena Mazucmp mexnuueckux Hayk, 3asedyowuti iabopamopuet
Ayiicenani Andana Markcymxpizot PhD dokmopanm, maaowuii nayunslii compyoHux
Epnanynet Azamam PhD ooxmopanm, unsicenep
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Capmoesa Apyscan Baxmuépkusu baxanaep, unocenep

Capoap Aisican Anapoexkpizol Mazucmp ecmecmeenHbIX HAYK, CIMAPUIUL HAYYHbIU
COMPYOHUK

Typoexosa Illvipvin Mazucmp ecmecmeennbix HAYK, CMAPWIULL HAYYHbL

Meiipamoexosna COMPYOHUK

1. BBenenne

Hcnonp3oBaHHE arpoOXMMHUKaTOB B CEJIIBCKOM XO3SHCTBE IUIs OOpBOBI ¢
3a00JIeBaHUSIMI pacTeHHU Mprobpeno pemaromiee 3HadeHrne. OaHAKO IHUPOKOE
HCTIOJIb30BaHUE 3THUX COEIWHEHUH BBI3BIBAET OOECIIOKOCHHOCTh W3-3a BPEIHOTO
BO3JICHCTBHS TAKUX BEIIECTB HA OKPYIKAIOLIYIO CPEy U 310pPOBbE YeioBeka [1].

O6mme ¢urorokcnueckne 3((PEKTH BKIIOYAIOT W3MEHEHHE MeTaboim3Ma
pacTeHuii, 3aMe/ITICHIe POoCcTa WK rHOeh pacTeHuid [2].

I'epOunm st TaKxe MOTYT BBI3BIBATh (PUTOTOKCHYHOCTH y
CENIbCKOXO3ANUCTBEHHBIX  KYJIBTYP, €CIM IPUMEHSIOTCS HENpaBWIbHO, Ha
HETOAXOJISIIEH CTaJIuy POCTa WK B U30BITOYHOM KoJmuecTBe DUTOTOKCHYECKOE
BO3ACHCTBHE TEepOMIUIOB SBISETCS BaXXHBIM MPEIMETOM H3Y4YCHUS B
obiacTH PKOTOKCHKOIOTHH [3].

AMUIOKCHMBI UHTEHCHBHO W3y4YaroTCs KaK MOTEHIMAJIbHbIC JIEKAPCTBEHHBIC
CpeAcTBa, MpoJieKapcTBa, GyHTHIUAHBIE WK OaKTepuIMIHbIE BeuecTBa [4].

[TpuHATO cuMTaTh, YTO AMHIOKCHMBI, MPOoAyKThl ux O-ankunupoBanus, O-
aIMIMpOBaHusA, a Takxke 1,2,4-0Kkcamnazoisl OYEHb PEaKIMOHHOCTIOCOOHBI H
WCTIONIB3YIOTCS. B KadecTBE MpoJjeKkapcTB amuauHa [4,5,6]. AMUIOKCHUMBI
NPEACTaBIAIOT COOOM OKHCIEHHYI0 XHUMHYECKyl0 (OpMy aMUAMHOB; OHHU
o0JIafaloT XOpoILled pacTBOPUMOCThIO B Boe. KoHUenuus nposexkapcTs
OCHOBaHa Ha TOM (akTe, YTO MpojeKapcTBa moj jaekcTBueM depmenta MARC
moJiBeprarorcst OuoTpaHcpopMay B OHOJIOTHUECKH aKTHBHYIO GopMy amuanHa
[6]. B sTom cnywyae, B 3aBUCHMOCTM OT KOJMYECTBAa CTaAWH THIPOJIN3a
MPOM3BOJHBIX aMHJOKCUMa T0J| JIeHCTBHEM JCTepa3, MOXHO TOBOPUTH O
BTOPUYHBIX U TPETUYHBIX MpoJeKapcTBax [7].

AMUIMHOBBIH (parMeHT NPUCYTCTBYET B 'yaHHIMHOBOU 1enu L-aprunuHa -
XKHU3HEHHO Ba)KHOH aMHHOKHCIJIOTHI, CHHTE3MPYEMOW B OpraHU3MeE 4YeJIOBEKa B
MOYKaxX M IMeveHH. BakHbIM MeTaboM4eckuM NyTeM L-apruHuHA SIBISETCS €ro
ouorpanchopmanust B okcup azota [8]. Oxcupg azora (NO) — 3TO Moekya,
KOTOpasi BbI3Bajla 3HAYMTEIbHBIM MHTEpEC BO MHOI'MX Hay4HBIX AWCLMIUIMHAX,
TaKUX KaKk MEJUIMHA, OMOXUMHS, (U3HOJIOTUS U TeHeTuka. brmaronmaps cBoemy
IIMPOKOMY  paclpOCTPaHEHUIO M  pa3HOOOpa3HbIM  XapaKTEPHCTHKAaM, OH
BBHIMOJIHSET LIMPOKUH CIEKTP CJOXKHBIX OHOJNOrMYecKHX (QYHKUUH Kak Yy
JKUBOTHBIX, TaK U Y pacTeHui [9].

Oxcun asora oOpasyercsl pa3IMYHbBIMA OHOXUMHYECKHMHU IyTsMU. B
pacTeHHsX  CYyIIECTBYIOT [Ba OCHOBHBIX  albTEPHATHBHBIX  Ipolecca:
BOCCTAHOBUTEJbHBIM IyTh, BKIOHalomMi mnpeBpaiieHue Hutpura B NO, u
OKHCJIMTENILHBIA TYTh, CBSI3aHHBIA C OKHCICHHEM MOJICKYJ, COJCPIKAIIHX
amuHorpynmnsl [10]. KiroueBbIMH 3K30T€HHBIMH HCTOYHHMKAMU OKCHJA a30Ta
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SBIAIOTCA aMUJOKCHMHAas Tpymma, a TakXke aMHIUHOBbIE, OKCHUMHBIE U
Hutporpymnsl [11].

OKcua a30Ta CIIY>KUT BaXKHOW CUTHATBLHOW MOJICKYJIOW ¢ MHOTOYHCICHHBIMHE
(U3NO0IOTHIECKUMH B OMOXUMHUYECKUMH (GyHKIUAMU. OH UrpaeT poiib B 3aITyCKe
Pa3NUYHBIX BHYTPHUKJIETOYHBIX IPOLECCOB, CBS3aHHBIX C  yIpaBICHHEM
abHMOTHYECKUM CTPECCOM, BKIIIOYAsl 3aIIUTHBIE PEAKLUHN IPOTUB aKTUBHBIX (HOPM
kucinopoga (ADPK) B HeONarompusATHBIX YCIOBHSAX OKPYXKAIOMIEH CpPEeIbl.
AOHMOTHYECKUH CTpecc OTHOCHTCS K HETaTHBHOMY BO3ACHCTBHIO CTPECCOBBIX
(akTOpPOB Ha POCT PAaCTEHUH M 3aIIUTHBIE MEXAHU3MBI, BKIIIOYas TepOMLIUIBI,
3aTOIICHUE, TAXKEJbIle METaJIbl, UHTEHCUBHBIN CBET, 3acojieHue, Y O-u3inyueHue,
3acyXy, 3KCTpeMaJbHbIe TeMIIepaTypbl, 030H U Apyrue [12,13].

duroTtokcuyeckuil mMpodmiib aMUAOKCUMOB M 1,2,4-0KCaauas3onoB H3ydeH
OTPaHHYCHHO.

Hamu BeImonHeHO wnccienoBaHne (UTOTOKCHYECKHX CBOWCTB OMOIMOTEKH
MPOM3BOJHBIX [-aMUHONMPONMHOAMUAOKCUMOB (1-6) ¢ paHee ycCTaHOBICHHBIMU
CTPYKTYpaMH ¥ OHOJIOTHYECKOH aKTHBHOCTHIO (PUCYHOK 1):

o
ar No!:’-<;>—CH3 Hooccoo™ NOC—@— NOC\Q—
OGN/\)I\NHZ
\ & A AXR,

OH

1 (PK-1) 2 (TBD-20) 3 (PK-2)
4 (PK-80) 5 (PK-81) Cl 6 (PK-82)

Pucynok 1 — CtpyKTypbl U IIM(PbI HCCIIeN0BaHHBIX Cojieli O-napa-Toiyous-B-(Mopponun-1-
WI)IponrHoamMuIokcuma: ruapoxiopux (1), oxcanar (2), uurpar (3) [14] u 5-apni-3-B-(nunepuana-1-
un)atun-1,2,4-oxcanuazonos [apmr: mapa-MeCeHa (4), meta-CICsHa (5), mapa-BrCeHa (6)] [15].

VcranoBneHo, 4ro Oubnmoreka coenuneHuil (1-6) oOiamaer UEHHBIMH
OMOJOTMYECKMMHU  aKTUBHOCTSMH.  BBICOKOW  HPOTHBOTYOEpKYyJE3HOW  Ha
MUKOGaKTepHAX deroBeueckoro Buma M. tuberculosis u 6erunero suma M. bovis
[16], BbICOKOiI MPOTUBOMHKPOOHOW M HPOTHBOTPUOKOBOM aKTUBHOCTHIO Ha
CTaHIapTHOW maHenu MuKpoopranusMoB Staphylococcus — aureus, Bacillus
subtilis, Escherichia coli, Pseudomonas aeruginosa, Candida albicans [17,18].
B oroii pabore 6ubamoTeka coemuHennii (1-6) OwbuTa McciemoBaHa Ha in Vivo
(UTOTOKCHYHOCTh Ha CEMEHAX MOJICNIbHOI KyJIbTyphl canata (Lactuca sativa L.).
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2. Pe3yabTaThl

2.1 Cunme3 u cmpoeHue

VYka3aHHbIE OWOJIIOTUYECKH aKTHUBHBIE COENWHEHHS OBUIM CHHTE3WPOBaHBI
TpeX, YETHIPEXCTAMUHHBEIM CHHTE30M C MCIIOJE30BAHIEM YCOBEPIICHCTBOBAHHOTO
METOJIa TIOJIyYCHHUS MCXOJHBIX [-aMHHOMNpomHoamMuaokcumMoB [19]. Meron
3aKJIIOYANICS BO B3aMMOJCWCTBUU BTOPHYHOTO TETEPOIUKIMYECKOTO aMuHa U
AKpWJIOHUTPIIIA B a0COTIOTHPOBAHHOM 3TAHOJIE IPW KOMHATHOW TeMITepaType ¢
MOCNENYIONMM  100aBIeHHEM OCHOBAaHUS THUAPOKCUIAMHUHA TPH MOJIBHOM
COOTHOIICHUH TeTEPOLUKINYECKUNA aMUH:TUAPOKCUIaMUH 1:1,2 mpu KOMHATHOMU
TeMIepaType. 910 MO3BOJISIET ~ TIOBBICHTH  BBIXOJ  IIEJIEBBIX B-
AMUHOTIPOITMOAMIIOKCHMOB U COKPATHUTh BPEMS IPOIecca 3a CUET MOTyIEeTHHUS
rOTOBOrO MpoaykTa ©Oe3 mpumeceld Heopranudecko comu NaCl. Ha
MOCNIEMYIONIMX  CTamusAX  OMONMOTeKa  W3yJaeMbIX  coenWHeHWd  1-6
CHHTE3UPOBAHA C UCIIOIH30BAaHUEM METOJIOB, OTMMCAHHEIX B [14,15].

2.2 Ucneimanus Ha pumomoxcudHocms

Ha ocHOBaHWM TIPOBEJCHHBIX OIBITOB YCTAHOBIIEHO, YTO HCCIETyeMble
COEIMHEHHS TIPOSBISIOT Pa3HyIO CTeNeHb (PUTOTOKCHYHOCTH B 3aBUCUMOCTH OT
KOHLICHTpAIIMU U OpraHa pacTeHHs, IpuueM KopHeBas cuctema Lactuca sativa L.
oka3zajmach Ooyiee UYBCTBUTEIbHOM, ueM crebenb. llpm sToM amst  OByx
coemuaennii 1 (PK-1) u 2 (PK-2) Ha crtebiie OTMEYEH POCTCTUMYIIUPYOLIHI
apdexkr B 23,5-35,3% wu 35,3-41,2% B xonuentpanusx 100—1000 Mkr/mn u
100-500 wMkr/mMm, cooTBeTCTBeHHO. OTHOBPEMEHHO TIPH  YKa3aHHBIX
KOHIICHTpAITUSAX MPOUCXOUI0 MHTHOMpOBaHME pocTa KopHsS Ha 37,8-45,9% m
43,2-51,4% (Tabnuua, pucyHok 2). B ocTaibHBIX ciiydasx y coenquHeHuit 4—6 He
OTMEUYEHO POCTCTHUMYJIUPYIOETO 3P eKTa.

MaxkcuMalbHbIi HHTHOUPYOMUi dPGeKT 3apUKCHpOBaH y COeNUHEHHUS 5
(PK-81), npy KOTOPOM COKpAIICHUE JUTMHBI KOPHEH COCTaBIIsLIO OKOJIO 33% yike
npu 100 Mxr/min u gocturano 72% npu konueHtpauusx 500—1000 mMxr/mi, Torna
KaK JUIMHa cTe0JIel ocTaBanach Ha YpOBHE KOHTPOJIS.

Bbicokyr0 (DUTOTOKCHYHOCTH Takke mposiBuwio coeauHenne 6 (PK-82)
(momaBenne kopue# Ha 57-67 % mpm 500-1000 MKr/mir), mpuueM BO BCeX
ciydasix BiMsHUE Ha cTeOnu Obuto MuHuManbHbM. Coenunenus 4 (PK-80) u 1
(PK-1) xapakTepu30BalnCh yMEPEHHOW (DPUTOTOKCHYHOCTHIO, YMEHBINAS UTHHY
kopueit wa 3040 % mpu Beicokux mo3ax. Coemumnenne 3 (TBD-20),
MPOJAEMOHCTPUPOBATIO  HU3KYI0  (UTOTOKCMYHOCTH BO BCEM JAMana3oHe
KOHIIEHTpaLui.
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PK-1 PK-2
B KopeHs I Kopese
mm Cre6ens mm Crefens
4t 4
g3 z3
: £
& 2f S2
1r 1
Kontpons 100 mkr/Mn 500 MKkr/mn 1000 mMKr/mMn O KoHTpons 100 mKr/mn 500 MKr/Mn 1000 mMKr/mn
1 2
TBD 20 PK-80
st | KopeHe
mm Crebens
4
2 3
N 53
] I
z =
2 =5
g =2
KowTpons 100 MKr/MA 500 MKr/MA 1000 MKr/MA Kowtpose 100 mkriun 500 mir/un 1000 mkr/n
3 4
PK-81 PK-82
E KopeHs N KopeHb

B Crefens

mm Crefens

NnwHa, cM
NnuHa, cm

KoHTpons 100 Mkr/mMn 500 Mkr/Mn 1000 MKr/MA 0 KoHTpons 100 mkr/mn 500 mkr/mn 1000 MKr/mn

5 6

PucyHnok 2 — CpaBHUTENBHBII aHAJIHM3 BIUSHUS UCIIBITYEMBIX TIPOU3BOIHBIX [3-
aMUHOIPONIOaMUIOKCUMOB (1-6) U MX KOHIICHTpAlK Ha POCTOBBIE ITOKA3aTeNIN KOpHeil i crebieit
nucTheB canaTa Lactuca sativa L

3. DkcnepuMeHTAIbLHAS YACTh

3.1 CunHTe3 MPOU3BOHBIX [3-aMHHOMPOMHOAMHIOKCHMOB

Cunmes f-(mopgponun-1-un)nponuoamudokcuma. K 20 r (0,23 wmoreit)
Mopdonuua B 50 mMa abcoyroTHpOBaHHOTO 3TaHoja jgobasmstor 12,2 r (0,23
MoJieit) akpunoHuTpuia B 10 Mu1 aOCOMIOTUPOBAHHOTO 3TAHOJNA, TIEPEMEIINBAIOT
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Opy KOMHATHOW Temmepatype S5 4, pnobasmsitor 9,11 1 (0,276 Momeit)
rugpokcuaMuda B 10 M aGCOMIOTHPOBAHHOTO 3TaHoJa. PeakIMOHHYIO cMech
[epeMeIINBAOT MpH K.T. B Te4eHHe 37 Y, yNapuUBarOT J0CyXa, NPOIYKT
MEPEeKPUCTAIIM30BBIBAIOT M3 HW3OMPONAHONa ¢ BhIAeneHueM [-(mopdomma-1-
un)nponuoaMuiokcuma ¢ Berxogom 28,8 T (72%) [19].

Cunmes  f-(nunepuoun-1-un) nponuoamuooxcuma ¢ BeIxogoM 82%
BBITIOJHEH 10 3TOMY METO.Y.

[Mocnenyronue craauu TodydeHUs coeauHeHud 1-3 Ha ocHoBe [-
(Mopdonun-1-mn)nponnoaMuIoKkcuMa onucansl B padote [14] u coenunenuii 46
Ha OCHOBE [-(mumepuauH-1-mm)IponnoaMuIOKCHMa IIPEACTaBICHB B CTAaThe
[16].

Bronoruueckuil CKpUHHUHT MPOBOIMICS Ui XpOMaTorpauueckd YHCTHIX
00pasnoB 1-6, mMeronux 0HO MATHO Ha MiacTHHKaX TCX.

OU3NKO-XMMHYECKHE XapaKTePUCTUKH W CcHeKkTpaibHble naHHble [MK- u
SAMP (*H u °C) cnextpsi] coeaunenuii 1-6 BOCIIPOU3BOIAT paHee MOMydeHHbIE
3HAYEHUSI.

3.2 OneHka (UTOTOKCHYHOCTH XMMHUYECKHX COCIMHEHHH Ha IMPOPOCTKaX
canara Lactuca sativa L.

JlaGopaTopHble  SKCHEPUMEHTHl IO  ONPEAENCHHI0 (PUTOTOKCHYHOCTH
coemuneHnii 1-6 mpoBeneHsl Ha MOJETBbHON KyibType Lactuca sativa L. ¢
OLIEHKOW MX BIMSHHMS Ha MopdomeTpuyeckrue MapaMeTpbl PacTeHUH: IUTHHY
KODHEBOH CHCTEMBl M [UIMHY cTeOJsl, NpH TpeX YPOBHAX KOHLEHTpauui
nerictBytomiero Bemectsa (100, 500 u 1000 Mxr/mir).

OneHka (UTOTOKCHYHOCTH 00pa3loB NMPOBOAMIACH Ha CEMEHAX MOJECIBLHON
KynbTypbl caiara Lactuca sativa L. BemmomHeno 4 moBTOpa Ha BapuaHT —
o0pasel] KaXIOro COeIMHEHHs 10 25 IITyK CeMsH Ha IOBTOp; CeMeHa
npensaputeiabHo crepuinsoBanmu (70% stanon 1 munyty, 1% NaOCl 5 munyT
IOpU TSTUKPATHOW TNPOMBIBKE CTEPHIBHOM AMCTHIUIMPOBAHHOM BOIOW. 3arem
MPOBOIUIIN 00paboOTKy pacTBopamu uccieayembix coenunenuii 1 (PK-1), 2 (PK-
2), 3 (TBD-20), 4 (PK-80), 5 (PK-81) 6 (PK-82) B konuenrparmsx 100, 500 u
1000 mkr/mia (KOHTpONb - Boja) myTeM 3amaunBaHus npu 22 °C B teuenue 30
MUH C TOCIEAyIOImeld MOJCYIIKOH W MpopaliMBaHHEM Ha YBIAXHEHHOH
CTepuiIbHON (QuibTpoBaNbHON Oymare B wamkax Ilerpm mpm 22 £ 2 °C u
¢doronepuone 16/8 u. Ha 4-e¢ cyTku u3Mepsuid ATUHY KOPHEBOW CHUCTEMBI M
nobera y Bcex HOPMaJbHBIX HPOPOCTKOB, PE3yJIbTAaThl BHIpAKANIN KaK cpeiHee +
CTaHAAPTHOE OTKJIOHEHHE.
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Taéanua — BiusHue HCIIBITYeMBIX POM3BOAHBIX B-aMHHONIPOIIHOaMUAOKCHMOB (1-6) n nx
KOHIICHTpAIHiT Ha POCTOBBIC TIOKA3aTeNN KOpHEH U cTebieit iucTheB camara Lactuca sativa L

Konuenrpanus | Kopenb | Crebenn
PK-1
KounTpons 3.7+£0.9 1.7+0.4°
100 MKr/mi 2.3+£0.3" 2.1+0.32
500 Mxr/ma 2.2+£0.5° 23+£04
1000 MKr/mi 2.0 +£0.6° 2.3+0.3
PK-2
KonTposnb 3.7+0.9 1.5+0.4°
100 Mxr/mMia 2.1+£0.7° 24+£0.3
500 Mxr/ma 1.8 £ 0.4 2.3+£0.5°
1000 MKr/mi 1.2+ 0.7¢ 1.6+0.9°
TBD-20
Kontposb 3.8+1.1° 1.7+£04
100 mxr/mi 3.8+1.1 1.7+0.32
500 MKr/min 2.4+£0.6" 1.4+0.3°
1000 MKr/mi 2.2 +0.6> 1.4+0.2b
PK-80
Kontposb 3.8+1.1° 1.6+ 0.42
100 MKr/mi 3.24+0.9 1.7+0.3
500 mMKr/mit 2.4+0.7° 1.8+0.32
1000 MKr/Ma 2.3+£0.6° 1.8+0.3:
PK-81
Kontposb 39+1.1° 1.6+ 0.4
100 MKr/mn 2.6 £0.7° 1.7+ 0.4
500 MKr/min 1.1+0.5¢ 1.8+0.3
1000 MKr/Ma 1.1+£0.3¢ 1.6+0.3
PK-82
Kontposns 3.8+1.2 1.7+0.4°
100 MKr/m 3.3+ 1.2 1.8 +0.3
500 MKr/min 1.7+0.3 1.8+0.32
1000 MKr/mi 1.3+0.2¢ 1.7+0.3

ITpumeuanue — JlaHHbIe IpeCcTaBIeHb Kak cpefHee + cTangapTHoe otkionenue (Mean + SD, n = 100).
CraTucTHIeCKyI0 00paOOTKY JaHHBIX MPOBOIIIIU C HCIIOIB30BaHUEM IPOTpaMMHOTO obecmedeHus IBM
SPSS Statistics v.26.0 (IBM Corp., Armonk, NY, USA).

Jlnst OLEHKH pasiuuuii MeXIy BapHaHTaMH HCHOJI30BaIM OAHO(MAKTOPHBIA JUCHEPCHOHHBIN aHAIN3
(ANOVA) ¢ nocneqyromuM MHOXKECTBEHHBIM CpPaBHEHHEM cpeIHUX 1o kpurepuio Trioku (Tukey HSD)
npu ypoBHe 3Hauumoctd p < 0.05. Pasznnunble OyKBEHHBbIC MHAEKCHI B MpelesiaX OJHOTO BapHhaHTa
YKa3bIBalOT Ha CTaTUCTHYECKH 3HAYMMbIE DA3NIMuMs MEXIy KOHUeHTparusmu. CpeiHue 3HadeHHs,
0003Ha4YEHHBIE OJMHAKOBBIMM OyKBaMHM, CTATUCTHYECKH HE pa3IMYalOTCs, TOrJa Kak 3HA4YeHHs ¢
pa3NUYHBIME OYKBaMH OTJIHYAIOTCS JOCTOBEpHO. KOMOWHMpOBAaHHBIE HHAEKCH (HAIPHMeEDP, «°»)
YKa3bIBAIOT HA MEPEKPHITHE CTATUCTUUECKHUX Ipymi. CpaBHEHHE IMPOBOIAMIOCH OTAENBHO IS KaXIOTo
BapHaHTA.

4. 3aki0ueHne

HccnenoBaHubie COCIMHEHHMS MOKa3ajau pa3IuIHyIO0 CTEIEHb
(PMTOTOKCUYHOCTH B 3aBUCHUMOCTH OT KOHIIEHTPAI[MM M OpraHa PacTeHUs, MpHU
9TOM KOpHeBas cucrema Lactuca sativa L. oxaszamach Gojee 4yBCTBHTENLHOM.
CTCHGHB @HTOTOKCI/I‘IHOCTI/I Bo3paCTana C YBeHquHHeM KOHHGHTpaI_II/II/I
XAMUYECKUX  COCOUHEHUH; (HUTOTOKCHYHOCTb 3aBUCHUT OT  CTPYKTYpPBI
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HCCIEAYEeMbIX COCIUHEHUNM W JOCTUTaeT Makcumyma s 1,2,4-okcaanas3olioB c
TaJIOTeHHBIMU 3aMECTUTENSAIMU (napa-OpoM- U Mema-XJop) B apUiIbHOM KOJIBIIE;
yMepeHHass W MHUHHMaJIbHAasS (PUTOTOKCHYHOCTH XapakTepHa mia 1,2,4-
okcanuasona ¢ napa-CHs rpymmoii, a takke Ui ruapoxyiopuaa u murpara O-
napa-tonyoui-p-(Mopdoaun-1l-uin)nponuoamMuaokcuma. J[Ba coenuHeHHS ~—
TUAPOXJIOPU]] U OKCAJIAT aMUAOKCHMA IMPOSBHIN POCTCTUMYIUPYIOMHH dPPEKT
Ha ctebuie canara Lactuca sativa L.

[MomyueHHble pe3ynbTaThl (POPMUPYIOT OCHOBY IS JATbHEHUIIETO H3yUYCHHUS
B3aMIMOCBSI3H  ‘‘CTPYKTypa-(pUTOTOKCHYHOCTH» H OTOOpa COEOUHEHUH C
MIPUEMIIEMBIM (PUTOTOKCHYECKUM TPOQHUIEM /IS TOCIETYIOMNX OHOIOTHIECKAX
HCCIIEIOBAHUIN.

duHancupoBanue: PaboTa BbINOJNHEHAa MO IpOrpamMMme LENeBOro (hUHAHCHPOBAHHS HAYYHBIX
uccnenoBanuii Ha 2025-2026 rr., ocymectBiasiemoro KomureroM Hayku MuHHCTEpCTBA HAyKH H
obpasoanus Pecny6iuku Kasaxcran, mo nporpamme BR27101179.

KoHduKT HHTEpecoB: ABTOpHI 3asBIISIOT 00 OTCYTCTBUM KOH(INKTa HHTEPECOB, TPEOYIOIIETo
PACKpBITHS B IaHHOH CTaThe.

O-napa-TOJIOYWI-B-(MOP®OJINH-1-YL)[TIPOIIMOMUJOKCHUM KOHE 5-APWNJI-3-§-
(IMNEPUAUH-1-YL)3TWJI-1,2,4-OKCAAUA3OJJAP TY¥3JAPbIH KAMTUTBIH
BUOJIOT'UAJIBIK BEJICEHAI KOCBIJIBICTAP KITAIIXAHACBIHBIH,
OPUTOTOKCHUKAJIBIK 9CEPI

JLA. Kawxkoea'", A.K. Typcynosa®, A.M. /lyiicenan®, A. Epnanynor*,
A.B. Capmoesa’, A.A. Capoap?, LI M. Typéexoea’

14.5. Bexmypos amvinoagel xumus olibimoapel uncmumymol AK, Anmamot, Kazaxcman

DKIIC JK. XKuembaes amvindasst Kazax ocimoixmepoi Kopeay dicane KapanmuH 2oiabIMu-3epmmey
uncmumymul, Anmamul, Kazaxcman

346aii amuinoazwl Kazax yimmuix nedazozuxanvix, ynusepcumemi, Anmamot, Kazaxcman

Tyiiingeme. Kipicne. ATpoXMMHKaTTap/bl KOJIIaHy KOpIIaFaH oOpTara JKOHE JICHCAyJIBIKKa Kayill
TeHIpeni, Oy (UTOYBITTBUIBIKTBI 3€PTTEY/l ©Te MaHbI3Abl eTeli. Maxcammap men minoemmep. Cyna
epuTiH  KOChUIBICTApAbH:  O-napa-toiyoun-B-(MopdoauH-1-1I)IpoMMOaMHUIOKCHM  TY3IAPBIHBIH
(ruapoxsiopu, OKcanaT, UTPaT) XkaHe yi 5-apuit-3-B-(nunepuaun-1-wun)atuin-1,2,4-0kcaana3onaapabiy
(apui: napa-MeCeHa, napa-BrCsHas, mema-ClCsHs) putoysITThUIBIFBIH Garanay. Odicmep. Kocbuibictap
JKaKCAPTHUIFAH KOIT CaThUIbl CHHTE3/Ii KOJIaHy apKeuTbl cuHTesenii. @uroysITThuisik Lactuca sativa L.
TambIpiapsl MeH cabakrapeiraa 100, 500, 1000 MKr/Mil KOHIEHTpAMACHIHIA CHIHANIBL. Homuoicenep.
@DUTOYBITTBUIBIK KOHIIGHTPALMAFA JKOHE OCIMIIK MyIleciHe OaiaHbBICTBI OOJIABI, TaMbIpiap ce3iMTai
Gonuel. EH okorapel (UTOYBITTBI acep napa-6pomo-okcamuazon yurH 500-1000 wmxr/mn 33-72%
¢uroysITThUBIFEIMEH  57-67% apanbiFeiHga  Gaiikangel, oxga keidin 100-1000 mxr/mi  kesinze
¢dutoysITTEUTBIFbIMEH 33-72% apanbIFbIHIA Mema-XJI0p-0KCaanua3on OalKanapl. AMHIOKCUM XIJIOPHIL
MEH OKCAJIATTBIH CabaKkThIH OCYiHE OCYIi BIHTAJTaHIBIPYIIbl dcepi Gaikamasl. [HIPOXIOpHI TIEH napa-
METHJIOKCAIa30II1a opTarmia YBITTBUIBIK Oaitkansl. O-napa-Tonyounn-B-(mopdonun-1-
AIT)IPONIHOAMHUIOKCUMHIH [UTPAT Ty3bl 0akKpuidy TOOBIMEH CAaNBICTHIPYFa OOJNATBIH MHHHUMAJIBL
(DUTOTOKCHKANBIKTBL KOpCeTTi. Kopwimbinobi. 3epTTENreH KOCBUIBICTAp KOHLEHTPAILMs MEH OCIMIIK
MYIIIECiHe OaiTaHbICTBI OPTYPITi (PHUTOTOKCHKAIIBIK IOpEeKeNiepli KOPCETTI; TaMbIpyiap KOHIEHTPALMSHBIH
JKOFapbUIaybIMEeH cesiMran Gosabl. DUTOTOKCHKANBIK dCEp TalOreH alMacTBIPFBINTAphl (napa-opom,
Mema-x1op) 6ap OKCaaMa3oNiiap YIIH eH JKOFaphl, napa-METHIOKCAaHa30il YIIH OpTaiia/MAHAMAIIbL,
COHJIAl-aK aMHIOKCHM THAPOXJOPHII MEH IHUTpar yirH oprama/MuaaManabl. CabakThiH —ocyi
aMHIOKCHM THIPOXJIOPHU/II MEH OKCAJIATIICH BIHTAIAHIBIPBUIIBL.
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Tyitin ce3mep: ¢uroToKCHKANBIK ocep, Lactuca sativa L. tamplpsl MeH caGarbIHBIH Y3bIHIBIFBI,
Ouonormsuislk - Gencenainiri, O-napa-toryouni-B-(Mopdoma-1-1I)IponHoaMUIOKCUMHIH  HETi31 JkoHe
Ty31apsl, S5-apui-3-B-(nunepuaun-1-un)stun-1,2,4-oxkcaauasonaap

Karwokosa Jlvomuna Anexcanoposna Xumusi eviablmoapuiibiy 00KmMopbl, npogeccop, bac
SbLILIMU KbIZMEmKep

Typcynosa Ansuypa Kaiipamkuizot Texnuxa blIbIMOAPbIHbIY MASUCTPI, 3ePMXAHA
Menzepyulici

Ayiicenani Aindana Markcymxpizol PhD ooxkmopanm, Kiwi gvlivimu Kpizmemrep

Epnanynet Azamam PhD ooxkmopanm

Capmoesa Apyyscan Baxmuépkusu bakanasp, unoicenep

Capoap Aixican AnapoexKpizot JKapamuineicmany 611blMOapbiHbly Ma2ucmpi, aza

2bLILIMU KbI3MemKep

Typoexosa LLlvipvin Metipamoexkkpi3o JKapamulLibicmary biiblMOapbIHbIE MAZUCIPI, a2a

2blIbIMU Kbl3MemKep
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Abstract. Introduction. Local anaesthetics work by blocking voltage-gated sodium channels, which
causes a temporary loss of sensation, a property used in many medical procedures. While novocaine,
lidocaine, and trimecaine are effective, they have drawbacks such as short duration, possible toxicity, and
tolerability problems. This study set out to create a complex of benzoylated 3-(3-butoxypropyl)-7-
cyclopropanemethyl-substituted bispidone with B-cyclodextrin (LAC-5) and to compare its local
anaesthetic effects with medicals using standard preclinical tests. LAC-5 was synthesised using Mannich
condensation, oximation, O-benzoylation, and B-cyclodextrin complexation. Its structure was confirmed
by methods such as infrared and nuclear magnetic resonance spectroscopies. Tests showed that LAC-5 has
strong local anaesthetic effects, performing better than trimecaine, lidocaine, and novocaine in both
infiltration and conduction anaesthesia models. In infiltration anaesthesia, LAC-5 achieved the maximum
measurable depth of anaesthesia (index 36.0) at a 0.25% concentration, with a duration of complete
anaesthesia of 56.66 min and a total duration of action of 76.66 min, exceeding the reference medications
by up to 5.66- and 2.6-fold, respectively (p < 0.001). In conduction anaesthesia, LAC-5 produced a total
duration of action of 160.0 + 4.7 min, surpassing reference medications. Based on the results obtained,
LAC-5 is recommended for comprehensive preclinical pharmacological evaluation, including assessment
of acute toxicity, safety profile, and mechanism of action.
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anaesthesia; conduction anaesthesia.
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1. Introduction

Local anaesthetics are widely used in surgery, dentistry, and many other
medical procedures worldwide. Local anaesthetics work by temporarily stopping
nerve signals. They do this by blocking voltage-gated sodium channels in nerve
cell membranes. After crossing the nerve membrane, the non-ionised form of the
anaesthetic enters the axon, picks up a proton inside the cell, and then attaches to
sodium channels. This blocks sodium from entering the cell and stops action
potentials from starting or spreading. As a result, sensory signals like pain do not
reach the central nervous system, so you temporarily lose sensation [1,2]. After
cocaine was isolated in the late XIX century and synthetic options like procaine
(Novocaine), lidocaine, and bupivacaine were developed, researchers have
continued to look for new local anaesthetics that work better, act faster, last
longer, and have fewer side effects [3].

Lead compound (B)
Novocaine, 1905

:CHy ‘\

Lead compound (C) Lead compound (D)

Lidocaine. 1948 Bupivacaine, 1963
N O
C4Ho—0O L©—<O E
\ TR AT
C3Hg— =N"N
[} T

Target compound
Benzoylated 3-(3-butoxypropyl)-7-cyclopropanemethyl substituted bispidone
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Amino amides and amino esters are the two basic types of local anaesthetics.
In contrast to amino esters, which have an ester connection between the
intermediate chain and the aromatic end, amino amides contain an amide link.
Amino amides and amino esters are different in several ways. While amino
amides are broken down in the liver, amino esters are broken down in plasma by
pseudocholinesterase. While amino amides are quite stable in solution, amino
esters are unstable. Compared to amino amides, amino esters are far more prone
to trigger allergic hypersensitivity reactions (Table 1) [4].

Table 1 - Comparison of the pharmacological characteristics of representative local anaesthetics

Class Local Duration of Metabolism Stability Clinical use
anaesthetics action

Ester Novocaine Short Hydrolysed in plasma Less Limited use
group by stable in today;
pseudocholinesterases solution infiltration
anaesthesia and
diagnostic
procedures

Amide Lidocaine Intermediate : Primarily metabolised Most widely
type in the liver by used for
cytochrome P450 infiltration,
enzymes nerve block,
More epidural, spinal,
chemically and topical
stable  anaesthesia.
Bupivacaine Long Metabolised primarily Long-duration
in the liver regional
anaesthesia,
epidural
anaesthesia,
peripheral nerve
blocks, and
postoperative
pain
management

Despite the current medications being clinically effective, problems such as
cardiotoxicity, neurotoxicity, and allergic reactions continue to drive the search
for new chemical entities with improved safety profiles [5]. Since 2008, human
exposures with less severe consequences have dropped by 2.48% annually,
whereas those with more severe consequences (moderate, major, or death) have
increased by 4.44% annually since 2000. Approximately 3200 single exposures to
additional or unknown local and/or topical anaesthetics and 1410 single exposures
to lidocaine were recorded in the US in 2017. Additionally, 197 lidocaine
exposures had a minor effect, 71 had a moderate outcome, 13 had a serious event,
and one fatality was documented [6].

Azaheterocyclic systems are of considerable value in the development of
new local anaesthetics owing to their structural rigidity, favourable lipophilicity,
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and resemblance to naturally occurring alkaloids. Among these, 3,7-
diazabicyclo[3.3.1]nonan-9-one (bispidone) is readily accessible synthetically and
amenable to structural modification at both nitrogen atoms. Bispidone derivatives
have been reported to exhibit antiarrhythmic, analgesic, and antimicrobial
activities, and certain compounds of this class have been shown to interact with
voltage-gated sodium channels - the primary molecular targets of local
anaesthetics [7-13].

Adding a benzoyloxy group to bispidone can change its electronic properties
and stability. These changes are important for how local anaesthetics work.
Adding a benzoyloxy group can make the compound more lipophilic and create
an ester bond that can be broken down in the body, releasing the original oxime
[14-16].

In this study, we synthesised an oxime ether derivative of bispidone by
reacting a bicyclic ketone precursor with hydroxylamine, followed by
benzoylation. By combining the rigid bispidone structure with the O-
benzoyloxime group and changing the substituents on the nitrogen atoms, we
were able to study how these changes affect anaesthetic strength. The results help
to understand bispidone-based compounds better and support the design of better
local anaesthetics.

2. Experimental part

Chemical experimental part

Al,O3 with second-degree activity was used in TLC to monitor reaction
progress and in column chromatography for purification. IR spectra were
recorded using an FT-IR spectrometer Nicolet 5700, and NMR spectra were
recorded using a JEOL JNM-ECA 400 spectrometer using CDCl; at frequencies
of 399.78. Dry solvents and an inert gas environment were used for oxygen- or
moisture-sensitive syntheses.

Benzoylated 3-(3-butoxypropyl)-7-cyclopropanemethyl substituted bispidone
was synthesised using a method previously reported [17,18].

3-(3-Butoxypropyl)-7-cyclopropanemethyl substituted bispidone (2), pale
yellow oil; 92%. Calculated for CigH32N»O2: C 70.09; H 10.46; N 9.08. Found: C
70.16; H 10.42. IR (KBr) (vmad/ cm™): 1734 (C=0), 1114 (C-O-C). **C NMR
(CDCls, 8, ppm): 46.9 (Cy5), 58.3, 58.7 (C24,s), 215.4 (Co).

Oxime of 3-(3-butoxypropyl)-7-cyclopropanemethyl substituted bispidone
(3), pale yellow oil; 85%. Calculated for C1sH33N30.: C 66.83; H 10.28; N 12.99.
Found: C 70.01; H 10.20 IR (KBr) (vmad/ cm™): 3133 (OH), 1670 (C=N). *C
NMR (CDCls, 8, ppm): 30.7, 32.1 (Cys), 56.4, 56.3, 58.6, 58.1 (C246s), 161.2
(Co).
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Benzoylated 3-(3-butoxypropyl)-7-cyclopropanemethyl substituted bispidone
(4), pale yellow oil; 69%. Calculated for CzsH3s7N3Os: C 70.22; H 8.72; N 9.83.
Found: C 70.17; H 8.65. IR (KBr) (vmax/ cm™): 1742 (C=0), 1641 (C=N).

S-Cyclodextrin complex  of  benzoylated 3-(3-butoxypropyl)-7-
cyclopropanemethyl substituted bispidone (5), cream-colored amorphous powder.
Calculated for Ce7H107N303s: C 51.50; H 6.90; N 2.69. Found: C 51.89; H 6.83.

Biological activity study

The pB-cyclodextrin  complex of benzoylated 3-(3-butoxypropyl)-7-
cyclopropanemethyl substituted bispidone (5), designated as LAC-5, was
evaluated for its local anaesthetic activity. Data were compared with those of the
reference drugs trimecaine, lidocaine, and novocaine. Results are summarised in
Tables 2 and 3.

Infiltration anaesthetic activity

Infiltration anaesthetic activity was evaluated in male guinea pigs (200-250
2) using the Biilbring-Wade method. Following shaving of the animals’ backs, 0.2
mL of isotonic solutions of the test compound and medications were injected into
4 sites arranged in a 3-cm square.

Each concentration was tested for local anaesthetic activity 6-8 times.
Sensitivity was assessed by pressing a blunted injection needle 6 consecutive
times at intervals of 3 to 4 sec. This process was repeated every five minutes for
thirty minutes.

The anaesthesia index, which was computed as the average of 6 studies and
had a maximum possible value of 36, was used to measure the depth of
anaesthesia. The reference medications trimecaine, lidocaine, and novocaine at
comparable concentrations were used to compare the test compound's action.

Conduction anaesthetic activity

Using basic screening techniques suggested by the Guidelines for
Experimental Preclinical Studies of New Pharmacological Substances and the
Pharmacological Committee of the Republic of Kazakhstan, local anaesthetic
activity under conduction anaesthesia was assessed [19,20].

The tail-flick method was used to examine the activity of the test chemical
and the comparative medicines in rats.

The following criteria were used to compare the chemical with the reference
medications:

- Duration of complete anaesthesia induced,;

- Total duration of action.

Non-anesthetised outbred white rats of both sexes were used, with 6 animals
in each experimental and control group. One per cent aqueous solutions of the
compounds were tested.

Statistical analysis

Data are presented as mean + standard error of the mean (M+m). Statistical
analysis was performed using Student’s t-test. Differences were considered
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statistically significant at p < 0.05. Data processing was carried out using
GraphPad Prism 9.0 (GraphPad Software, USA).

Results and Discussion

The starting compound, benzoylated 3-(3-butoxypropyl)-7-
cyclopropanemethyl substituted bispidone (2), was synthesised through a one-pot
Mannich condensation of 1-(3-butoxypropyl)piperidin-4-one (1),
paraformaldehyde, and cyclopropanemethylamine in acidified acetic acid-
methanol solution, achieving a yield of 92%.

C4Hy—O

\
CaHe— Eo N— <
/ 2
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e o
1 C4H—O
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C\H E .
3Mg— =N N— j
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i= (CH20)x ,HQN/\<].CH30H, CH3COOH, HCI, 65°C, 12 h; ii= NH,OHHCI, pyridine, ethanol, 110-120°C, 20 h;

jii= @-««8 benzene, RT, 48 h; iv=_ b-CD, water, ethanol, 50-55 °C.

The reaction of 3-(3-butoxypropyl)-7-cyclopropanemethyl substituted
bispidone (2) with hydroxylamine hydrochloride yielded the corresponding oxime
(3), which was then acylated with benzoyl chloride to obtain the O-benzoyl
derivative (4). The B-cyclodextrin complex (5) was synthesised by combining the
O-benzoyloxime (4) with an equimolar amount of B-cyclodextrin. The structures
and identities of these compounds were verified using elemental analysis, TLC,
IR spectroscopy, and NMR spectroscopy. The IR spectrum of compound 2
showed a band at 1734 cm™, corresponding to the C=0 stretching vibration of a
ketone carbonyl within the bispidone ring. A band at 1114 cm™, assigned to C-O—
C stretching, confirmed the presence of the butoxy ether group and further
supported the proposed structure. In the **C NMR spectrum, C1 and C5 signals
appeared at 46.9 ppm, which was attributed to the diazabicyclic core. In
comparison, the cluster of resonances at 58.3 and 58.7 ppm accounted for the
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methylene carbons C,, Ca, Cs, and Cs within the bispidone framework. A signal of
an aliphatic ketone carbonyl Cy appeared at 215.4 ppm, providing unambiguous
evidence for the formation of a new ketone. In the oxime IR spectrum, a broad
absorption at 3133 cm™ was characteristic of the O—H stretch belonging to the
newly introduced hydroxyl group. Meanwhile, the strong carbonyl band at 1734
cm™ that had defined compound 2 was completely absent — replaced by a new
band at 1670 cm™, right where C=N stretching would be expected. This pattern of
disappearance and emergence provided straightforward, unambiguous evidence
for oxime formation.

The *C NMR data C; and Cs resonated at 30.7 and 32.1 ppm, shifted
noticeably upfield from their positions in compound 2 - a natural consequence of
the change in electronic environment when a ketone gives way to an oxime. The
methylene carbons C,, C4, Cs, and Cs in the bicyclic ring were identified at 56.3,
56.4, 58.1, and 58.6 ppm, respectively. The clinching evidence, though, came
from the carbonyl region: the ketone signal at 215.4 ppm had disappeared without
a trace, and in its place stood a new resonance at 161.2 ppm - exactly where an
oxime carbon (C=N) is known to appear. Altogether, the spectroscopic data made
a compelling case that compound 2 had been cleanly and successfully
transformed into oxime 3.

The IR spectrum of compound 4 was fully consistent with the successful O-
benzoylation of oxime 3. The broad O-H stretching band at 3133 cm™!, clearly
seen in compound 3, was no longer present in compound 4, which indicates that
the hydroxyl group of the oxime was acylated. A new signal at 1742 cm™ was
assigned to the C=0 stretching of the aryl ester group. The C=N stretching band
shifted from 1670 cm™ in oxime (3) to 1641 cm™ in benzoylated bispidone (4).
This shift is due to the change in electron density at the C=N bond after O-
benzoylation. The fact that this band remained confirmed that the oxime group
remained intact. These spectral results support the structure of compound 4 as the
O-benzoylated oxime derivative.

According to the data presented in Table 1, compound LAC-5 demonstrated
a pronounced local anaesthetic effect, with an anaesthesia index of 35.6.

6 animals were used for each concentration test. The average response values
collected over 30 minutes were used to calculate the anaesthesia index. LAC-5
reached the highest level of anaesthesia that this method can measure, with an
anaesthesia index of 36 (Table 2).

At a 0.25% concentration, it was statistically more potent than all reference
medications, showing 1.1 times the activity of trimecaine, 1.55 times that of
lidocaine, and 1.44 times that of novocaine.
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Table 2 - Efficacy of LAC-5 and medications in infiltration anaesthesia

Compound / 0.25%

Reference Anesthesia Index Complete Anaesthesia Total Duration of Action,

Drug M=m Duration, min min

LAC-5 36.0+0 p1<0.001 56.66+1.05 p1<0.001 = 76.66=1.05 p1<0.001
03<0.001 3<0.001 ps<0.001

Trimecaine 33.6+0.33 20,0+1.7 38.3+1.05

Lidocaine 23.1+0.9 14.2+0.8 30.8+0.8

Novocaine 25.0+1.0 10.0+1.2 29.1£1.5

Note: p1, compared with trimecaine; p2, compared with lidocaine; ps, compared with novocaine.

Comparison of duration parameters, including both the duration of complete
anaesthesia and the total duration of action, showed that the compound
outperformed the reference medications in these parameters.

The duration of complete anaesthesia induced by LAC-5 was 56.66 minutes,
which was 2.83, 3.9, and 5.66 times longer than that of each medication,
respectively. The total duration of the LAC-5 effect was 76.66 minutes. In
comparison, the total anaesthesia duration for the reference medications was
shorter: 38.3 minutes for trimecaine, 30.8 minutes for lidocaine, and 29.1 minutes
for novocaine. Thus, the effect of LAC-5 was 2.0-, 2.4-, and 2.6-fold longer than
that of the comparison medications, respectively.

The results of the conduction anaesthesia study for LAC-5 are presented in
Table 3.

Table 3 - Activity of LAC-5 and medications in conduction anesthesia

Compound / Reference Drug

Duration of Action, min

LAC-5 160.0+4.7 p1 <0.02
p, <0.01
p3 <0.001

Trimecaine 56.9+12.8
Lidocaine 90.8+18.4
Novocaine 42.3+13.6

Note: p1, compared with trimecaine; p», compared with lidocaine; ps, compared with novocaine.

LAC-5 provided anaesthesia for 160 minutes, lasting 2.8, 1.8, and 3.8 times
longer than the comparison medications. LAC-5 demonstrated a pronounced
effect in infiltration anaesthesia, exceeding the performance of all reference
medications across all measured parameters. Consequently, LAC-5 s
recommended for further comprehensive pharmacological evaluation.

Conclusion

A study of LAC-5 showed that this compound has strong local anaesthetic
effects that are better than those of the commonly used medications trimecaine,
lidocaine, and novocaine. For infiltration anaesthesia, LAC-5 reached the
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maximum depth of anaesthesia (index 36.0 + 0) at a concentration of 0.25%,
outperforming all reference medications. The complete anaesthesia lasted 56.66
minutes, which is 2.83, 3.9, and 5.66 times longer than the medications,
respectively. The total duration of action was 76.66 minutes, 2.0 to 2.6 times
longer than the reference medications (p < 0.001 for all comparisons). In
conduction anaesthesia, LAC-5 provided anaesthesia for 160 minutes. All these
differences were statistically significant.

Overall, these results show that LAC-5 is a very effective local anaesthetic,
with greater strength and a much longer duration of action than those of
medications currently in use.
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Gapmaronoeus kagheopacwt, Anmamel, Kazaxcman
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Tyiiinaeme. Kipicne. XXeprijikri aHecTeTHUKTep KepHeyre Toyesai HaTpuil apHaIapbIHBIH OENCeHATIriH
KalTBIMABI TypAe Oerem, XUpyprusjaa, CTOMATOJOTHANA JXOHE MEIUIMHANBIK TOKIpHOemeri opTypii
mpolenypaiapia KakeTTi Ce3IMTaNIBIKTBIH YaKbITIIA >KOWBUIYBIH KaMTamachi3 ereni. HoBokauH,
JIUJIOKAVH JKOHE TPUMEKAaWHHIH THIMIUIINIHE KapamacTaH, OJNIapIbIH 9Cep €Ty Y3aKTBIFbI, YBITTHUIBIFBI
JKOHE KeTepe aylyra OailaHbICTBI LIEKTeyJIepl aHaFypIIbIM XKETULIIPUIreH npenapaTTapbl i34ey/1l Tanam
eremi. 3epmmeyoiy  makcamel — GeHzomwIAeHreH  3-(3-0YTOKCHIIPOIILT)-7-HKIOMPOITAHMETHIT
opbiHOacKaH OucnuAoHHBIH B-rukinogekctpunaik kemeHid (LAC-5) cunTesney »oHe OHBIH KEepPriliKTi
aQHECTe3MsUIbIK OeNCeHIUIINH CTaHAapTThl KIMHUKAFa JIEWIHIT CKPUHMHI QIICTepiH MaijaaHa OTBIPHIII,
CalbICTBIPMANIbl TpenaparTrap - TPUMEKauH, JMIOKAUH >KOHE HOBOKAaMHMEH CalbICTBIpy. Homuowcenep
oicone manxvinay. LAC-5 MaHHUX peakuuschl, okcumaey, O-OeH30mney KoHe B-IMKIOJeKCTPHHMEH
KEIIeH TY3y apKbUIbl CHHTE3IeNi; OapiblK KOCBUIBICTAP/BIH KYPBUIBIMBI HH(PAKBI3BLI KOHE SIPOJIBIK
MarHUTTIK PE3aHAHC CHEKTPOCKONHMS 3epTTey dAicTepi pactanipl. Kopeimeinosi. buonorususik Oaranay
HoTmxenepi LAC-5-TiH MHQUIBTPAIUSIBIK JKOHE OTKI3TIIITIK aHECTE3Us] MOJEINBACPIH/AE KIMHUKAJIBIK
ToKiprOeae KONaHbUIAThIH CaJIbICTBIPMAIbl MpernapaTTap - TPUMEKauH, JTHIOKAUH JKOHE HOBOKAMHHEH
JKOFAapbl aiKbIH JKEPriTIKTI aHECTE3MsUTBIK KAaCHEeTTepre HWe eKeHiH KepceTTi. WHQHIbTPaIusUIbiK
anecresus kesinge LAC-5 0.25 % KoHIeHTpanusaia aHECTE3USHBIH €H XKOFaphl JIIICHETIH TepeHirine
(unpexce 36.0 + 0) eTim, TOJBIK aHECTE3UsI Y3aKTBIFBI 56.660 MUH JKOHE JKaJIIIbl 9CEp €Ty Y3aKTHIFbI 76.66
MUH 00JI/IbI, OYJT KOPCETKILITEP CalbICTHIPMAITBI MIperapaTTap/iaH coikecinie 5.66 xoHe 2.6 ecere jeitin
skorapbl 6onasl (P < 0.001). OtkisrimTik aHecte3us xarnmaiibiHga LAC-5 jkanmsl ocep €Ty Y3aKThIFbI
CaNbICTBIPY HpernaparTtapbiHal acbin Tycin 160.0 + 4.7 MuH Kypaiasl. ANBIHFAaH HOTHIKENEp Herisinuae
LAC-5 KOCBUIBICHI KeJe YBITTBUIBIKTBI, KayilCi3[ik OCHiHIH JKoHE ocep eTy MeXaHH3MiH Oaranaybl
KaMTHTBIH KCLICH1 KJIMHUKaFa JeHiHri (papMaKoIOTHsIIBIK 3epPTTeyJIepre YChIHBUIAIBL.

Tyiiinai ce3mep: OeH30MIAEHTeH OWCIMAOH; P-IMKIONEKCTPHH KEIIEHI; OMOJOTHSUIBIK OCJICeHMITIK;
HHQUIBTPALMSUIBIK aHECTE3MS; OTKI3TIIITIK aHeCTEe3nsI.
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Manmaxoea Auicyn Epooceinkpizet PhD, xaysimoacmeipwinzan npogeccop

Hckarosea Teitnviuumutk, Kadipkuizot Xumusi evlnblmoapuiibiy 00KMopbl, npogeccop

Ilipanuee Kanowioaii Kainayyne Xumus 2o11biMOapbiHbly 0OKMOPYLL, NPogeccop

Ceiiinxanos Oncac Tonezenynwt JKapamulivicmany biibimoapsl Mazucmpi

Omezynosa Kamuna Babasxcankpizor  Mazucmp

Omipkynosa Mapcan Kynawikoizol Capanuvl

Camnaeea Inomupa Mapamrpizel Meouyuna evinbimoapvinbiy Kanoudamol, npogecccop

Kaowviposa /lunapa Monoawkpizot Meouyuna evlibimoapuviibly Kanouoamsl, npogecccop

BEH30WJIMPOBAHHBIMA BUCIIUIOH: CUHTE3 U HCCJEJOBAHUE
BUOJIOT'HYECKUX DODPEKTOB

A.E.Manmaxosa ", T.K.Hckakoga ?, K. /1.IIpanues 1 0.T.Ceunxanos 3, K.b. Omezynosa L
M.K.Amupxynoea *°, E.M.Camébaesa *, /. M. Kaovipoea *

1 Hnuemumym xumuueckux nayx umenu A.b. Bexmyposa, Anmamel, Kazaxcman

2Kazaxckuii Hayuonanvuwill ucciedosamenbckuti mexuuveckuii ynusepcumem umenu K.M. Camnaesa,
Anmamwt, Kazaxcman

3Koxwemayckuii YHUBepcumem uUMeHU 1l Yanuxanosa, Koxwemay, Kazaxcman
*Kagpeopa apmarxonozuu, Kazaxckuii nayuonansuwiii meduyumckuii  yuugepcumem umenu C.JJ.
Acghenousposa / lxkona obweil meduyumnsl, Armamet, Kazaxcman

SHayuonanvhulii yenmp sKcnepmusvl 1eKapcmeennvlx cpeocme u MeOuyuHckux uzdenutl, Acmanua,
Kaszaxcman

Pe3tome. Bgeoenue. MecCTHbIE aHECTETHKH OOpaTUMO OJIOKUPYIOT MOTEHIMAI3aBUCHMbIE HATpPHEBbIE
KaHaJIbl, BbI3bIBAsi BDEMEHHYIO ITOTEPIO UyBCTBUTEILHOCTH, HEOOXOAUMYIO B XHUPYPIUH, CTOMATOJIOTHU U
IPYTHX MEIUIMHCKHUX Ipoueaypax. HecMoTps Ha 3 (eKTHBHOCTS HOBOKAHHA, TUA0OKANHA U TPHMEKANHA,
UX OTPaHUYEHUS, CBA3aHHBIC C IIPOJODKUTEIBHOCTBIO AEHCTBHSA, TOKCHYHOCTBIO M HEPEHOCHMOCTHIO,
00yCIIOBIMBAIOT HEOOXOAMMOCTb IIOMCKAa Oosiee COBEpIICHHBIX IpenapaTtoB. [lenb uccredosanus
CHHTE3UpOBATh  P-IMKIOAEKCTPHHOBBI  KOMIUIEKC —OeH3omiupoBaHHOTO  3-(3-OyTrokcumpormi)-7-
uKIIonponanMeri  3amenienHoro Oucuona (LAC-5) # OLGHHTH €ro MECTHOAHECTE3HpYIOIIYIO
aKTHBHOCTb B CPaBHEHHMH C IpeMapaTaMH C HCIOJIb30BaHHEM CTaHIAPTHBIX METOOB TOKIMHHYECKOIO
cKpuHUHTA. Pesynvmamor u obOcyscoenue. LAC-5 Obu1 ModydeH IMOCPEACTBOM peakuun MaHHHXaA,
oxcuMHpOBaHMA, O-O0CH30MIMPOBAHHA M KOMIUIEKCOOOPa30BaHUA C P-IUKIOJEKCTPHHOM; CTPYKTYpEI
MOJIyYeHHBIX IPOM3BOAHBIX TOATBEP)KACHBI MeTomaMu HH(pakpacHOH M SAIEpHOH MAarHUTHO-
Pe30HAHCHOM cHeKTpocKonuu. 3axnroueHue. bruonorndeckas oueHka mokaszana, uto LAC-5 oGmamaer
BBIP2)KEHHBIMM MECTHOAHECTE3UPYIOIIUMU CBOHCTBAMH, IPEBOCXOIAIIMMU KIMHUYECKH MPUMEHsSEMbIe
IIperapaTsl CPaBHEHHUS - TPUMEKANH, TUI0KalH U HOBOKAKH - KaK B MOJEIAX HH(PUIBTPAIIMOHHOH, TaK U
MPOBOJHUKOBOH aHecte3uu. I[lpu wunHbMIbTpaunonHoit aHectresun LAC-5 [0CTUT MaKCHMAalIbHON
nzMepsemMoil riyouns! aHectesuu (uuupeke 36.0 + 0) npu koHuentpauuu 0.25 %, npu JUIMTETLHOCTH
nonHoi aHecre3uu 56.66 MMH U oOmIEH IPOJODKUTENLHOCTH IEHCTBUS 76.66 MuH, IpeBbIIIas
MOKa3aTeNI TPernapaToB CpPaBHEHMS COOTBETCTBEHHO 1O 5.66 m 2.6 paza (p < 0.001). B ycroBusix
npoBoaHKKOBO# aHectesnn LAC-5 obecrneunBan 0OIIyr0 MPOAOIDKUTEIbHOCTS aeiicTBus 160.0 £ 4.7
MHH, TPEBOCXOJs Ipenapartbl cpaBHeHHs. Ha ocHoBanuM mosydeHHBIX pesyiabraroB LAC-5
pEeKOMeHIyeTCsl s YrIyOn€HHOro JOKIMHHYECKOTo (hapMaKOIOTMYECKOrO HCCICIOBAHUSA, BKIIOYAs
OLICHKY OCTPO TOKCUYHOCTH, POGHIIsA 6e30IaCHOCTH M MEXaHHU3Ma IeHCTBHA.

KioueBbie cjioBa: 6€H30PIJ'II/IpOBaHHLII7I 61/ICHI/I£[0H; B'LII/IKHOIIGKCTPPIHOBLI?’I KOMIIJIEKC, OuoJIoTHYeCKast
AKTHUBHOCTb, I/IH(bI/IJ'II)TpaHI/IOHHaSI AHECTE3MA, IIPOBOAHUKOBAS aHECTE3U.
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Manmaxosa Auizyn Epooceinosna PhD, accoyuuposannuiii npogeccop

Hckaxoea Toinvtuumuix Kaovipoena Jlokmop xumuueckux Hayk, npogeccop

Ilpanues Kanowioait /{cai. y Jlokmop xumuueckux Hayk, npogeccop

Ceiinxanos Oncac Tynezenosuu Mazucmp ecmecmeennvix Hayx

Omezynoea Kamuna babascankuizot Mazucmp

Amupxynoea Mapowcan Kynawosna Dxcnepm

Camnaeea Inomupa Mapamosna Kanouoam meduyuncrux nayx, npogheccop

Kaowiposa /{unapa Monoaweena Kanouoam meduyuncrux nayx, npogheccop
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DETERMINATION OF THE COMPONENT COMPOSITION OF A
SERIES OF CALCIUM-CONTAINING DEPOSITS AND
TECHNOLOGICAL RECOMMENDATIONS FOR THEIR UTILIZATION

*A.A. Yespenbetov’, E.A. Tusupkaliyev’, Zh.N. Kainarbayeva’,
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Abstract. A comprehensive analysis of samples of calcium-containing mineral raw materials from
deposits in Russia (Bryansk), Kazakhstan (Beineu, Shetpe, Zhanakorgan), and Uzbekistan (Fergana) was
carried out to assess their suitability as precursors of calcium oxide used in technologies for the
remediation of oil-contaminated soils. The study employed methods of X-ray phase analysis (XRD),
elemental analysis, and infrared spectroscopy (FTIR). By the XRD method, the phase composition of the
samples was established and their semi-quantitative evaluation was performed. Based on the obtained
data, the samples were classified into three groups: 1) calcium oxide—hydroxide (Bryansk, Beineu,
Fergana), characterized by a high content of CaO (76.1-92.5%) and Ca(OH). (7.5-19.0%); 2) calcium
hydroxide (Zhanakorgan), representing almost pure Ca(OH)2 (99.6%); 3) carbonate (Shetpe), consisting of
calcite CaCOs (>98%). FTIR results confirmed the presence of the identified phases. Elemental analysis
showed high purity of most samples in terms of calcium (>52% CaO in normalized form). The sample
from Bryansk contains an increased amount of silica (SiOz = 4%). Technological recommendations for the
use of the raw materials are proposed. The Beineu-1 and Beineu-2 samples, containing 92.5% and 81.0%
Ca0, respectively, were identified as the most promising raw materials for the energy-efficient production
of active CaO.

Keywords: calcium-containing raw materials, X-ray diffraction, infrared spectroscopy, elemental
analysis, classification, oil-contaminated soils
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Introduction

This work is devoted to the analysis of raw material sources of calcium-
containing materials used for the production of calcium oxide, which is applied in
technologies for the remediation of oil-contaminated soils. Calcium oxide (CaO,
quicklime) is a highly reactive reagent widely used in metallurgy, construction,
the chemical industry, and environmental applications [1, 2]. In particular, in
remediation technologies for oil-contaminated soils, CaO is used for the
stabilization of hydrocarbons, adjustment of the pH of the medium, and
immobilization of heavy metals [3, 4]. The efficiency of these processes directly
depends on the reactivity of CaO, which is determined by its purity, particle size
(dispersion), and structure. These characteristics, in turn, are defined by the
composition of the initial mineral raw materials and the conditions of their
processing. Despite the abundance of deposits of carbonate and other calcium-
containing rocks, their composition can vary significantly depending on
geological conditions. The presence of associated phases (calcium hydroxide,
dolomite, silicate and clay minerals) and chemical impurities (compounds of Mg,
Fe, Si, and Al) significantly affects both the technology of calcium oxide
production and its final properties [5-9]. Therefore, systematic research and
comparative evaluation of the component composition of raw materials from
various sources represent a relevant scientific and practical task.

Samples from Bryansk (Russian Federation), as well as from deposits in
Kazakhstan (Beineu, Shetpe, Zhanakorgan) and Uzbekistan (Fergana), were
investigated. The main research method is semi-quantitative X-ray phase analysis
(XRD), supplemented by the results of elemental analysis and IR spectroscopy.

The aim of the work is to determine the component composition of the
studied samples and to classify them based on the obtained data for further use in
industrial purposes:

Bryansk, Russian Federation (sample 1)
Beineu, quarry 1 (sample 2)

Beineu, quarry 2 (sample 3)

Shetpe, quarry 1 (sample 4)

Shetpe, quarry 2 (sample 5)
Zhanakorgan (sample 6)

Fergana, Uzbekistan (sample 7)

Noak~wnE

Experimental part

Sampling and sample preparation were carried out in accordance with
methods [10, 11].

1. X-ray phase analysis was carried out according to the standard method
[12] using a powder diffractometer DW-XRD-27mini (Cuk, radiation, voltage —
40 kV, current — 40 mA, graphite monochromator). Scanning was performed in
0—20 mode in the angular range of 26 from 5° to 120°.

2. The analysis of the content of major elements (Ca, Mg, Fe, Al, Si, K,
Na, Ba, Mn in oxide forms) in solid samples was carried out using an inductively
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coupled plasma atomic emission spectrometer (ICP-OES) Thermo Scientific
iCAP PRO XP Duo (Germany), in accordance with the measurement
methodology for solid objects.

3. IR spectra were recorded on a Fourier spectrometer Nicolet 5700 in the
range of 4004000 cm™. The spectra were recorded using OMNIC software.
Samples were prepared in the form of pellets with KBr. Before analysis, the
samples were dried at 110°C to remove adsorbed moisture.

Results and discussion
Figures 1-7 show the X-ray diffraction patterns of the studied samples. Table
1 presents the data on their component composition.

Ef
b &

Figure 1 — X-ray diffraction pattern of sample 1

N I R

Two Thata (dea)

Figure 2 — X-ray diffraction pattern of sample 2

Figure 3 — X-ray diffraction pattern of sample 3

150



KA3AKCTAHHBIH XUMUS KVPHAJIbI

XUMHYECKHUY XKXYPHAJI KA3AXCTAHA

& 3
B — - P W S N S E——

(- M_Luwg .

'i‘ | g i : w e "‘“, B 5 B, §
' JL: Ld b ' W

Figure 4 — X-ray diffraction pattern of sample 4
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Figure 5 — X-ray diffraction pattern of sample 5
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Figure 6 — X-ray diffraction pattern of sample 6
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Figure 7 — X-ray diffraction pattern of sample 7
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Table 1 — Data of semi-quantitative analysis by X-ray phase analysis (XRD) of the studied samples, %

Sample ID Ca0 Ca(OH): Magnesian calcite* CaCOs
1. Bryansk, RF 78.8 16.9 - 4.3
2.Beineu, quarry 1 925 7.5 - -
3. Beineu, quarry 2 81.0 19.0 - -
4. Shetpe, quarry 1 - - 99.9 0.1
5. Shetpe, quarry 2 - - 98.7 13
6. Zhanakorgan 0.4 99.6 - -
7. Fergana, Uzbekistan 76.1 19.1 15 3.3

* Mgo,03Ca0,97(CO3)

Based on the analysis of the component composition of calcium-containing
samples from various deposits in Russia, Kazakhstan, and Uzbekistan, three main
groups can be identified:

1. Calcium oxide-hydroxide group. This group includes samples
containing calcium oxide and calcium hydroxide (samples 1-3 and 7). It should
be noted that samples 1 and 7 also contain carbonates and are generally similar in
composition. In samples 2 and 3 (Beineu, quarries 1 and 2, respectively), only
calcium oxide and calcium hydroxide are observed. At the same time, sample 2
shows the highest relative content of calcium oxide.

2. Calcium hydroxide group. The sample from Zhanakorgan is
characterized by an exclusively high content of calcium hydroxide (Ca(OH). —
99.6%).

3. Calcite group. The samples from Shetpe (quarries 1 and 2) consist
entirely of calcite.

Table 2 presents the data on the elemental composition of the selected major
elements (normalized compositions). Normalized compositions allow you to
compare the relative content of elements to each other in different samples. The
content of the remaining elements is below the limits of their detection.

Table 2 — Elemental analysis of selected elements in oxide form, %

Sample ID AlO3 BaO CaO Fe.03 K20 MgO MnO Na:O | SO.* SiO;

1 | Bryansk RF 112100 | 00071 | 7038 122 | 0676 | 0.207 | 0.0457 | 0496 | 0481 | 4.04

, gjé?f;l <0.014 | 00017 | 772 | 0124 | 0585 | 0.087 | 0.00230 | 0.247 | 1.43 | 0.0863
Beineu,

s | quarry 2 <0.014 | 0.0039 | 803 | 0.126 | 0997 | 0362 | 0.00322 | 0.430 | 161 | <07
Shetpe,

4 | quany1 <0.014 | 0.0009 | 66.0 | 0.260 | 0.973 | 0.0263 | 00255 | 0.468 | 1.13 | 0.245

5 ESS:E;Z <0.014 | 0.0009 | 524 | 0204 | 0592 | 0.0425 | 00287 | 0.291 | 0500 | 0.222

6 | Zhanakorgan 0.36 0.007 66.4 0.12 0.035 0.65 0.013 <0.02 <0.4 2.2

Fergana,
Uzt?ekistan <0.014 | 0.0012 67.2 0.0403 | 0.650 0.294 0.00354 | 0.251 2.73 <0.5
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Figure 8 shows the IR spectra of the studied samples. Table 3 presents the
positions of the absorption bands in their IR spectra.
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Figure 8 - IR spectra of the studied samples

Table 3— Absorption frequencies of the studied samples

Sample ID
Bryansk, | Beineu, Beineu, Shetpe, Shetpe, Zhanakorgan Fergana,
RF quarry 1 quarry 2 quarry 1 quarry 2 Uzbekistan
Wavenumbers, cm'
3642.7 3643.1 3639.3 - - 3642.0 3643.4
3439.1 33034 3299.8 - 3448.5 3441.0 -

- - - 2981.2 2971.0 - -

- - - 2873.0 2873.3 - -

- 25215 - 2514.3 25145 - -

- 1789.2 - 1798.0 1798.1 - 1786.2
1630.7 1652.1 1654.0 - - 1633.9 1624.7
1480.0 1475.1 1480.3 - - 1491.7 1476.0

- - - 1434.4 1434.0

- - - - - 1377.3 1380.9

- - 1214.0 - - - -

- - 1137.0 - - - 1076.9
997.7 - - - - - -
918.5 - - - - - -
874.5 858.3 858.0 874.6 875.3 - 858.8

- 716.0 712.6 712.8 - 719.0

- - 665.3 - - - -

- - 429.7 - - - -

In samples 1-3 and 6-7, narrow and intense absorption bands in the 3640—
3650 cm™! region are observed, corresponding to the stretching vibrations of
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hydroxyl groups. These bands indicate the presence of free or weakly bonded OH
groups, characteristic of pure calcium hydroxide (Ca(OH):), and suggest the
absence of hydrogen bonding. Deformation vibrations of OH groups are also
present in the same samples (around 1640 cm™).

The absorption bands observed in the 3000-3450 cm™ region are attributed
to O—H bonds associated with groups participating in hydrogen bonding. For the
Shetpe quarry samples (4 and 5), absorption bands in the 2870-2980 ¢cm™ region
are observed, which are characteristic of hydrocarbons, i.e., indicating the
presence of organic impurities. In addition, the spectra of the Shetpe samples (4
and 5) are dominated by intense carbonate-ion bands: the asymmetric stretching
vibration vs in the 14201460 cm™ region, as well as deformation out-of-plane v
(~870 cm™) and in-plane v4 (~710 cm™) vibrations.

The IR spectroscopy data are actually fully consistent with the conclusions
of XRD regarding the component composition:

- Bryansk (1): The IR spectrum shows the presence of OH groups
(moderate), COs*>~ (weak), and water. XRD confirms a mixed composition with a
predominance of CaO.

- Beineu-1 (2) and Beineu-2 (3): The IR spectra exhibit strong OH group
bands, while COs?~ bands are weak or absent.

- Shetpe-1 (4) and Shetpe-2 (5): The IR spectra are characterized by
absorption bands of carbonate groups. XRD confirms an almost pure calcite
composition.

- Zhanakorgan (6): The IR spectrum shows intense OH group bands
characteristic of calcium hydroxide, with no COs?~ group bands detected.

- Fergana (7): The IR spectrum, similar to that of Bryansk, shows the
presence of OH groups (moderate), carbonate groups (moderate), and water,
confirming the XRD data indicating a mixed composition containing CaO,
Ca(OH)a, and calcite.

Technological aspects (recommendations) of raw material utilization

The performed analysis made it possible to classify the investigated calcium-
containing deposits according to their component composition and to determine
their suitability for the production of calcium oxide.

1. Raw materials of the Calcium oxide-hydroxide group are the most
preferable for obtaining highly active CaO. Samples Beineu-1 and Beineu-2 are
particularly notable, requiring minimal energy input for activation
(dehydroxylation at ~500-600 °C). Samples Bryansk and Fergana are also
promising; however, the presence of impurities (SiO2, Fe.Os, Mg) requires control
of their influence on the process and the properties of the final product.

2. Raw materials of the calcium hydroxide group (Zhanakorgan) are easily
converted to CaO under low-temperature calcination. The key risk is a high
tendency toward recarbonation during storage, which necessitates airtight
packaging.
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3. Raw materials of the carbonate group (Shetpe) represent a classical but
the most energy-intensive feedstock for lime production, requiring high-
temperature decarbonation (850-1000 °C).

Overall, the results of the study provide valuable information for selecting
optimal raw materials and developing technological regimes for calcium oxide
production for various industrial applications, including the treatment of oil-
contaminated soils. Further research may include determining the purity of the
obtained CaO and its reactivity.

Conclusion

1. A comparative study of calcium-containing mineral raw materials from
seven deposits was carried out using a combination of methods (XRD, IR
spectroscopy, and elemental analysis). Fundamental differences in their phase
composition were established.

2. A classification of the raw materials into three groups was proposed:
calcium oxide—hydroxide, calcium hydroxide, and carbonate groups.

3. The most promising raw material for the energy-efficient production of
highly active calcium oxide is limestone from the Beineu deposit (Quarry 1 and
Quarry 2), which is characterized by the highest CaO contents (92.5% and 81.0%,
respectively) and the lowest concentrations of inert impurities.

4. The raw material from the Zhanakorgan deposit (almost pure Ca(OH).)
requires low-temperature treatment but special storage conditions.

5. The sample from Bryansk, despite its high CaO content, contains
significant amounts of SiO. and Fe.Os, which must be taken into account when
developing its processing technology.

6. The obtained results provide a scientific basis for selecting optimal raw
materials and thermal activation regimes for the production of calcium oxide for
environmental remediation technologies.

Funding: This research has been funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (BR27101179).

Conflict of interests: The authors declare that there are no conflicts of interests between the authors
to disclose in this article.

KAJIbLUIAKYPAM/IbI BIPKATAP KEH OPBIH/IAPBIHBIH KOMIIOHEHTTIK KYPAMbIH
AHBIKTAY 7KOHE OJIAPJbI MANJATIAHY BOMBIHIIIA TEXHOJIOTUSLIBIK
YCBIHBICTAP

A.A. Ecnendemos, E.A. Tycynkanues', JK.H. Kaiinapoaesa', 9.2K. baiizax’,
3.K. Maiimexoe?, A.2K. Abiopos*

! A.b. bexmypoe amvlHOA2bl XUMUALLIK SbLALIMOAP UHCmumymul, Aaimamel, Kasaxcman
2 U. Pasakos amvinoasl Kvipeviz memaexemmik mexHuxanwix ynuseepcumeni, biwkex, Kvipevizcman

TyﬁinneMe. M¥HaﬁMeH JlacTaHFaH TOIbIpaKTapAbl pEMeAnannsaiIay TEXHOJIOrusjlapbiHaa KOJJaHblJIaTbIH

KaJbIMi  OKCHIIHIH NpPEKypcopiapbl  peTiHAe  KalbIUHKypaMIsl  MHHEPAIABIK  IIHKI3aTTBHIH
JKapaMIbpUTBIFBIH Oaranay MakcateiHaa Peceit (bpsaek), Kasakcran (beitaey, lllerne, XKanakopraH) sxoHe
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O36ekcran (DepraHa) KeH OpBIHIAPBIHBIH YITUIEpiHEe KELIeHAI 3epTTey Kypriziiai. 3eprrey omicrepi
perinze pertrendasansik Tangay (POA), sneMeHTTIK Tannay sxoHe HHGPaKb3bLI Dyphe-CIEKTPOCKOIHSL
KogaHeUIael. POA omici apKeUIbl YITUIEpAiH JOMHUHAHTTHL (Da3aliblK Kypambl aHBIKTAJBIM, KapThLIai
caHIbIK Oaranay >Kyprisiiii. AJbIHFAH HOTIIKEJEp Heri3iHae yiriiep yur Tonka ikreiami: 1) Kanbimii-
okcua-ruapoxcuarik ton (bpsiuck, Beitney, ®eprana), CaO memepi 76.1-92.5% sxone Ca(OH): 7.5—
19.0% xypaiitein yaritep; 2) kansumid-rugpoxcuarik ton (JKanakopran), ic xkysinme tasa Ca(OH):
(99,6%); 3) xapbonarteik Ton (Lllerne), Herizinen kanpiurren CaCOs (>98%) Typartein yiritep. UK-
CIIEKTPOCKOIHSI HOTHXKENEPl aHBIKTaIFaH (a3anapiabl pacTabl. JNEMEHTTIK Talfay yiAriiepaid O0ackiM
Oeuririnie KalbLUIIIH XKOFapbl Ta3albIFbIH KopceTTi (>95% CaO, nopmananran). bpsuck yuricinge SiO:
MOJILICPIHIH JKOFapbhl ©KeHi aHbIKTaIAbl (~4%). 3epTTey HOTHKeJepi Heri3iHae WIMKIi3aTThl THIMII
naiifanany OOMBIHIIA TEXHOJIOTHSUIBIK YCHIHBIMAAp Oepinai. DHeprusl TUIMALIIrT TYPFBICHIHAH OeNCeHl
CaO ainy yuin beitney-1 xone beiiney-2 ynrinepi (cotikecinme 92.5 xone 81.0 % CaO) eH nepcreKTUBTI
JIeTT TAHBLI/IBL.

Tyiiinai ce3mep: KambIMHAKYpaMIbl IIMKi3aT, KaJdbLUi OKCHIl, peHTreHodasansik Tammay, WK-
CIHEKTPOCKOIHS, DIIEMEHTTIK TaJljIay, XKIKTey, MyHalMeH JIacTaHFaH TONbIpaKTap

Ecnenbemos Acvinboex Anumoexoguu O00KMOP XUMUUECKUX HAVK

Tycynkanuee Epcun Aouemoguu KaHoOuoam mexHuueckux HayK

Kaunapoaesa Kanus Hypoexkosna Mmazucmp

Baiizax Ocen Kenickpizot Mmazucmp

Maiimexos 3apavik Kanaposuu MEXHUKA bLILIMOAPbIHbIY OOKMOPbL, Npogdeccop
Ab1opoe Apman JKymabaesuu PhD-0oxmopanm

ONPEJEJEHUE KOMIIOHEHTHOI'O COCTABA PSIIA KAJIBLUA
COJEPXKAIINX MECTOPOXJIEHUU U TEXHOJIOT'HMYECKHE PEKOMEHJAIIMU
IO UX UCITIOJIb30OBAHUIO

A.A. Ecnenbemos, E.A. Tycynkanues', JK.H. Kaiinapoaesa', 9.2K. baiizax’,
3.K. Maiimexoe?, A.2K. Abiopos*

Y40 Uncmumym xumuueckux nayk umenu A.5. Bexkmypoea, Anmamu, Kaszaxcman
2Kuipevizckuil 2ocyoapemeennviii mexuuueckuti ynueepcumem um. M. Pazaxosa, Buwikex, Kvipevizcman

AnnoTtanus. [TpoBeicH KOMIUIEKCHBII aHAIN3 00pa3LoB KalbIUHCOaepKAIETOMHHEPAIBHOTO ChIPbS U3
mectropoxnaeanii Poccun (Bpsiaek), Kasaxcrama (beitney, lllerne, Janmakopran) m VY30ekucrana
(deprana) sl OLEHKH MX MPUTOAHOCTH B KaueCTBE NMPEKYPCOPOB OKCHAA KAaIIBIIUS, UCIOJIb3yEMOTO B
TEXHOJIOTHSIX ~ peMeiualyd  He(Te3arpsA3HeHHbIX TIPyHTOB. B paboTe NpHMEHEHbl METOBI
pentrenodasoBoro (PPA), smemenTHOoro aHammsa u uHGpakpacHoii crnekrpockonuu (UK-Dypee).
Meronom POA ycranosieH (a3oBblii cOCTaB 0Opa3IOB U BBIIOJHEHA MX MOJYKOJIMYECTBEHHAs OIICHKA.
Ha ocHOBe monmy4eHHBIX JaHHBIX MPEIOKeHa KiIacCupuKaims o0pasoB Ha TP TPYHIEL: 1) KalbIUEBO-
okcungHo-ruapokcuanas (bpsuck, beitney, ®eprana), xapakrepusyrolmasics BRICOKUM cozepxanueMm CaO
(76.1-92.5%) u Ca(OH): (7.5-19.0%); 2) kambumeBo-ruapokcuaHas (JKamakoran), mpeactaBisiFOLIas
coboit mpaktuueckn uncTeiii Ca(OH): (99.6%); 3) xapGonarnas (Illerme), cocTosias W3 KalbIUTa
CaCO; (>98%). Mannble MK-crieKTpocKonmuM TNOATBEPAWIM HAIUYMe HACHTU(GUIMPOBAHHBIX (as3.
DNIeMEHTHBIN aHaJIHM3 MOKa3ajl BBICOKYIO YHCTOTY OOJBIIMHCTBAa 00pasioB mo kamsuuio (>95% CaO B
HOpMHpPOBaHHOM BHze). O6pasen 3 BpsiHCKa CONEPKUT MOBBIICHHOE KONMMYEcTBO KpeMHesema (SiO2 =
4%). IlpemnoxeHbl TEXHOJOTMYECKHE pPEKOMEHAAIMM IO HCIONB30BaHUIO ChIpbsi. Hambonee
MEPCIEKTUBHBIM JUTs dHeproddekTuBHOro nonyyenus: aktusHoro CaO mpusnan oOpasipl beithey-1 u
Beitney-2 (92.5 n 81.0 % CaO CcOOTBETCTBEHHO).
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KmoueBble cjioBa: Kainbluiicoiepikalnee Cblpbe, OKCHJ Kanblus, peHrreHodasosbii anamus, MK-
CIIEKTPOCKOIINS, SIEMEHTHBII aHaIN3, KIaccu(uKaIus, HedTe3arps3HeHHbIC TPYHTHI

Ecnenoemos Acvlnoex Anumoexosuu XUMUSL 2bLILIMOAPBIHBIH OOKMOPbL

Tycynkanues Epcun Aouemosuu XUMUSL 2bLTLIMOAPBIHBIY KAHOUOAMm bl
Kaunapoaesa ’Kanus Hypoexosna mazucmp

Baiizax Ocen Kenickpizot mazucmp

Maiimexoé 3apavik Kanaposuu TEXHUKA bLILIMOAPbIHbIY OOKMOPYL, npogheccop
Ab1opos Apman Kymabaesuu PhD-0oxkmopanm
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SYNTHESIS AND PHYSICOCHEMICAL CHARACTERIZATION OF
CHITOSAN-SiO2-BASED COMPOSITES

S.N.Saryuisin®?", E.T. Talgatov!, Zh.K. Korganbaeva?,
E.A. Tusupkaliyev®, Zh.N. Kainarbayeva®

1JSC D.V. Sokolskiy Institute of Fuel, Catalysis and Electrochemistry, Almaty, Kazakhstan
2Abai Kazakh National Pedagogical University, Almaty, Kazakhstan
3 Institute of Chemical Sciences after A.B. Bekturov, Almaty, Kazakhstan

*Corresponding author e-mail: Saryuisin.sn@gmail.com

Abstract. Introduction. Composites based on chitosan are of particular interest owing to their
biodegradability, environmental safety, and strong affinity for metal ions. Immobilization of chitosan on
an inorganic support such as silica can be used as a method to improve physicochemical properties of
hybrid materials such as their thermal stability and mechanical strength. Objectives. The main purpose of
this work was preparation of chitosan—SiO2 composites with different chitosan loadings and determination
of their physicochemical properties. Methods. Composite chitosan-SiOz with 5, 10, and 20 wt.% content
of chitosan was synthesized via adsorption immobilization followed by alkaline precipitation. Physical
characteristics of obtained materials were studied using methods such as thermo gravimetric analysis
(TGA), nitrogen adsorption—desorption analysis (BET), and scanning electron microscopy (SEM). Results
and discussion. In our study, we showed that alkaline precipitation greatly increased the efficiency of
adsorption and immobilization of chitosan, giving immobilization yields of 93-100%. From thermo
gravimetric analysis, it was found that content of organic substances in the materials is gradually
increased by increasing chitosan loading. According to the classification of the IUPAC, the isotherm is
classified as type IV isotherms with H3 hysteresis loop characteristic for mesoporous materials. Scanning
electron microscopy revealed heterogeneous and relatively rough surface morphology. Conclusion.
Obtained composite materials have developed mesoporous structure, high thermal stability, and good
immobilization of chitosan, which allows to consider them as prospective sorbents for heavy metal ion
elimination from aqueous solutions.

Keywords: chitosan, silicon dioxide, composite materials, adsorption immobilization, mesoporous
materials
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Introduction

Heavy metal pollution in our water systems is still a big environmental
challenge [1, 2]. That's mainly because these metal ions are toxic, stick around for
a long time, and can build up in living organisms. Among the various pollutants,
nickel (Ni(I1)) and cobalt (Co(ll)) are commonly found in industrial wastewater
from electroplating, mining, metallurgy, and chemical processes [3]. High levels
of these metals can lead to serious environmental and health issues, which is why
there's a strong interest in developing efficient and eco-friendly materials to
remove them [4].

One of the best ways to tackle this problem is through adsorption, as it's a
straightforward and cost-effective method to extract heavy metal ions from water.
Because of its simplicity and efficiency, there's been a growing focus on
biopolymer-based adsorbents lately, thanks to their low toxicity, biodegradability,
and easy availability [5, 6].

Chitosan stands out as a highly promising natural polymer for adsorption due
to its amino and hydroxyl groups that can effectively bond with metal ions [7].
But there are some drawbacks; pure chitosan lacks mechanical stability and
doesn't hold up well in acidic environments, which limits its use [8]. To overcome
this, researchers have started to combine chitosan with inorganic materials like
SiO, to enhance its structural integrity, surface characteristics, and overall
adsorption capabilities.

Mesoporous silica is a great choice for support because it has a high surface
area, a well-developed porous structure, and surface silanol groups, making it
ideal for immobilizing polymers [9]. By combining chitosan with SiO, it’s
possible to create hybrid materials that have improved physical and adsorption
properties.

Therefore, the aim of this work was to prepare chitosan—SiO, composites
with different polymer contents and investigate their physicochemical properties
using thermogravimetric analysis, nitrogen adsorption—desorption analysis and
scanning electron microscopy.

Experimental part

Materials and reagents

Silicon dioxide (SiO) and chitosan (degree of deacetylation >75%, derived
from shrimp shells) were used as the main reagents and purchased from Sigma-
Aldrich (Germany). Hydrochloric acid (HCI) and sodium hydroxide (NaOH) were
used in the experiments. All chemicals and reagents were of analytical grade and
used without further purification.

Preparation of chitosan—SiO. composites

A 1% chitosan solution was prepared by dissolving 1.0 g of chitosan in 100
ml of 1% hydrochloric acid solution (Figure 1a). The working HCI solution was
prepared by diluting 2.34 ml of concentrated HCI with distilled water to a final
volume of 100 ml. Dissolution was carried out at room temperature under
magnetic stirring until complete polymer dissolution.
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Chit/SiO, composites containing 5, 10, and 20 wt.% of chitosan were
prepared by adsorption immobilization from solution. For this purpose, 1.0 g of
SiO, was dispersed in 34.7, 28.9, and 15 mL of distilled water, respectively, and
stirred for 10-15 min at room temperature. Then, 5.3, 11.1, and 25 ml of 1%
chitosan solution were added to the suspensions (Figure 1b). In all cases, the total
volume of the system was adjusted to 40 ml. The resulting suspensions were
stirred for 1 h, after which the pH was adjusted to 7.5 using NaOH solution in
order to decrease the protonation degree of chitosan amino groups and enhance its
adsorption onto the SiO- surface (Figure 1c). The mixtures were then additionally
stirred for 2 h. The systems were left at room temperature for 12 h to reach
adsorption equilibrium (Figure 1d). The solid phase was separated by filtration,
washed with distilled water until neutral pH, and dried at room temperature to
constant weight (Figure 1e). The filtrates were collected and analyzed by
viscometry.

Thus, SiO, composite samples modified with different chitosan contents
were obtained and further used for physicochemical characterization and
adsorption studies.

(@) | (b) " 5%

> d Bl + = 1 10% |

— ; =17 =i -J !

S=ap # ﬁ’ 20%
S

L

= 0 = (@@ [ & ©
EY R IF LIl el
e~ - = &8 &

Figure 1 —Experimental procedure for the preparation of chitosan-SiO2. composites

Results and discussion

The chitosan-SiO, composites containing 5, 10, and 20 wt.% of chitosan
were synthesized via the adsorption immobilization method. The extent of
polymer adsorption on the surface of the matrix was calculated based on the
remaining amount of the polymer in the mother liquor after adsorption. The
measurement of mother liquor viscosity allowed estimating the remaining
chitosan amount based on the previously constructed calibration curve.

Quantitative data of chitosan adsorption in Chit/SiO, composites, fabricated
both in the absence and in the presence of an alkaline precipitation, are presented
in Table 1. It has been established that the synthesis method significantly affects
the effectiveness of the composite formation. In the samples synthesized without
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precipitation, the adsorption degree stayed comparatively low at 28-30%,
regardless of the increasing initial chitosan content. This can be caused by low
interaction strength between chitosan macromolecules and the silica surface at
acidic pH due to the repulsion forces acting between molecules [10].
Consequently, only a low number of polymer molecules are adsorbed, and hence,
the content of chitosan in composites becomes low. This is associated with
protonation of amino groups (- NHs") preventing their interaction with silica
silanol groups (Si-OH) [11].

However, in the samples prepared through an additional alkaline
precipitation, a considerable increase in adsorption degree up to 93-100% was
observed. It means that nearly all initial chitosan is adsorbed and immobilized on
the silica surface. It is connected with the shift in the pH value towards neutral
and the corresponding deprotonation of amino groups (-NHz® — -NHy). As a
result, interaction between polymer and silica becomes more intensive.

Therefore, the polymer content in the obtained composites was significantly
higher than in precipitate-free samples and reached the level of 4.7, 10, and 20
wt.% according to the initial loading.

Table 1 — The results of the assessment of chitosan content in Chit /SiO2 composites

m(Chit) in the m(Chit) in

Initial Solution, Solution after m(Chit) Adsorbed, Adsorptlgn Chit Content, %
mg Sorption, mg mg Degree, %
Chit/SiO2 without precipitation
53 38.0 15.0 28 1.4
111 79.2 31.8 29 2.9
250 175.0 75.0 30 6.0
Chit/SiO2 with precipitation (by NaOH)

53 4.0 49.0 93 4.7
111 0.0 111.0 100 10.0
250 0.0 250.0 100 20.0

The thermal behavior of pure chitosan and Chit/SiO, composites with
different polymer contents was investigated using TG-DTA analysis (Figure 2).
Pure chitosan exhibited significant thermal degradation accompanied by a total
mass loss of approximately 66.9%. The initial weight loss below 150-180°C was
associated with the removal of physically adsorbed and bound water molecules.
The main decomposition stage started at approximately 292.5°C and corresponded
to degradation of the chitosan polymer backbone, including decomposition of
saccharide and amino-containing groups. In comparison, the Chit/SiO,
composites demonstrated considerably higher thermal stability due to the
presence of the inorganic silica matrix. All composites showed gradual mass loss
with increasing temperature while preserving the characteristic thermal
decomposition behavior of immobilized chitosan. The first weight-loss stage
below 200°C was mainly related to desorption of adsorbed water and partial

161



ISSN 1813-1107, elSSN 2710-1185 Ne 2, 2026

dehydroxylation of silanol groups. The corresponding mass losses were
approximately 5.01%, 5.07%, and 5.18% for 5%, 10%, and 20% Chit/SiO;
composites, respectively. The second decomposition stage observed in the range
of approximately 250-400°C was attributed to thermal degradation of the
immobilized chitosan phase. The mass loss in this region increased with
increasing polymer content and reached 3.38%, 3.89%, and 7.85% for 5%, 10%,
and 20% Chit/SiO, composites, respectively. The total mass losses for the
composites were 11.86%, 14.54%, and 18.56%, respectively. The progressive
increase in mass loss with increasing chitosan loading confirms the successful
incorporation of chitosan into the SiO, matrix and the formation of hybrid
organic—inorganic composites. As one can see, the experimental data agree well
with literature sources [12].

(b)

© (@)

Figure 2 — TGA and DTA of (a) chitosan (b) 5% Chit/SiO2 (c) 10% Chit/SiO2 (d) 20% Chit/SiO2

The probable process of the interaction of chitosan with the SiO; surface is
depicted in Figure 3. At an acidic pH value, chitosan dissolves owing to the
protonation of amino groups with the generation of —NHs;" groups. During the
neutralization reaction with NaOH and the further increase in pH value up to 7.5,
the deprotonation of amino groups occurs partially, enhancing the capability of
chitosan macromolecules to bind with the SiO- surface. The binding of chitosan
molecules with silica is governed mainly by hydrogen bonds and physical
adsorption.
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Figure 3 — Schematic illustration of the interaction between chitosan chains and the
SiO: surface via hydrogen bonding

Figure 4 shows the adsorption-desorption isotherms and the pore size
distribution for SiO», chitosan, and 10% Chit/SiO,. Based on the classification of
adsorption isotherms by IUPAC, the isotherms are classified as type 1V
adsorption isotherms with the existence of hysteresis loops of H3 type [13]. Silica
is characterized by the mesoporous structure with a high value of nitrogen
adsorption in the whole range of relative pressures. A hysteresis loop at medium
and high relative pressure indicates capillary condensation inside mesopores.
Additionally, the pore-size distribution proves the prevalence of mesopores with
uniform pore structure [14].
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Figure 4 - N2 -adsorption—desorption isotherm plots of (a) SiO2 (b) Chitosan (c) 10%Chitosan-SiO2
composite. The insets show the corresponding pore-size distribution

A much lower amount of nitrogen absorption by the chitosan sample
indicates poor development of the porous structure and low specific surface area.
The 10% Chit/SiO, composite still preserves mesoporous character of silica;
however, the volume of nitrogen adsorption decreased after the immobilization
process. It occurs due to the blockage of silica pores with chitosan
macromolecules. Nevertheless, preservation of isotherms of type 1V indicates that
silica mesoporous structure has not been destroyed completely. The analysis of
experimental results confirms the successful immobilization of chitosan
molecules to the surface of silica without a complete breakdown of its porous
structure.

163



ISSN 1813-1107, elSSN 2710-1185 Ne 2, 2026

Morphology of the surface of 10% Chit/SiO, composite was studied using
scanning electron microscopy and the corresponding micrograph is provided in
Figure 5. Composite material demonstrates heterogeneity and rather rough surface
morphology featuring clusters of agglomerated particles. As compared to pure
silica described in the literature sources, the surface morphology became less
uniform as a result of chitosan immobilization, which indicates that the polymer
layer was formed on the surface of silica nanoparticles [15]. Formation of clusters
can be attributed to possible interaction of chitosan molecules and silica
nanoparticles during the immobilization step. Moreover, no big crystallites or
phase separation was noticed, which means that chitosan molecules are
homogeneously distributed in the composite material. Surface morphology and
porosity of the developed composite material are beneficial for adsorption,
because they provide a lot of active sites for ion adsorption.

ogz22 mmeaw vios 132 SEl  20kv B —
olgms2 Sample 22243 04 Feb 2026

Figure 5 - SEM micrograph of the (a) SiO2 (b) 10%Chitosan-SiO2

Conclusion

Successful synthesis of the Chitosan-SiO, composites at different polymer
loadings was realized through the method of adsorption immobilization from
solution and alkaline precipitation. Obtained results proved the important role of
pH regulation with sodium hydroxide during immobilization process, providing
maximum chitosan adsorption efficiency up to 93-100%. It was found via
thermogravimetric analysis that the introduction of chitosan into silica resulted in
gradual rise of material's organic content. The nitrogen adsorption-desorption
isotherms proved the formation of mesoporous structure in the resulting
composites with the typical type IV adsorption behavior and hysteresis loop H3
according to the International Union of Pure and Applied Chemistry
classification. Moreover, results of BET analysis confirmed the presence of
partially filled pores, proving that specific surface area and total pore volume
decreased at an increase in the polymer content in composite composition. In
conclusion, obtained results proved that synthesized Chitosan-SiO, composites
are prospective hybrid materials for their further use as adsorbents for selective
removal of heavy metals ions from aqueous solutions.
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Tyiiingeme: Kipicne. XuTo3aH Heri3iHIeri KOMIIO3UTTIK MaTepHajiap COHFbI JKbUIAAPHI OHOJIOTHSIIBIK
BIIBIPAFBILITBIFbI, YKOJOTUSUIBIK KayilCi3/iri :xoHe MeTalul HOHIAPbIH THIMJI OaiIaHbICTBIPY KaOuIeTiHiH
apKachlHAA 3EPTTEYIIUIEPAIH YIIKEH KbI3BIFYIIBUIBIFBIH TYABIPHIT OThIp. OchlHIAl MaTepHanaapablH
KAaCHeTTepiH  JKaKCapTy[OblH  THIMAI  TocUimepiHiH  Oipi —  XHWTO3aHABl  OeilopraHUKaIbIK
TachIMaJIJJaFbIIITAP/bIH, dcipece AMOKCHI KPEMHHUIIIH OeTiHe MMMOOWIn3anusuiay OOJbII TaObUIa/IbIL.
SiO2 xommany anslHFaH THOPUITI KYHeIepIiH MEXaHUKAIBIK OCPIKTIri MEH TEPMUSUIBIK TYPAKTHUIBIFBIH
apTThIpyFa, COHIAW-aK OJApblH MaijalaHy CHIATTAMATapblH JKaKcapTyFa MyMKIiHIIK Oepemi.
Bepmmeyoiy maxcamoi.  KypaMblHIarbl XUTO3aH Meuiepi opTypii xurto3aH—SiO2 KOMIIO3HUTTEpiH
CHHTE3/Iey KOHE OJIapAblH (PH3HKa-XUMHUSUIIBIK KAaCHETTEPiH 3epTrey Oonabl. Odicmemeci. Kypambiaaa 5,
10 >xoHe 20 Macc.% XHTO3aH 6ap KOMIIO3HTTEP EpITIHIINECH aIcOpOLMSIIBIK MMMOOWIM3ALMIIAY JKOHE
KEUiHrI CINTUTIK TYHABIPY 9MiCi apKbLIbI albIHABL. AJIBIHFAH MaTepHAIAPAbIH KACHETTEPIH 3€PTTey YIIiH
TepmorpaBuMeTpusuiblk Tangay (TTA), a3orTeiH TemeH Temmneparypanarbl agcopoOuusicel (BOT) xone
CKaHepJIeyIi 3MeKTpOHIbIK MUKpockonus (COM) onicTepi KonnaHsUbL. Homuoicenep scane mankwiiay.
3epTrey HOTIKEEPl CINTUIIK TYHABIPY mporeci xuto3anHbH SiO2 OeriHe OEKIiTiMy THIMIUIMH eaayip
apTTBIPATBIHBIH KOpCeTTi, Oy jkarmaiina mmmoOwnmsauus aopexeci 93—-100% apanbirbiHga OONABL.
TepMorpaBUMETPHSUIBIK Tajgay HOTHKETepi KOMIIO3UT KYPaMBIHIAFBl XUTO3aH MJIIEPi apTKaH CaiblH
OpraHMKalblK OelikTiH ne Oiprinmen keGeierinin ponenpeni. IUPAC xnmaccuduxarnmscsiHa caiikec
anpiHFad n3orepmanap H3 rucrepesuc inmveri 6ap [V Tunke sxataasl, Oyl MaTepuaIgapIbiH ME30KEYeKTi
KYpBUIBIMFa He ekeHiH kopcereni. COM apKbUIbl )KYPri3iireH Tanjay KOMIIO3UTTEpIiH OeTi Oipkelki emec
JKOHE CAIIBICTBIPMAJIBI TYpe KeAip-OyabIpiabl MOP(OIOTHAMCH CHIIATTATIATBIHBIH KOPCETTi. KopblmbIHObL.
Ochunaifina, CHHTE3NeNTeH XUT03aH—Si02 KOMITO3UTTEpI JaMbIFaH ME30KEYEKTi KYPBUIBIMBIMEH, JKOFaphI
TEPMUSUTBIK TYPAKTBUIBIFBIMEH JKOHE IOMMMEPAIH THIMII MMMOOHIM3ALMIAHYBIMEH €peKIIeIeHEe .
MyHzaii KacueTTep ONApABIH ayblp METalll HOHIAPHIH CyJbI epiTiHAlIepaceH Oeil aldyFa apHalFaH
MEepPCIIEKTUBTI COPOSHTTEP PETiHAE KOJAaHbLTybIHA MYMKIHAIK Oepeni.

Tyiiinai ce3aep: XUT03aH, KPEMHHUH JMOKCH1, KOMIO3UTTIK MaTepuaiap, aacopOLHsITBIK
HMMOOHIIH3ALIHUSI, ME30KEYESKTI MaTepHaaap
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CHUHTE3 U ®U3UKO-XUMHYECKAS XAPAKTEPUCTHKA KOMIIO3UTOB HA OCHOBE
XHUTO3AHA H SiO;

C.H. Capuiyiicin®**, 3.T. Tanzamoe*, JK.K. Kopzanéaesa?,

E.A. Tycynkanuee®, JK.H. Kaiinapbaeea®
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Kazaxcman

3 4O «HMncmumym xumuyeckux nayx umenu A.5. Bexmypoeay, Anmamul, Kasaxcman

Pe3tome. Bgeoenue. KoMmno3uTsl Ha OCHOBE XWTO3aHA B IIOCIIEAHME TOAbl IPHUBIEKAIOT 3HAUUTENIBHOE
BHUMaHHUE Olarojapsi COYCTaHHI0 OMOpAa3IaracMOCTH, JKOJOTHYECKON Oe30MacHOCTH M CIIOCOOHOCTH
3¢ (eKTUBHO CBA3BIBATH HOHBI MeTAI0B. OJTHUM U3 MTOAXO0/0B K YJIYYIIEHHUIO CBOMCTB TaKUX MaTepHalloB
SIBIIICTCS MMMOOWIM3AIMsl XWTO3aHA Ha IIOBEPXHOCTH HEOPraHMYECKUX HOCHTENICH, B YacCTHOCTH
quokeuna kpemHusi. Mcmonb3oBanue SiOz MO3BOMSET MOBBICUTH MEXaHMYECKYIO IPOYHOCTH H
TEPMHUYECKYI0  YCTOHYMBOCTb  HOJIy4aeMbIX THOPHAHBIX CHCTEM, a TaKkkKe YIy4yllUThb HX
9KCIUTyaTallUOHHbIE XapaKTePUCTUKU. Lleavio Oannoti pabomsl SBISIOCH IOMYYEHHE KOMIIO3UTOB
xut03aH-SI02 ¢ pasINYHBIM COJICPKAHUEM MONMMEPa M UCCICIOBAHHIE HX (PU3HUKO-XUMHIECKUX CBOMCTB.
Memoouxa. CuHTE3 KOMIIO3UTOB C colepykaHneM xuro3ana 5, 10 u 20 macc.% mpoBOAMIM METOIOM
a7COPOLMOHHON MMMOOWIM3AalMM W3 PAcTBOpa C IOCICAYIOLIUMM ILIETOYHBIM OcakaeHueM. Jlns
XapaKTePUCTUKH IOJIYYEHHBIX MATepHUalIOB HCIOJIb30BAIM METO/bl TEPMOIPABUMETPUUECKOr0 aHalM3a
(TT'A), HuskoremnepaTtypHoit agcopbuun aszora (BOT) u ckanupyromen 3J1E€KTPOHHOH MUKPOCKOIHMHU
(COM). Pesynomamul u 0bcysicoenus. Pe3ynbTaTsl UCCIEIOBaHUS TOKA3aJIH, YTO MPOBEACHHE IIETOYHOIO
OCAKIEHUS CYIIECTBEHHO MNOBbIMIAET 3()(EKTUBHOCTh 3aKPEIUICHHs XMTO3aHa Ha mnoBepxHocTH SiOz,
obecrieurBasi creneHb UMMoOmmm3anuu B npepenax 93—-100%. [laHHble TepMOIPaBHMETPHYECKOTO
aHaJIM3a CBUJICTENILCTBYIOT O MOCTECIEHHOM YBEJIMUYECHHH COACPIKAHUS OPraHMYECKOH COCTaBISIOLICH pu
MOBBIILICHUH JIONK XUTO3aHa B cocTaBe kommno3uToB. CornacHo knaccudukanuu IUPAC, nomyueHHsie
U30TEPMbl OTHOCATCS K IV THIly M XapaKkTepu3yloTcs HaJUuMeM Heru rucrepesuca H3, uro ykasbiBaer
Ha ME30MOPUCTYI0 CTPYKTYpy MarepuayloB. AHanu3 mnoBepxHoctH MerogoM COM mokaszan, dTo
KOMITO3UThI O0JIQ[Ial0T HEOIHOPOIHOW W CPABHUTEIBHO MIEPOXOBATOH MOPQOIOTHEH MOBEPXHOCTH.
3axnrouenue. Takum 00pa3oM, CHHTE3HPOBAHHbBIC KOMIO3HUTHI XUT03aH—SIO2 XapakTepU3yrOTCs Pa3BUTON
ME30IOPHCTOH CTPYKTYPOH, BHICOKOH TEPMUUECKON CTAOMIBHOCTBIO U 3((HEKTHBHON MMMOOHIM3aLUeH
nonumepa. COBOKYITHOCTb IIOJYYEHHBIX CBOMCTB IO3BOJIIET PAcCMAaTpUBATh JAaHHBIE MaTepUalbl Kak
MePCTIEKTUBHBIC COPOCHTBI JUIsl M3BJICUSHHUSI HOHOB TSKENBIX METAIOB U3 BOJHBIX PACTBOPOB.

KioueBbie cjioBa: XUTO3aH, MAHOKCHUJA KPEMHHUS, KOMIIO3MIIMOHHBIC MaTCpUalibl, aI[COp6I_IHOHHa$I
I/IMMO6I/IHI/IBaI_IPI}I, ME30IMOPUCTBIEC MaTCpHUATIbI
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VALIDATION OF THE METHOD FOR DETERMINING THE
CONCENTRATION OF IODIDE IONS IN DIFFERENT DOSAGE FORMS
BY UV SPECTROPHOTOMETRY
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Abstract. This article is devoted to the validation of an analytical method for the determination of
iodide ions in various dosage forms using UV spectrophotometry. This method is an important part of
analytical chemistry and drug quality control systems, in which the sensitivity, specificity, and
reproducibility of the method are crucial. The relevance of the study is determined by the need for
accurate and reliable quantitative determination of iodide ions in pharmaceutical substances and finished
drug products. Validation was conducted in accordance with the requirements of the International Council
for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH Q2(R1)/Q2(R2)).
The aim of this study was to determine the validation characteristics of a method for the quantitative
determination of iodide ions in dosage forms using UV spectrophotometry. Results and discussion. The
following parameters were evaluated: specificity, linearity, working range, accuracy, repeatability, within-
laboratory precision, and solution stability. The working range was found to be from 20 to 240 mg/L, and
the correlation coefficient was 0.9998. The method demonstrated high sensitivity and compliance with
international requirements. Conclusion. The results obtained confirm the linearity of the method across the
studied range of iodide ion concentrations. High sensitivity and a high degree of linearity (R? = 0.9998)
were demonstrated. The developed method is suitable for its intended purpose and can be successfully
applied in the analysis of iodine-containing medicinal products. The method has practical significance for
pharmaceutical quality control systems.

Key words: iodide ions, UV spectrophotometry, method validation, ICH Q2, pharmaceutical
analysis.
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Introduction

In accordance with the requirements of international regulatory documents,
analytical methods used for the quality control of medicinal products are subject
to mandatory validation. The main requirements for the validation of analytical
procedures are set out in the International Council for Harmonisation (ICH
Q2(R1)/Q2(R2)) guideline, which defines parameters such as trueness, accuracy,
specificity, linearity, range, limit of detection, limit of quantification and
robustness of the method [1]. The validation of analytical methods is an essential
step in ensuring the reliability of analytical results and confirming the suitability
of the method for practical application in pharmaceutical quality control [2].

UV spectrophotometry is one of the most widely used analytical methods in
analytical and pharmaceutical chemistry. The method is characterised by high
sensitivity, ease of use, rapid analysis and relatively low equipment costs, making
it a convenient tool for routine quality control of medicinal products [3]. UV
spectrophotometric methods are widely used for the quantitative determination of
active substances and inorganic ions in various dosage forms [4].

lodide ions are widely used in pharmaceutical practice and are found in
various medicinal products, including ophthalmic solutions, antiseptics and other
dosage forms. Consequently, the development and validation of reliable
analytical methods for the quantitative determination of iodide ions is a pressing
task in pharmaceutical analysis.

Various methods for the determination of iodide ions have been described in
the literature, including titrimetric methods, ion chromatography, electrochemical
methods and spectrophotometric methods of analysis [5-7]. However, UV-
spectrophotometric methods remain attractive due to their high analytical
sensitivity, the availability of equipment and the possibility of rapid analysis [8—
10].

The UV spectrophotometry method is based on measuring the absorption of
ultraviolet (200-400 nm) and visible (400-800 nm) radiation by the molecules of
a substance. Quantitative determination is carried out in accordance with the
Beer-Lambert law, which establishes a linear relationship between the optical
density of the solution and the concentration of the substance being analysed.
Thanks to these characteristics, the method is widely used in the quality control of
medicinal products, the verification of the authenticity of preparations, and the
guantitative analysis of active substances.

The aim of this study is to validate an analytical method for determining the
concentration of iodide ions in various pharmaceutical formulations using UV
spectrophotometry in accordance with the requirements of the ICH international
guidelines.

During the validation, the following characteristics were investigated:
trueness, precision, repeatability, intra-laboratory accuracy, specificity, linearity,
working range and robustness of the method when analysing iodide ion solutions.
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Experimental section

Objects of Study

The objects of study included the iodide ion standard reference material
(SRM 9426-2009, Saint Petersburg, Russian Federation), the FS-1 medicinal
product after complete reduction of molecular iodine to iodide ions using
formaldehyde, purified water, a 0.05% dextrin solution, and a 1% formaldehyde
solution. These materials were used for validation of the analytical method and
for the assessment of specificity, linearity, accuracy, precision, and robustness.

Instrumentation and Analytical Conditions

Validation was performed using a Lambda-35 UV spectrophotometer
equipped with a diode-array detector. The analysis was carried out under the
following conditions:

- wavelength: 226 nm;

- quartz cuvettes with an optical path length of 10.0 mm.

The instrument was operated in accordance with the user manual and
standard operating procedure SOP-EQ-035 “Operation of the Lambda-35
Spectrophotometer” [11,12].

lodide ion standard reference material (SRM 9426-2009) was used as the
reference standard. Validation solutions were prepared within the concentration
range of 0-200 mg/L.

Validation Procedure

Method validation was performed in accordance with the standard operating
procedure SOP-GE-004 “Validation of Analytical Methods” [13] and the
requirements of ICH guideline Q2(R1)/Q2(R2) [1].

The following validation characteristics were evaluated: accuracy,
repeatability, intra-laboratory precision, specificity, linearity, working range, and
robustness.

For the validation study:

- a reference standard solution containing 200 mg/L of iodide ions was
prepared by diluting 5 mL of SRM 9426-2009 solution to 25 mL in a volumetric
flask according to the manufacturer's instructions;

- iodide ion validation solutions with concentrations of 2, 20, 50, 100, and
200 mg/L were prepared;

- the FS-1 medicinal product was subjected to complete reduction of
molecular iodine to iodide ions using formaldehyde;

- purified water, 0.05% dextrin solution, and 1% formaldehyde solution
were used as blank matrices;

- the absorbance of the 200 mg/L reference standard solution and validation
solutions was measured in ten replicates by different analysts on different days;

- the absorbance of the FS-1 medicinal product and blank matrices was
measured in triplicate;

- mean values and standard deviations were calculated,;
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- the working range of the analytical method was established based on the
validation results.

Results and Discussion

Accuracy

The “accuracy” parameter of the analytical method was determined by
measuring the optical density of a standard solution with a concentration of 200
ppm of iodide ions. The concentration was calculated based on the measured
optical density using the specific optical density, which is the tangent of the slope
of the calibration line in the concentration range of 2-200 ppm.

The acceptance criterion for the “accuracy” parameter was a deviation of the
calculated concentration from the true value not exceeding £ 3 % for a
concentration of 200 mg/I.

Table 1 — Accuracy assessment results

Concentration C, mg/I

200.1665

200.0588

200.1175

200.1273

200.284

200.1371

200.0784

200.0196

200.2742

— z

200.2547

Average value 200.1518

True value 200.00

Accuracy 0.1518 (0.076%)

The data presented in Table 1 show that the systematic error of the method is
0.1518 mg/l or 0.076 %. The results obtained satisfy the established acceptance
criteria, as they fall within the limits specified in validation plan VP-PCM-015 "
Determination of iodide ions in various dosage forms wusing UV
spectrophotometry” [14].

Repeatability

The “repeatability” parameter was determined in a similar manner by
measuring a solution of iodide ions (GSO) at a concentration of 200 mg/I ten
times. To assess repeatability, optical density data obtained for validation
solutions with concentrations of 20, 50, 100 and 200 ppm of iodide ions were
used. The concentration of iodide ions was calculated automatically using UV
WinLab software, version 5.1.4 (Perkin Elmer, 2004). The mean value and
standard deviation for individual determinations were calculated using the
validated Excel spreadsheet CS-PCM-002 or according to formula (1):
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— x)Z

CKO = (n 1)

||'M 3

where: Xi — individual measurement;
X — mean value;
n —sample size.

In accordance with the requirements of the verification methodology and
ICH Q2 (R1) (CPMP/ICH/381/95), the acceptability criterion for repeatability is
characterised by a standard deviation value, which must not exceed +3 %. The
results of the determination of the ‘repeatability’ parameter are given in Table 2.

Table 2 — Results of the repeatability assessment

No. 20.0 ppm 50.0 ppm 100.0 ppm 200.0 ppm
1 0.2212 0.5109 1.0385 2.0437
2 0.2218 0.5111 1.0388 2.0426
3 0.2221 0.5111 1.0391 2.0432
4 0.2222 0.511 1.0393 2.0433
5 0.2222 0.5111 1.0395 2.0449
6 0.2223 0.5111 1.0397 2.0434
7 0.2224 0.511 1.0396 2.0428
8 0.2223 0.511 1.0398 2.0422
9 0.2224 0.5111 1.0398 2.0448
10 0.2224 0.5112 1.0396 2.0446
Average value 0.2221 0.5111 1.0394 2.0436
Standard
deviation 0.0004 (0.18%) 0.0001 (0.02%) 0.0004 (0.04%) 0.0009 (0.04%)

As can be seen from the data in Table 2, the standard deviation values for all
concentrations studied are significantly lower than the established acceptability
criterion. Thus, the method demonstrates high repeatability and complies with the
requirements of validation plan VP-PCM-015 “Determination of iodide ions in
various dosage forms using UV spectrophotometry”.

Intra-laboratory precision

The “intra-laboratory precision” parameter was determined in a manner
similar to the “repeatability” parameter; however, the measurements were carried
out on a different day by a different operator using UV WinLab software version
5.1.4 (Perkin Elmer, 2004).

The acceptance criteria were based on the standard deviation (SD) of optical
density, which should not exceed +4%.

The results of the “intra-laboratory precision” assessment are shown in Table
3.
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Table 3 — Results of the intra-laboratory precision assessment

No. 20.0 ppm 50.0 ppm 100.0 ppm 200.0 ppm
1 0.2087 0.5278 1.0496 2.0533

2 0.2087 0.5275 1.0499 2.0539

3 0.2085 0.5274 1.0497 2.0525
4 0.2038 0.5276 1.0495 2.0529

5 0.2039 0.5277 1.0492 2.0524

6 0.204 0.5276 1.0493 2.0518

7 0.2042 0.5277 1.0491 2.0536

8 0.2042 0.5276 1.0491 2.0513

9 0.2043 0.5273 1.0488 2.0532
10 0.2042 0.5274 1.0491 2.0515
Average value 0.2055 0.5276 1.0493 2.0526
Standard Deviation 0.0022 (1.07%) | 0.0002 (0.04%) | 0.0003(0.03%) | 0.0009 (0.04%)

The data in Table 3 show that the obtained standard deviation values fall
within the established acceptability criteria. Consequently, the method
demonstrates satisfactory intra-laboratory precision

The joint statistical analysis of the measurement results obtained by two
operators on different days is presented in Table 4.

Table 4 — Precision assessment results over two days

Parameter 20.0 ppm 50.0 ppm 100.0 ppm 200.0 ppm
Average value 0.2147 0.5193 1.0443 2.0481
Standard deviation 4.0% 1.6% 0.5% 0.2%

The obtained results show that the acceptance criteria for the intralaboratory
precision parameters are met for all the concentrations studied.

Specificity

The “specificity” parameter was determined by analysing in three replicates
of purified water, a 0.05% dextrin solution, a 1% formaldehyde solution, and an
FS-1 solution after complete reduction of elemental iodine to iodide ions by
formaldehyde in an alkaline medium.

Acceptance criteria:

1. The optical density of purified water, the dextrin solution and the
formaldehyde solution at a wavelength of 226 nm must be less than 0.02 units of
optical density.

2. The concentration of total iodine in the FS-1 solution must not differ
from the specified value by more than +10%.

The results of the specificity determination are presented in Table 5.
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Table 5 — Optical density of various matrices and the FS-1 solution at 226 nm

No. Water FS-1 Dextrin Formaldehyde
1 0.0006 0.9520 0.005 0.000
2 0.0007 0.9519 0.005 0.000
3 0.0008 0.9515 0.006 0.000
Average Value 0.0007 0.9518 0.0053 0.000
Standard Deviation 0.0001 0.0003 0.0006 0.000

As can be seen from Table 5, the optical density values of purified water, a
0.05% dextrin solution and a 1% formaldehyde solution are 0.0007, 0.0053 and
0.000 respectively, which is significantly lower than the established criterion
(0.02). Consequently, there is no influence of matrix components on the
measurement results.

According to the specifications, the FS-1 solution contains 8.2 g/l of iodine
and 12.1 g/l of potassium iodide. A concentration of 12.1 g/l of potassium iodide
corresponds to 9.26 g/l of iodide ions (12.1 x 127/166). After complete reduction
of elemental iodine to iodide ions, the total concentration of iodide ions in the FS-
1 solution is 17.46 g/l.

The FS-1 sample under investigation was diluted 200-fold (0.5 ml to 100
ml). Thus, the calculated concentration of iodide ions in the analysed solution is
0.0873 g/l or 87.3 mg/l.

The measured optical density of the sample solution was 0.9518, which
corresponds to an iodide ion concentration of 93.2 mg/l, calculated from the
calibration curve (0.9518/0.01021). The difference between the calculated and
experimental values does not exceed 10%, which satisfies the established
acceptability criterion. Thus, the results obtained confirm the specificity of the
developed method.

Linearity

To assess the “linearity” parameter, data obtained from the repeatability
study (Table 2) were used, as well as the results of measurements of a standard
solution with a concentration of 2 mg/l and purified water. The experimental data
were processed and the calibration curve plotted using Origin software.

Based on the data obtained, the parameters of the linear equation and the
correlation coefficient were calculated. The tangent of the slope of the calibration
line corresponds to the specific optical density of the compound under
investigation.

Acceptance criterion: the correlation coefficient (R) must be greater than
0.99. The optical density values used to assess linearity are given in Tables 2 and
6.
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Table 6 — Optical density measurement results for linearity assessment (concentrations of 2 and 0 ppm)

No. Solution with a concentration of Purified water
2mg/l

0.0161 0.0006
0.0163 0.0007
0.0164 0.0008
0.0166
0.0165
0.0166
0.0168
0.0167
0.0168
10 0.0171
Average value 0.0166 0.0007
SD 0.0003 (1.7%) 0.0001

OO N| OO W|IN(F

Using Origin software, a graph was plotted showing the dependence of
optical density on the concentration of iodide ions in the range 0-200 ppm (Figure
1).

—O— Absorbance
— Linear Fit of Absorbance

Absorbance (units)

T T
0 100 200
Concentration (ppm)

Figure 1 — Dependence of optical density on the concentration of iodide ions
in the range 0-200 ppm
The calculated parameters of the linear equation are as follows:

Y =a+bx
where: a = 0.0061 — the y-intercept;
b =0.0102 — the tangent of the slope of the calibration line.

The correlation coefficient is R = 0.99983, which exceeds the established

acceptability criterion. Thus, the results obtained confirm the linearity of the
method across the entire concentration range studied.
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Working range

The “operating range” parameter was determined based on linearity data
within the experimentally verified concentration range of 0-200 ppm. The
permissible range extension is 20%.

Acceptability criterion: the error in determining optical density within the
working range must not exceed +5%.

The results used to determine the working range are presented in Tables 2, 3
and 6.

The baseline noise when measuring purified water is approximately 0.0006
units of optical density. Theoretically, the limit of quantification can start at a
level of 0.006 optical density units. However, the optical density of a 0.05%
dextrin solution at a wavelength of 226 nm is 0.006 units, which makes an
additional contribution to the signal of the solutions being analysed.

At a concentration of 2 ppm, the optical density of the solution is
approximately 0.017, which leads to a relative error exceeding 30%. At the same
time, for a solution with a concentration of 20 ppm, the optical density is
approximately 0.205 and the error contribution of 0.006 corresponds toncentration
of iodide ions in various dosage forms using UV spectrophotometry.

Robustness

The “robustness” parameter was assessed by measuring the concentration of
the same solutions after storage under ambient conditions for 24 hours. The
measurements were carried out by a different operator using a different cuvette.
The data presented in Tables 2 and 3 were used for the analysis.

Acceptance criterion: the difference between the mean optical density values
within the working range, obtained on different days by different operators, must
not exceed 4%. The results obtained are presented in Table 7.

Table 7 — Optical density data extracted from Tables 2 and 3

Parameter 20 ppm 50 ppm 100 ppm 200 ppm
Average value (day 1) 0.2221 05111 1.0394 2.0436
Standard deviation 0.0004 0.0001 0.0004 0.0009
Average value (day 2) 0.2055 0.5276 1.0493 2.0526
Standard deviation 0.0022 0.0002 0.0003 0.0009
Difference 0.0166 0.0165 0.0099 0.0090
Difference, % 7.5 3.1 0.9 0.4

The data in Table 7 show that the acceptability criterion is met for the range
50-200 mg/l. The differences in mean values for solutions with concentrations of
50, 100 and 200 mg/l are 3.1%, 0.9% and 0.4% respectively.

For the solution with a concentration of 20 mg/l, the difference is 7.5%,
which exceeds the established criterion. This indicates that diluted solutions are
less stable; consequently, it is recommended that they be analysed on the day of
preparation. The summarised results of the validation are presented in Table 8.
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Table 8 — Results of the validation of the method for determining the concentration of iodide ions in
various dosage forms using UV spectrophotometry

Parameter 20 ppm 50 ppm 100 ppm 200 ppm
Accuracy, % - - - 0.08
Repeatability, % 0.18 0.02 0.04 0.04
Intra-laboratory precision, % 4.0 16 0.5 02
Linearity R =0.9998

Operating range 20-240 ppm

Stability Stable

Specificity Specific

The results of the validation are presented in detail in the validation report
VR-PCM-015 [15], as well as in papers devoted to the practical aspects of
analytical method validation [16-17]. This article examines the key parameters of
analytical method validation: accuracy, repeatability, intra-laboratory precision,
linearity, working range, specificity and robustness. The results obtained confirm
the practical applicability of the developed method.

The method developed and validated is successfully used for the quantitative
determination of iodide ions in medicinal substances and preparations developed
at the Scientific Centre.

Conclusion

During the study, the analytical method TP-SA-015 ‘Determination of the
concentration of iodide ions in various dosage forms by UV spectrophotometry’
[18], in accordance with the requirements of the international ICH
Q2(R1)/Q2(R2) guideline and the company’s internal standard operating
procedures.

The results obtained showed that the developed method possesses the
necessary Vvalidation characteristics and meets the established acceptability
criteria. The method demonstrates high accuracy and reproducibility of results, as
confirmed by low standard deviation values in the assessment of repeatability and
intra-laboratory precision. It has been shown that the method exhibits a high
degree of linearity within the concentration range under investigation, with a
correlation coefficient of R? = 0.9998.

It has been established that the working range of the method lies within the
interval 20-240 mg/L, which ensures the possibility of reliable quantitative
determination of iodide ions in the analysed samples. The studies conducted also
confirmed the specificity of the method with respect to the matrix components of
dosage forms and its resistance to changes in analytical conditions.

The results obtained confirm the suitability of the UV spectrophotometry
method for the quantitative determination of iodide ions in drug substances and
finished medicinal products. The developed and validated method can be
recommended for use in the quality control system for iodine-containing
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medicinal products, as well as in the analytical practice of pharmaceutical
laboratories.

Funding: under programme BR24992760 2024-2026 ‘Development of an antimicrobial potentiator
for antibiotic combinations, for the effective treatment of diseases caused by bacteria with multiple drug
resistance’.

Conflict of interest: there is no conflict of interest between the authors in this work.

BAIMJALUA METOAUKHU ONIPEJIEJEHUA KOHUEHTPAIUU HOJAUJ UOHOB B
PA3HBIX TEKAPCTBEHHBIX ®OPMAX METOJAOM Y®-CHEKTPO®OTOMETPUU

P.A. Kaporcayoaesa™, C. Typeanobaii, K.U. Tazanos, 3.C. Awuumxanosa,
I'.K. bauzaunosa, A.P. Kypmananuesa

AO Hayunwuii yenmp npomogoungexyuonnsix npenapamos, Anmamol, Kazaxcman

Pe3rome. CTaThsi TOCBSIICHA BATUOALMN AHATATHYCCKOW METONWKH OIPEACIACHUS HOIWA HOHOB B
Pa3INYHBIX JIEKapCTBEHHBIX (Gopmax meromom Y D-cnekrpodoromerpun. JJaHHOE HATIPABICHHE SBISCTCS
Ba)KHOI 4YacThIO AHATMTHYECKOH XUMHHM M CHCTEMbI KOHTpPOJS Ka4yecTBa JIGKAPCTBCHHBIX CPEICTB, B
KOTOpPO#l 4yBCTBUTEIBHOCTD, CHCHU(PHUYIHOCTH W BOCIPOHM3BOAMMOCTH METO/A HMEIOT —peIIaromiee
3Ha4YeHHE. AKTYaJbHOCTh HCCJICIOBAHHS OOYCIOBICHA HEOOXOOUMOCTBIO TOYHOTO M JOCTOBEPHOTO
KOJIMYECTBEHHOTO OIPE/CICHHsI HOIUI-HOHOB B CYOCTAHIMAX M TOTOBBIX JICKAPCTBEHHBIX IMperapaTax.
Bamumanus npoBoamiack B cooTBeTCTBHU ¢ TpeGosanmsmu International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH Q2(R1)/Q2(R2)). Ilenvio pabomwi
SIBISUIOCH  OTPENCICHHE BATHIALMOHHBIX XapPAaKTEPHUCTUK METOMHKH KOJHYECTBEHHOTO OIPEACICHHS
HOJMJI-MOHOB B JIEKapCTBEHHbIX (opmax meronom YD-cnekrpodoromerpun. Pesyavmamor u
obcydcoenue. B xome wuccnenoBaHMS ObUIM OLICHEHBI CJICAYIOIIME MapaMeTphbl: CHeHH(DUIHOCTD,
JMHEHHOCT, PabOouYMil IHANa3oH, MPaBUIBHOCTH, MOBTOPSIEMOCTB, BHYTPHIA0OpATOpHAS TOYHOCTH U
cTaOMIIBHOCTH PacTBOPOB. YCTaHOBIICHO, YTO paboumit quanasoH - oT 20 no 240 mr/a, ko3¢¢uuueHT
koppemsimuu - 0,9998. Meron mNpoJeMOHCTPUPOBAT BBICOKYIO UYyBCTBHTEIBHOCTH M COOTBETCTBHE
MEXIyHApOMHBIM TpeOoBaumsaM. 3axmiouenue. TIoMydeHHBIE Pe3yIbTaThl IOATBEPXKIAIOT JIHHEHHOCTD
METOAWKHA B  HCCIACAYeMOM [Mana3oHe KOHICHTpAUMid  HOAWA-HOHOB. JIOKa3aHbl  BBICOKAs
4yBCTBUTEJBHOCTh METONA M BBICOKas cTemeHb nuHeitnoctn (R? = 0.9998). PaspaGoTanHas MeToqMKa
COOTBETCTBYET CBOEMY HA3HAYCHHIO M MOXKET YCICHIHO MPUMEHSATHCS TPH aHAIN3€ HOJCOCPIKAIINX
JIEKApCTBEHHBIX MPENapaToB. MeTox MMeeT MPaKTHYECKY0 3HAYMMOCTD [UTSI CHCTEMBI KOHTPOJIS KauecTBa
(bapMareBTHYECKOM POTYKIHH.

KmioueBble ciaoBa: wuoaux uoHsl, Y®-cmekrpodoromerpus, Merox Bammpammu, ICH Q2
(apmarieBTHYCCKHUIT aHATIH3.

Kapicaybaesa Po3za Ackaposna Kanouoam mexuuyeckux nayx
Typzanoan Ceiimorcan PhD
Tazanoe Kacyp Hopazumoguu Mazucmp mexnuueckux Hayk

Awumxanosa 3aypewt Caitoaxmemogna Cmapuwuil nayunblti compyOHUK

bauzaunosa I'vnuam Kyanbexosna Cmapuwuil Hay4nwviti compyoHux

Kypmananuesa Acenv Paxumosna Mazucmp mexnuueckux Hayx

178



KA3AKCTAHHBIH XUMUA )KYPHAJIbI XUMHYECKHUY XKXYPHAJI KA3AXCTAHA

I9PTYPJII JOPLJIIK ®OPMAJIAPJATFBI HOAUJ HOHJAPBIHBIH KOHIHEHTPALUSACBIH
YO-CIIEKTPO®OTOMETPUA SAICIMEH AHBIKTAY 9/IICTEMECIH BAJIMJALUSJIAY

P.A. Kaporcayoaesa™, C. Typzanoai, K. Tazanos, 3.C. Awuumxanosa,
I'.K. bauzcaunosa, A.P. Kypmananuesa

HUnpexyusea xapewi npenapammap oiivimu opmansiest AK, Anmamet, Kazaxcman

Tyiiingeme. Makanana opTypii Jopinik ¢opManapiarkl HOAU HOHAAPBIHBIH MOINIICPIH YIbTPAKYJITiH
crekrpodoromerpus (Y D-cnektpooTomeTpusi) OmiCiMEH aHBIKTAyFa AapHAJIFaH  aHATUTHKAJIBIK
O/liCTeMeHI Banuaalusiiay Moceseiepl KapacThipbUIFaH. Byl OaFbiT aHAIUTHUKANBIK XUMHUSHBIH JKOHE
JIOpUTIK 3aTTap/blH carnacklH OakplIay >KYHeCiHiH MaHbI3/bl Oejiri 0okl TaObLIAZbI, MYHJA OIICTIH
Ce3IMTAJIIBIFI, CHEUU(UKAIBIFGI JKOHE KAWTANaHFBILTHIFG LICHIYINI POJ aTKapajabl. 3epTTeyIiH
©3CKTLIIN CyOCTaHIMSIIAD MEH [MailblH JOPLTIK MpenaparTapAarbl HOAWA HOHIAPBIH 07 Opi CEeHIMIi
CaHIbIK aHBIKTAY/bIH KaXeTTiLTiriMeH HerizienreH. Bamumauus sxymeictapsl International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH Q2(R1)/Q2(R2))
TananTapblHa COUKeEC KYPri3iini. 3epmmeyoin maxcamol — NApidik hopmaiapaarbl HOIUI HOHAAPBIH Y O-
CcreKTpo(OTOMETPHSL 9JiCI apKbUIbI CAHJBIK aHBIKTAy OAICTEMECIHIH BalWAALMSIIBIK CHUIIaTTaMallapbiH
aHbIKTay. Homudicenep owcone mankvinay. 3epTrey OapbIiChiHIA Keneci mnapaMerpiiep OarajlaH[bl:
cHeU(UKAIBIK, ChI3BIKTBUIBIK, XYMBIC JHAIa30HbI, IYPBICTHIK, KaiTalaHFBIITHIK, 3epTXaHAIMILIIK
JOJIK, CAaHIBIK aHBIKTAYy ILIEri jKOHE epITIHIUICPOIH TYpPaKThUIBIFBL. AHBIKTAy HOTHIXKECIHIE CaHJIBIK
aHpIKTay mieri 20 Mr/n KypalTbiHbL, KXyMbIC Auana3oHbl 20—-240 Mr/in apaibiFblHIA €KeHi, KOPPEesLus
koddummenti 0,9998-re TeH eKeHi aHBIKTAABL. OMIC XOFapbl CE3IMTAIIBIKTHL (2,6 Mr/I) >KoHE
XaJbIKApaJIBIK TalalTapra COMKECTIMH KepcerTTi. KopbimbinObl. AJBIHFAH HOTIIKENEP 3epPTTEIreH
KOHLICHTpALMsIap JIMANa30HbIHIA HOMUJ HOHIAPbl YIIIH OMICTEMEHIH CBI3BIKTBUIBIFBIH pPacTal/ibl.
OJIICTIH JKOFapbl CE3IMTA/BIFBI JKOHE JKOFAaphl CBI3BIKTHUIBIK Jopexeci (R? = 0,9998) nonenpenni.
O3ipJICHIeH dJIiCTEME 63 MaKCaTblHa TOJIBIK COMKEC Kele/i jKoHEe MO KYpaMJibl JSPUIiK MpernapaTTapibl
Tanjay/a THIMAI KOJIAHBUIybl MYMKiH. byn oxmic (apMaueBTHKaNbIK OHIMIEPIiH camachlH Oakpuiay
JKYHeci YIIiH NPaKTHKAIIBIK MaHbI3Fa Ue.

Tyiiin ce3mep: #Homun wongapel, Y®-cnekrpodoromerpus, omic Bammmanmsicel, ICH  Q2,
(apMaleBTHKAIIBIK Talay
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OCHOBHBIX P€3yJIbTaTOB HAYYHOH AEATEILHOCTH.

W3nanue umeer crieayromnye pyopuKu:

1. OG63o0pHbIe cTaThy J0 20 MeYaTHBIX CTPAHUI]

2. OpuruHanbHble cTaThH (10 8—10 meyaTHBIX CTPaHUIL)
3. Kpatkue cooOmenns (10 4—5 neyaTHbIX CTPAHUILL)

2. IPEJICTABJIEHUE CTATEA

Penakims mpuHAMaeT cTaThl OT Ka3aXCTAaHCKUX M 3apyOeKHBIX aBTOpOB. B memsax
nonyisipu3anuu JKypHana, peJakilIMOHHON KOJUIETHEHW MPUBETCTBYETCS MPUEM CTaTeil Ha
AHIJIMHCKOM SI3bIKE.

s peructpauuu ¥ nmyO0JdUMKAIUMM CTATHU MAaTE€pPHall CTaTbU TIPEICTABISAETCA B
pelakiuio uepe3 CUCTeMy OJEKTPOHHOM Tojauyu cTaThd Ha caiite JKypHama
(https://iwww.chemjournal.kz/) B komIiekTe co ClIeAyONMMU JOKYMEHTAMH:

1. Dnexrponnas Bepcust cratbu B popmarax Word u PDF co BCTpOeHHBIMHU B TEKCT
TaOIUIIAMHK, CXeMaMH, pUCyHKamu ((ailm Ao/KeH ObITh Ha3BaH MO (paMWIMK TIEPBOTO
aBTOpA Ha aHTJIMHCKOM SI3BIKE).

2. ConpoBoUTENbHOE MTUCEMO, aapecoBaHHOe B Pepakiuio XMMUUECKOTo )KypHaja
Kazaxcrana oT opraHuzanmy, B KOTOPOW JaHHOE WCCIICAOBAHHE BBIIOIHECHO, C
YTBEPIKIICHUEM, YTO MAaTepHal PYKOIHCH HUTNIC HE ITyOJMKOBAJICs, HE HAXOMUTCS Ha
pacCMOTpEHHUH s OIyONMKOBAaHWS B APYTMX JKypHalaX M B MaTepHanax CTaTbd
OTCYTCTBYIOT CEKPETHBIEC TaHHBIE. B COMPOBOANTEFHOM MMUCHME YKa3bIBAIOTCS CBEICHUS
00 aBTOpe a1 KoppecnoHaeHIny: @aMmins, UM 1 0TYECTBO aBTOPA, CIIY>KEOHBIH ampec
C YKa3aHUEM TIOYTOBOTO MHJIEKCA, afpec NIEKTPOHHOH mouThl, Tenedon u ORCID.

3. Bce crathu, onyOnukoBaHHbIe B XuMuueckoM xypHaie Kazaxcrana (ISSN 1813-
1107, eISSN 2710-1185) myOiuKyrOTCS B OTKPHITOM gocTyme. YToObl 00ecreuuTh
CBOOOJHBIN JIOCTYI YHUTATENSIM W TIOKPBITH PACXOAbl Ha OKCHCPTHYIO OICHKY,
pelakTHpOBaHUe, IONAEP)KaHUE CalTa J>KypHaia, JOJTOCPOYHOE apXMBHPOBAHUE H
BEJICHUE >KypHalla, B3WMaeTcs IulaTa 3a o0paborky crarbu. [IpaBunma omnatel 3a
OITyOJMKOBAaHUE MIPUHATON K NICUYATH CTAThH HAXOISATCS B OTNICIEHOM JOKYMEHTE Ha caiite
Kypnana «OnaTa 3a ormyOIMKOBaHUC.

4. CtaTbe IpUCBaNBACTCS PETHCTPANMOHHBIA HOMEp, KOTOPBII COO0IIaeTcss aBTopam
B TE€UCHHE HENENIM MOCHE MONyYeHHs YKa3aHHOTO MEepedHs JOKYMEHTOB; Ha 3TOT HOMEp
HEO0XOJNMO CCBUTATHCS TPH MTEPEITHCKE.
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5. [lpuHATBIM K TICYaTH CTaThsIM ITIPUCBAMBACTCS IUPPOBOH HACHTHU(PHUKATOP
(DigitalObjectldentifier — DOI).

6. YuuTeiBass HEBO3MOXKHOCTH IPOBOIUTH CTAThH Ha KAa3axXxCKOM SI3BIKE depes
CUCTEMY aHTHIUIaTHaT, OYAyT YYHUTHIBATHCS (POPMYIHUPOBKH PELEH3CHTOB H PEIICHHE
M3IATEIBCKON KOJUICTHH.

7. CTaTh¥l TOJDKHBI OBITH OPOPMIIEHBI COTJIACHO ITA0JIOHY, KOTOPBIH MOYKHO CKaJaTh
B paznene «OTmnpaBka MaTepralioBy» Ha caiite Xumudeckoro XKyprana Kazaxcrana.

3. CTPYKTYPA IIYBJIUKALIUIA

3.1. B Hayarme 0030poB, OPUTHHAJBHBIX CTaTeill W KPATKHUX COOOIIeHMII Ha
MIEPBOH CTPOKE YKa3bIBaeTCs HOMEpP 110 YHHBEPCAIBHOH JECSITUYHOU KIIacCU(PHKAILINMH
(YAK wm UDC), cOOTBETCTBYIOIINI 3assBICHHON TeMe. JlaeTcs mponmucHbBIME OyKBaMH B
BEpPXHEM JIeBOM yriy. Takke Ha IepBOl CTpOKe cHpaBa MNPONHCHBIMH OyKBaMH
nomyxupHbM mpudom Ne 14 ykaseiBaercsa HasBamme kypHata XUMWUYECKHAM
KYPHAJI KA3AXCTAHA (KA3AKCTAHHBIH XHUMUs JKYPHAJIbBI,
CHEMICAL JOURNAL OF KAZAKHSTAN), roz, HoMep.

3.2. Jlanee uepe3 CTPOKY MPUBOAMTCS MEKAYHAPOIHBIA CTAaHAAPTHBIA CEPHATBLHBIN
Homep xypHasa (ISSN 1813-1107, eISSN 2710-1185) u Ha ciemyromiei CTpoke ciieBa
mpusoautcst DOI: xoTopsiit OyaeT nMeTh 3HaYSHHE TI0CIIe IPUHATHS CTaThU K TICYaTH.

3.3. Mlanee, mocie OTCTyHa CTPOKH YKa3bIBAeTCs 3arjiaBHe CTAThbH IPOIHUCHBIMH
OykBamu, mpudt Ne 14 — momy>KUpHBIi, BeIpaBHHBaHHE TEKCTa MO IEeHTpYy. HazBaHue
JOJDKHO MAaKCHUMaJIbHO IIOJIHO W TOYHO OIIMCBIBATH COACPKAHWE CTaTbU, BKIIOYATh
KITIOUEBBIE CJIOBA, OTPAXKAIOIINE HAIIPABJICHHE /UM OCHOBHOW PE3yJIbTaT MCCIIEA0BaHNUS,
HO B TO € BpeMsl ObITh KOPOTKUM U SCHBIM U HE COJIEPKaTh COKPAICHUH.

3.4. lanee, mocye OTCTyNa CTPOKH, yKa3bIBalOTCS HHMIUAIBI U aMuaun aBropa(-
OB) CTPOYHBIMH OykBamu, MPUMT Ne 12 Moy XUpHBIH, KypCHB, BRIPABHUBAHUE TEKCTA TI0
neHtpy. Pamunus aBTOpa, C KOTOPBIM CIEIyeT BECTH IIEPENHcKy, MOJDKHA OBITh
orMmeueHa 3Be3noukoit (*): C.C. Camaeea*™, A.M. /rcybananuesa.

3.5. UYepes crpoky mpuprom Ne 12, cTpodHBIMH OyKBamMH, KYpCHBOM C
BBIPABHUBAHHEM TEKCTa IO IEHTPY CIEAYIOT HauMeHOBaHue(s1)) opranu3zamum(ii) C
YKa3aHWEM YaCTU Ha3dBaHUA OpraHU3alluU, KOTOPast OTHOCUTCA K NOHATUIO FOPUANIECCKOTO
nmina (B aHTJIMHCKOM TEKCTe HEOOXOJMMO YKa3blBaTh O(HUIMANBHO MPHHATHI MEpeBO
Ha3BaHUs), TOPOJ, CTpaHa. B aHTrIMIiCKOM BapuaHTe aJpecHbIe CBEJCHHUS JOJDKHBI OBITh
TIpeCTaBIICHbl HA AHIIIMHCKOM SI3bIKE, B T.4. TOPOJI M CTPaHa.

Crpoku ¢ ¢aMWIMsIMM aBTOPOB U  HA3BaHMSAMHM OpraHU3allMi  CoOJepiKaT
HAQJCTPOYHBIE WHJIEKCH (mociie (GaMWwIMk W Tepel] Ha3BaHHUEM OpraHM3alin),
YKa3bIBaIOIIME HA MECTO pabOTHI aBTOPOB.

Ha cnenyrommeit crpoke KypcuBHBIM HauepTanueM, mpudt Ne 12, ¢ BelpaBHUBaHHEM
TEKCTa 10 LEHTPY YKa3bIBACTCS ANEKTPOHHBIN afpec Al MePETINCKH.

3.6. Pe3tome (Abstract, Tyiiingeme) cocTouT U3 KpaTKoro Tekcra (He menee 150—
250 cnos, mwpupT Ne 12) Ha s3bike ctaTth. Abstract myGnukyercs B MeKIyHapOIHBIX
0a3ax, JaHHBIX B OTPBIBE OT OCHOBHOTO TE€KCTa. Pe3toMe MOKHO OBITH aBTOHOMHEIM, BCE
BBOJIUMBIE 0003HAYECHHUS M COKPAIIEHHS HEOOX0AMMO pacuindpoBarh 31eCh Ke.

[TpuBeTcTBYeTCS CTPYKTYPHPOBAHHOE PE3IOME, TOBTOPSIOIIEE CTPYKTYPY CTaTbu U
BKIIIOYAIOIICE: G6eOeHUe, Yelu U 3a0auu, Memoovl, pe3yibmamsl U 00cyxicoeHue,
3akmouenue (6b1600b1). B TO e BpeMs, eI U 3aJja4y ONHMCBIBAIOTCS, €CJIM OHU HE SICHBI
W3 3aryiaBusi CTaThU, METOJIbI CIIEAYET OIMCHIBATh, €CJIM OHU OTJIMYAIOTCS HOBH3HOW. B
pe3ioMe BKJIIOYAIOTCS. HOBBIC PE3YJIbTAThl, MMEIOMINE JONTOCPOYHOE 3HAUCHUE, Ba’KHbIC
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OTKpBITUS, ONPOBEPraroIlne CYLIECTBYIOIIME TEOPUH, a TaKXKe [aHHBIC, HMEIOLINE
npakTudeckoe 3HaueHue. ClemyeT HCIOJIb30BaTh TEXHUYECKYIO (CHEIHalbHYIO)
TCPMHUHOJIOTUIO Ballen JUCHUIIIINHBI.

Pesrome maercst 06e3 ab3al[HOrO OTCTyIA CTPOYHBIMH OYKBaMH; OHO HE OJDKHO
COZIEpP’KaTh HOMEPA COEAVUHEHUM, SKCIIEPUMEHTAIILHBIE JaHHBIE U CCBUIKU Ha JIUTEPaTypy.
Pe3iome TOJIBKO OIHO — B Ha4aje TEKCTa.

3.7. lanee Ha s13pIKe cTaThy 0€3 a03aI[HOTO OTCTYTA CTPOYHBIMH OyKBaMH MIPUPTOM
Ne 12, BeIpaBHUBaHHNE TEKCTA 10 JIEBOMY Kparo MPUBOSITCS KII0YeBbIe cIoBa (0T 5 /10
10 mr.), obecneunBaromye HanOoIee MOJIHOE PACKPHITHE COJCPIKAHNS CTAThU.

3.8. B kparkux coobmeHusx npuBoautcs pesiome (150-200 cioB), KIrodeBEIC
CJIOBa, HO AETEHUs Ha pasfensl He TpeOyercs. JlaeTcs TEKCT KpaTKoro COOOIICHMS Ha
OJIHOM U3 TpeX S3BIKOB C BBINTOJIHEHHEM TpeOoBanuil kK Y IK, Ha3BaHUIO CTAThU, TIEPEUHIO
aBTOPOB, HANMEHOBAHUI OpraHM3alyii, B KOTOPBHIX OHU PabOTAIOT, YKAa3aHHUIO aBTOPA IS
MepenucKu. B TekcTe KpaTKoro cooOOIIEHMS HPUBOASTCS KOHKPETHBIE CYIIECTBEHHO
HOBbIe pe3yJbTaThl, TpedylolIue 3aKpelnjeHHs TPHOPUTETa C HEOOXOAUMBIMU
9KCIEPUMEHTABHBIMA ~ MOAPOOHOCTAMHU.  3areM  cliefAyloT:  uHpopMamus o
(uHaHCHPOBaHKUH, OJATOAPHOCTH, CBEJCHHS O KOH(IMKTE UHTEPECOB, HH(popMaIus 00
aBTOpax ¥ CIHCOK JINTEPATypPHI.

3.9. Crarbs HaumHaeTcs C BBedeHHS, B KOTOPOM (OpMyJIUpYyeTCsl ILelb H
HEOOXOIMMOCTh MIPOBECHUS NCCIIEIOBAHMS, KPATKO OCBEUIAETCSI COCTOSHHE BOIPOCA CO
CCBUTKAaMM Ha HawmOolee 3HaYMMble IMyONHKaluu ¢ W30EeraHueM CCBUIOK Ha YCTapeBIINE
pe3ynbTaTbl. M3mararoTcsi OTKPBITHS, CHCNAaHHBIE B XOJ€ MAAaHHOTO MCCIIEAOBAHUS.
YKa3bIBacTCs CTPYKTypa CTaThH.

3.10. DOkcmepuMEHTAJbHAS YACTh COAEPXKHUT OIHMCAHHE XOJa M Pe3yJbTaToB
9KCIIEPUMEHTA, XapaKTEPUCTUKY MOy 49E€HHBIX COEIMHEHUII. B Hayaie
OKCIIEPUMEHTAIHOM  4YacTW  TNPUBOAATCS  Ha3BaHWs NPHOOPOB, Ha  KOTOPBIX
3apEruCTpupoOBaHbl (bI/ISI/IKO-XI/IMI/I‘ICCKI/Ie XapaKTCPUCTUKN BEIIECCTB M YKa3bIBAIOTCA
yciaoBusa HU3MEPCHUA, TaKXeE YKa3bIBaIOTCA o0 UCTOYHUKHU HUCITIOJIB30BAHHBIX
HETPUBHAIBHBIX PEAreHTOB (HAIpUMeEp, «KKOMMEPUECKHE Npernaparsl, Ha3BaHue GUPMBD»),
100 AAIOTCS CCHUTKM HA METOAUKHU MX MOJTy4EHHUS.

Kaxnplit maparpad SKCIEpUMEHTAJIBHOW YacTH, ONMUCHIBAIONIMH  TIOJydeHHE
KOHKPETHOTO COCAMHEHHUS, JIOJDKEH COJEepXKaTh ero II0JJHOE HAaWMEHOBAaHHUE IO
nomenknarype MIOITAK n ero nopsaxoBslii HOMEp B cTaTthe. B MeTonukax o0s3aTenbHO
yKa3blBaTh KOJMYECTBA PEarcHTOB B MOJBHBIX M MAacCOBBIX eAMHHMIAX (Ui
KaTaJn3aToOpoOB — MAacCy M MOJBHBIE IIPOLEHTHI), 00BEMBI pacTBOpHTENneil. Meroanka
9KCTIIEPUMEHTA U3JIaraeTcs B npouieduiem BPEMEHH.

JIsl M3BECTHBIX BEIIECTB, CHHTE3MPOBAHHBIX OIMYyOIMKOBAHHBIM PAHEE METOAOM,
HeO6XO}]I/IMO MMPUBECTU CCBUIKY Ha JUTCPATYPHBIC HJaHHBIC. HJ’[S{ N3BCCTHBIX BCUICCTB,
IMOJTYYCHHBIX HOBBIMH nIn MOJII/Iq)I/IHI/IpOBaHHBIMI/I MCTOOaMH, JOJIDKHBI OBITH
MIPEACTaBJICHbl X (PU3NUECKHE M CHEKTPaJbHbIE XapaKTEePUCTHKH, UCIIOIb30BAaHHBIC IS
TTOJTBEPIKACHHS UIEHTUIHOCTH CTPYKTYpPBI, METOJI CHHTE3a M CCBUIKA Ha JINTEPAaTypHbIE
JIaHHBIE.

Jist  Bcex BIEpBBIE CHHTE3MPOBAHHBIX COCAMHEHHWH HEOOXOJMMO MPUBECTH
JIOKa3aTeJIbCTBA MPUIMCHIBAEMOTO MM CTPOCHUS U JTaHHBIE, TIO3BOJISIOIINE CYAUTh 00 HX
WHIMBHUYaIbHOCTH M CTEIIEHH YMCTOTHL. B 49acTHOCTH, NOMKHBEI OBITH MPEACTAaBIICHBI
JAHHBIC 3JIEMEHTHOTO aHAJIN3a WM Macc-CIEKTPBI BBICOKOTO paspemteHus, K criekTps! u
cnektpsl SIMP *H u °C.
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JlaHHBIE PEHTICHOCTPYKTYPHOTO aHAIM3a MPEICTABISIOTCS B BHJIC PUCYHKOB H
Tadauu. Bce HoBble coenunenus, fanubie PCA KOTOpPBIX MPUBOJSTCS B CTAThE, TOJIKHBI
ObITh 3aperncTtpupoBansl B KemOpumkckoii 6a3e CTPYKTYPHBIX JTaHHBIX U HUMEThH
cootserctByronie CCDC nomepa.

Ecmm, mo MHEHHWIO peleH3eHTa WM pelaKkTopa, HOBBIC COCAMHEHUS HE OBLIH
YIOBJIETBOPUTEIHHO OXaPaKTEPU30OBAHBI, CTAThs He OyIeT NpUHATA K [e9aTH.

Mpumep METOTUKH: 3-(2-Amino-6-methylpyridino)-3-carbonyl-3,4-
dihydrocoumarin (12).To the alcoholic solution of 2.18 g (0.01 mol) of 3-
carbethoxycoumarin, 1.08 g (0.01 mol) of 2-amino-6-methylpyridine was added with
stirring. The mixture was boiled for 10 h. The solution was cooled, the precipitate was
filtered. Then it was washed with cold EtOH. After the drying and recrystallization of the
residue from i-PrOH yield of the product 12 was 2.05 g (63%), mp 226-228 °C, Rf 0.82
(1/2, EtOAc/hexane as eluent). Calculated, %: C 68.56; H 4.32; N 9.99 for C16H12N20s.
Found, %: C 68.41; H 4.22; N 9.83. Spectral data.

Brumanue! B cTaThix, TOCBAIICHHBIX CHHTE3Y HOBBIX COCAMHEHUH, TOITYCKAECTCS
pa3MelieHue IKCNePUMEHTAIBHOM YaCcTH 32 pasernoM Pe3ybTaThl u 00Cy:KIeHHE.

3.11. B pasnene Pe3yabTaThl M 00CY:KAeHHMe, KOTOPBIM SBIIAETCS Hamboee
BOXHBIM, CcIeAyeT OOCYyIUTh W OOBSCHUTH TOJNIy4eHHbIE B paboTe pe3yabTaThl,
MIPOAHATMU3UPOBATh OCOOCHHOCTH CHHTE3a, IPOJAEMOHCTPUPOBATh M YKa3aTh BO3MOXHEIE
OrpaHUYCHUA. HpOBCCTI/I CpPaBHCHUC IMOJYYCHHBIX PE3YJIbTATOB C OHyGHHKOBaHHbIMI/I
panee. Bce HOBbIE COEIMHEHHsI JODKHBI OBITh TIOJIHOCTBIO —OXapaKTEPH30BaHEI
COOTBETCTBYIOIIUMU CIICKTpaJIbHBIMU U APYTUMHU (I)I/ISI/IKO-XI/IMI/I‘IGCKI/IMI/I JaHHBbIMU. B
TEKCTe O00O0OMIAIOTCS ¥ Pa3bsCHIIOTCS TOJIBKO TE€ CIEKTPAIbHBIE JIaHHBIE, KOTOpHIC
WCIIONIB3YIOTCSL  JUISl  TIOATBEPXKACHHS  CTPYKTYpbl  HOJYYSHHBIX  COEAWHEHUH.
[lepeuncnenne ofHMX M TeX JXK€ JAHHBIX B TEKCTe, TaONWIax W Ha PHCYHKax He
norryckaercs. JIis HOBBIX METOJZOB CHHTE3a JKEIAaTeNbHO OOCYAWTh MEXaHU3M PEaKIIHH.
Juist 0000mIeHnsT TaHHBIX HEOOXOIUMO HCIOJNB30BaTh MOHSATHBIC PUCYHKA W TAOIHIIBL.
[IpencraBneHHbIe JaHHBIE JOJDKHBI TIOAIABATHCSI WHTEPIPETALINH.

I[Ipu oOcyXnmeHWH pe3yabTaTOB  CIIEAyeT MPHIACPKHUBATHCS  OQHUIMATBHON
tepmuHoioruu [IUPAC. Pe3ynbTaTsl peKOMEHIyeTCs U3JlaraTh B IMPOIIEANIEM BPEMEHH.

OO0cy:kaeHue He TOJDKHO IIOBTOPATH OIMCAHHE Pe3yNbTaToOB HccienoBaHus. B
TEKCTe [OJUKHBI OBITH HCIOJBb30BaHBI OOIICHIPUHATHIC B HAYYHOW JIMTEpaType
cokpauieHus. HecTaHmapTHble COKpalleHUs] JOJDKHBI ObITh paciugpoBaHbl Iocie
MEPBOTO MOSIBJICHUS! B TEKCTE. EAWHUIBI HM3MEpeHHH IOJDKHBI OBITh YKa3aHbl B
Mexaynapoasoii cucreme CU.

3.12. 3arem pekoMmeHayercs cHOpMYyTHUPOBATh 3aKJIKYEHHE, B KOTOPOM yKa3aTh
OCHOBHBIC JIOCTHKCHUS, TPEACTABICHHBIC B CTaThe, U OCHOBHOM BBIBOJ, COJCP KAIIHA
OTBET Ha BONPOC, MOCTABIICHHBI BO BBOJHOW YaCTH CTaThbH, a TAKKE BO3MOXKHOCTH
WCIOJB30BaHUS  MaTepualia CTaThl B (YHOAMCHTAIBHBIX WM TPUKIIAIHBIX
HCCIIEZIOBAaHUSIX.

3.13. ITpuBoauTcs HHPOPMAIHS O (PUHAHCHPOBAHUH UCCIICIOBAHHM.

3.14. BeipaxkaeTcs 6JarogapHocTh TeM, KTO TIOMOT BaM B ITOJATOTOBKE Baleit
paboTHI.

3.15. B pykomucu J0MKHO OBITh 3aiBIEHO O TOM, HMEETCS JU KOHQJIMKT
HHTEPECOB

3.16. B undopmanum 00 aBTOpax YKa3bIBAIOTCS: Yy4Y€Has CTENEHb, 3BaHUE,
IOJBKHOCTB, e-mail, ORCID.
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3.17. Ctarbs 3aKaHUMBACTCS CHUCKOM JIMTEPATYPBI CO CCHUTKAMH Ha PYCCKOM (WM
Ka3aXxCKOM) f3bIKE€ M CCBUIKAMH Ha s3blke opuruHana. CCbhUIKM Ha JUTEepaTypHbIE
UCTOYHHMKUA B TEKCTE MPUBOISATCS IMOPSIKOBBIMU apaOCKMMH LudpaMu B KBaJpaTHBIX
CcKOoOKax 1o Mepe yrnomMuHaHus. Kaxnas ccbUIKa IOJDKHA COJEpXKaTbh TOJIBKO OJIIHY
nurepaTypHyto uuraty. CHHCOK JMTEpaTypbl IOJDKEH OBITh NpeACTaBJeH Haubolee
CBE)KHMH U aKTyaJbHBIMH UCTOYHHKAMH 0€3 M3JIMIIHEro caMouuTHpoBaHusi(He Oomnee 20
npoueHToB). [ crareil kenareleH cHHCOK W3 He MeHee 10 CCBUIOK CO CTpOKaMH
JOCTyIIa B UHTEPHETE.

3.18. ObGs3arensHa unHbopManuss o0 aBTopax. B Hell yKka3pIBaroTCs: ydeHas
CTeleHb, 3BaHKe, TODKHOCTD, e-mail, ORCID, ¢pamunaus, umMs, 0T4€CTBO MTOJHOCTHIO HA
TpeX SA3bIKAX.
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KoppecnoneHT HanponanpHol akanemuu Hayk PecnyOnukm Kaszaxcran, npodeccop; e-
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Crucok  muTHpyeMoW — smTeparypsl  oopmusieTcsi B COOTBETCTBHHM  C
HIDKETIPUBEICHHBIME 00pa3iiaMu OnOIuorpaduaeckux onrucanmii (4.8.).

3.19. B koHIle cTaThW TOCIE CIUCKA JUTEPATYPHl OONOIHUMENbHO TPUBOIUTCS
nepesoz Pestome Ha kazaxckuii (Tyitingeme) u Ha anrnuiickuit s3piku (Abstract). Cioso
Pesrome (Abstract, Tyiiingeme) maercs mo wnentpy. Ha crmemyromieir cTpoke ¢
BBIPABHUBAHUEM 10 JIEBOMY Kparo MPOMUCHBIME OyKBaMHU HONIYKUPHBIM 1pudTom No 12
NPUBOJMTCS Ha3BaHMe cTaThbu. Yepe3 cTpoky Oe3 ab3alHOro OTCTyna KypCHUBOM,
oy XupHbIM mpudToM Ne 11 narorcst ”HULUAIB! U (PaMUIUU aBTOPOB.

Ha cnenyromeii crpoke 6e3 ab3amHOro OTCTyna KypCHBOM, CTPOYHBIMH OyKBamw,
mpudrom Ne 11 mpuBoasTCs MecTa padOTHI aBTOPOB C HAJICTPOYHBIMHU MHAEKCaMH (T10cie
(damMmmu ¥ mepes Ha3BaHWEM OPTaHM3ALNH), yKa3bIBAIONINE HA MECTO pabOThI aBTOPOB.
3arem 4Yepe3 CTPOKY ¢ ab3allHOro OTCTyIa C BBIPABHHUBAHMEM TEKCTa 110 MIMPUHE HIET
TEKCT pe3toMe, HaOpaHHBIH CTPOUHBIM mpudToM Ne 12.

Jlanee uepe3 CTpOKy ¢ ab3aIlHBIM OTCTYIIOM CTPOYHBIMH OykBaMu ImpudTom Ne 12, ¢
BBIPAaBHUBAHUEM TEKCTa IO IIMPUHE TPUBOAATCS KJIK4YeBble cjoBa (oT 5 mo 10 mr.),
obecrieunBaroye Handoee MOIHOE PACKPBITHE COAEPKAHUS CTATHH.

3.20. Insa crateil, mojaBaeMbIX Ha SI3bIKE, OTJIMYHOM OT aHTIUHCKOTO (Ha Ka3aXCKOM
WM PYCCKOM sI3bIKE), B KOHIIE CTaThbH HAXOAWTCSA aHrjmiickuit Omok (Abstract,
Information about authors, References).

3.21. Bce cTpaHUIBI pYKOIIMCH CIIEAYET IPOHYMEPOBATh.

4. TPEBOBAHHUA K O®OPMJIEHUIO PYKOIIMCEN

4.1. O6beM cTaThy, BKIIIOYAS aHHOTAIMIO M CIHCOK JIUTepaTypsl: 10 8—10 crpanu.
O630pHbIe cratbu MOTyT ObITh 10 20 ctpannn. CraThs IOMKHA OBITH HareyaTaHa Ha
omHoit cropone Jymcrta A4 mpudrom Times New Roman, pasmep kerns 14 T,
MEXCTPOYHBIH MHTEpPBAI — OJMHAPHBIA W TojisiMu: BepxHee — 2.0 cM, HmxkHee — 2.0 cMm,
neBoe — 3.0 cm, mpaBoe — 1.5 cM; paccTaHOBKa MEPEHOCOB HE JOITYCKAaeTCs; ab3aIHbIi
orcryn — 1.0 cM; popmaTrpoBanue — 1o mupuHe. JloikeH ObITh HCIONB30BaH TEKCTOBBIN
penakrop Microsoft Word for Windows, B Buze doc-daiina, Bepcust 7.0 u Gosiee mo3aHue.

Jist KpaTKOCTH M HaTJISITHOCTH OOCYX/IEHHs COEIMHEHUs, YIOMUHaeMble Ooee
OJTHOTO pasa, Clie/lyeT HyMepoBaTh apadCKUMM LM(paMyu B COUYETAHUH CO CTPOYHBIMU
JATHHCKUMH OyKBamu (JUisi 00O3HAYCHUS COCIMHCHUI C TICPEMCHHBIM 3aMECTUTEIICM).
[Tpy ynoMHHaHHY MTOJTHOTO HA3BaHUS COSMHEHHUS IU(P TaeTcsi B CKOOKaXx.

CrepeoXnMHUYECKHe CHUMBOJIBI M IIPHUCTABKH, XapaKTEPU3YIOUIHE CTPYKTYpHBIC
0COOCHHOCTH WJIM TIOJIOXKEHHE 3aMECTHTENSI B MOJIEKYJe, CleAyeT HaOupaTh KypcHBOM
(italic): (R)-smanTHOMEp, mMpem-OyTHI, napa-KCUION. BMecTo IpoMO3AKHMX Ha3BaHHI
HEOPTaHUYECKUX U YaCTO YIMOTPEOISIEMbIX OPTaHMYECKUX COSAMHEHHH CIIeyeT NaBaTh X
dbopmynel: NaBr, TsOH Bmecto Opomua HaTpHus U TONMYOJICYyIb(GOHOBas kuciota. Ilpu
WCIOJH30BAHUN TEPMUHOB W 00O3HAYCHHUH, HE HMMEIOMIMX IIMPOKOTO MPUMEHEHHS B
JIUTEpaType, X 3HAYCHUSI MOSCHSIOTCSI B TEKCTE MPH TIEPBOM YNOTPEOICHUH: HAIlpuMep,
nonuyTunenrepedranar ([ITD).

Jist n3o0pakeHust CTPYKTYPHBIX (OPMYJ XUMHYECKUX COCAMHEHUH HE00XOIUMO
HCIOJIB30BaTh penaktop xumudeckux ¢opmyn ChemDrawUltra. Bee Haamucn Ha
cXeMax TIpHBOJATCS Ha aHIVIMICKOM s3bIke. B cxeme HeoOX0AMMO YKasblBaTh Bce
YCIIOBUSI pPEaKIMi: HaJ CTPENKOM — peareHThl, KaTaJu3aTOpbl, PacTBOPHUTENH, IO
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CTpEJIKOM — TeMIiepaTypa, Bpems, BbIXoJA. Eciu yclnoBus peakiuil CHJIBHO 3arpyaroT
CXEMYy, UX MOYKHO MEPEHECTH B KOHEI CXEMBI, pacn(pOBEIBas OYKBEHHBIMU MHIEKCAMH,
Hanpumep, i: HCI, H2O, 80 °C, 5h. Takoii ke OYKBEHHBIH HHIEKC AOKCH OBITh YKa3aH
HaJl CTPEJIKOIl COOTBETCTBYIOLIEH PEaKLInH.

4.2. YpaBHeHHsI, CXeMBbl, TaOIHIbl, PUCYHKH U CCBUIKH Ha JIUTEPATypy HyMEpYIOTCS
B TNOPAJKE UX YIOMUHAHUS B TEKCTE U OOJJNCHbL ObiMb 6CMAGIEHbI 8 MEKCM CMAmbU
T10CIIe NMEPBOr0 YIIOMUHAHUSL. TaOJUIbl M PUCYHKH JIOJDKHBI COTIPOBOXKIATHCS TIOAITUCHIO;
3aroJIOBKH K CXeMaM JIAI0TCs TPH HEOOXOAMMOCTH.

4.3. Tlo BO3MOXXHOCTH CIEIyeT TOTOBHUTh PHCYHKH C ITOMOINBI0 KOMITBIOTEPA.
OmHOTHITHBIE KPHBBIC TOJDKHBI OBITH BBITOJHEHBI B OAMHAKOBOM MaciITabe Ha OIHOM
pucynke. KpuBble Ha pHCYHKax HyMepylTcs apaOCKumu [uUdpaMH, KOTOpBIE
pacmmpoBBIBAIOTCS B TOAMHUCAX K PUCYHKaM. [l BceX PHCYHKOB HEOOXOIMMO
IpeACTaBuTh rpaduueckure (aiasl B popMaTe jpeg ¢ MUHMMAIbHBIM paspemenuemM 300
dpi. Hagnucn Ha pucyHKaxX JODKHBI OBITh Ha AHTIMHCKOM SI3BIKE U 10 BO3MOXHOCTH
3aMeHeHbl nudpamu, pacuudpoBKa KOTOPIX JaeTCsl B TIOAUCH K PUCYHKY.

OpvHOYHBIE TIPsSIMBIE, KaK MMPaBUIIO, HE PUBOJAT, a 3aMEHSIOT ypaBHEHHEM JIMHUH
perpeccun. [lepecedeHne oceli KOOPIUHAT CIIEAYET pacIojarath B JIEBOM YIUIy PUCYHKA,
CTPENIKM Ha KOHI[aX OCeH He CTaBATCS, JIMHHH, OrPaHWYMBAIOLIME IOJE PUCYHKa HE
MIPUBOJATCS, MaclTaOHas ceTKa HE HAHOCHTCS. ManonHpOpMaTHBHBIE PHCYHKH, He
o0CyX/maeMble B CTaThe CIEKTPHI, BOJIBTAMIICPOTPAMMBI W JAPYTHE 3aBUCHMOCTH HE
myOnuKyoTCs. PHCYHKH CHEKTPOB He JOJKHBI ObITh BBINOJHEHBI OT PyKH. Bce
PUCYHKH IOJDKHBI UMETh HyMepamuio apaOCKkuMmu mudpamu (€Cii PUCYHOK HE OIIFH).
CnoBo «PucyHOK» W HaWMEHOBAaHHE IIOMEIIAIOT IIOCJIE MOSCHUTENBHBIX NaHHBIX H
pacrofararot cienyronmm oopazom: Pucyrok 1 — Jleramu npudopa.

4.4, Kaxnas TadJuua ODKHA MMETh TEMAaTHYECKHH 3arojIOBOK M IOPSAKOBBIN
apaOckuii HoMep (0e3 3Haka No), Ha KOTOpBIA MaeTcs CChUIKa B TeKcTe (Tabmuia 1).
HaszBanue Tabauipl pacroniaraetcsi Haja TaOuuie ciea 0e3 ab3allHOTO OTCTYNa B OJIHY
CTPOKY C € HOMEPOM 4epe3 THpe 0e3 TOUKHM IMocie Ha3BaHUs. ['padbl B TaOJIHIIE JOKHBI
UMETh KpaTKHE 3aroJIOBKH, OTPa)KalollMe IMapaMeTphl, YHCIEHHbIE 3HAYEHUS KOTOPBIX
MIpUBE/ICHBI B Ta0JIUIIE; OHM MHIIYTCS B UMEHUTEIHLHOM Ia/Ie)Ke €JMHCTBEHHOTO YHCIIa C
MIPONKCHOI OYKBBI M Uepe3 3alsTyl0 CONPOBOXKAAIOTCS COOTBETCTBYIOIIMMH €AMHUIIAMH
n3MepeHus (B cokpameHHoi ¢opme). Pucynku mmm crpykrypHble (opmynsl B rpadax
Tabnun He nomyckatotcs. I[lpormyckn B rpadax mpu OTCYTCTBHH JaHHBIX 0003HA4YaroT
Tpems TOYKaMH, pu OTCYTCTBUH SIBIICHUS - 3HAKOM «THpEe».
IIpumedanus k TabIUIaM WHACKCHPYIOTCS apabCkuMu mudpaMyd W TMOMEMIAIOTCS B
rpaHUIax TaOIHIE Mo MaTepranoM Tabmuisl. CinoBo «IIpruMedanney ciemyer meyaraTh
¢ mponMcHOK OYKBHI ¢ ab3ana. Eciau nmpumedanne ogHo, TO mocie cioBa «lIpuMeuanues
CTaBUTCS TUPE U NPUMEYaHUE Me4aTaeTcsi C MPOnucHON OykBbl. Heckonbko npuMedaHuii
HYMEPYIOT 10 MOPSAKY apaOCKuMH Ludpamu 0e3 MpOCTAaBICHUS TOYKU M TeYararoT C
ab3ana. B Tabauuax MCronab3yIOT TOT K IWPUQT, YTO M B TEKCTE CTaThH; JOIMYyCKaeTCs
ymeHbieHHbld (He MeHee Ne 10 mpudt TimesNewRoman).

4.5. Tlpu BHIOOpE eAMHMII W3MEPEHUS] PEKOMEHIYeTCs IMPUACPIKHBATHCS CHUCTEMBI
CHU: 1, Mr, M, cM, MKM (MHKPOMETp, MUKPOH); HM (HAHOMETp, MWUINMHKDPOH); IM
(rmxometp); E (anrctpem); ¢ (cekynna); muH, 4 (dac), ['m (repum); MI'm (merarepm); O
(apcren); I'c (raycc); B (BombT); 3B (amekrponBOnbT); A (ammep); Owm, Ila (mackans);
MIla (meranackanp); rlla (rekromackans); Jx (mkoymp); K (kemsBuH), °C (rpamyc

Henwcus); 11 (Jebaii).
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B necATHYHBIX ApPOOSX Hesasi 4ACTh OTAesieTcsl OT APOOHOM He 3amsATOH, a
TOYKOM.

Hcnonp3ytoTcst  CIeAylomue COKpamleHUs:: T.KUM. ¥ T.OUI. (TOYKM KHIIEHHS |
IUIaBlieHUs) — Tmepen mmdpamu; KOHI. (KOHIEHTPUPOBAHHEIM mepen (opMyInoit
coeqnHeHUs); M — MoNeKylspHas Macca), MOJb, Kaj, KKajJ, H. (HOpMalbHEIH), M.
(MONAPHBII); KOHIEHTPALKs PacTBOPOB 0003HavaeTcs (r/cM®, 1/71, Momb/m).

J1s BcexX BIepBble CHHTE3UPOBAHHBIX COeJUHEHUH 00s3aTeJIbHbI JaHHbIE
3J1€eMeHTHOT0 aHAJIN3a JIH00 Macc-CEKTPbI BLICOKOTO pa3penieHns.

B 6pymmo-gopmyrax snementsl pacnonararorcsi B cienytonieM nopsiake: C, H u
Jajee COrjacHO JIaTHHCKOMY aindaBuTy. DopMyibl MOJIEKYJISPHBIX COCIUHEHHH H
OHUEBBIX couleil narorcst uepe3 Touky (Harnpumep, CsHsN.HCI). [Ipumep 3anmcu koHCTaHT
W JaHHBIX JIeMeHTHoro anammsa: T.kum. 78°C (100 mm pt. c1.), 1. 50°C (EtOH),
d42°0.9809, n%1.5256; Haiineno, %: C 59.06; H 7.05; I 21.00; N 8.01. CaHplcNgOe.
Beraucieno, %: C 59.02; H 7.01; 121.20; N 8.22.

UK u Y® cnekrpsl. B skcnepumentansHoll vact mist MK u YO cnekrpos
JOJDKHBI OBITh YKa3aHbl XapaKTePUCTHYECKHE YaCTOTHI MOJIOC, [UTMHBI BOJH MakCHMYMOB
TTOTJIOMIEHUS, KOA(PPUITUEHTH! SKCTUHITUH (MU UX JIOTapU(PMBI) U yCIOBHS, TIPU KOTOPBIX
3aIlicaH CHEKTP.

Hpumepwi 3anucu: UK cnexrp (ToHKHiI cnoif), v, cM™: 1650 (C=N), 32003440 (O-
H). YO cnektp (EtOH), Amax, HM (1g€): 242 (4.55), 380 (4.22).

Cnextpsl SIMP 'H u ®C. Jlomkubl ObITH yKka3aHel pabouas wacToTa Ipubopa,
UCIIONIb30BAaHHBIA CTaHIAPT M PacTBOPHUTENb. [IPOTOHBI B cOCTaBe CIOXKHBIX TPYMIL, K
KOTOPBIM OTHOCHTCSl CHTHA&JN, CJEAyeT HOAYepKHyThb cHu3y — 3.17-3.55 (4H, wm,
N(CH2CHs),); asst monoxeHusl 3aMeCTUTeNeH HCIob30BaTh 0003Hauenust 3-CHs; mst
o0o3HaueHus monoxkeHuss atomoB — C-3, N-4 u 1.1, Ecnm kakod-HHOYIs CHUTHAT B
CIIEKTPE OIHCHIBAETCSA KakK JyOJIeT, TPUIUIET MK AyOJeT ayOneToB M T.II. (2 HE CHHIJIET
WM MyJbTHIUIET), HeoOxoaumo mpuBectu coorBercTBytomme KCCB. Ecnu nmposeneHs
JOTIOTHUTEJbHBIC HCCIIEAOBAHUS Ul YCTAaHOBIICHUSI CTPOCHUSI MM HPOCTPAHCTBEHHBIX
B3aUMOAEHCTBUII aTOMOB, JOJDKHBI OBITh YKa3aHBI UCIIOJIB30BAHHBIE JBYMEPHBIE METOMBI.
B onucannu cniektpos SIMP °C oTHeceHne KOHKPETHOTO CUTHANA K KOHKPETHOMY aTOMY
yriepoia NPUBOAMUTCS TOJBKO TOTJA, KOTJa OIpeJelieHHe IPOBEACHO Ha OCHOBE
JIBYMEPHBIX KCIIEPHUMEHTOB.

Ilpumepot 3anucu:

Cruexrp IMPH (400 MI'u, CDCls), 3, m. 1. (J, I'm): 0.97 3H, T, J= 7.0, CH3); 3.91
(2H, k,

J=17.0, COOCH?); 4.46 (2H, 1, J= 6.1, NCHy); 7.10-7.55 (6H, m, H-6,7,8, NHCH,CgHs);
7.80 (1H,
¢, HAr); 7.97 (1H, ¢, H-5"); 8.13 (1H, 1. 1, J= 8.2, J= 2.3, H-5); 11.13 (1H, ¢, NH).

Crnektp SIMPEC (100 MT'n, JIMCO-ds), 3, M. a. (J, T'm): 36.3 (CH,CH3); 48.5 (C-5);
62.3
(CH2CHs); 123.0(CAr); 125.8 (11, 2Jcr = 26.1, C-3',5" Ar); 128.9 (CPh); 134.4 (C-5a);
168.3 (C=0).

Macc-cneKTpbl MPUBOAATCS B BHIC YKCIOBBIX 3HAYCHHH M/Z M OTHOCHTEIBHBIX
3HAa4YeHUH MOHHOrO Toka. HeoOXoauMoO yKa3blBaTh METOJl M OJHEPTUI0 HOHU3ALINH,
MacCOBbIe YHCJIa XapaKTePUCTHUECKHX HOHOB, WX HMHTEHCHBHOCTbH IO OTHOIICHHUIO K
OCHOBHOMY HMOHY U N0 BO3MOKHOCTH MX T'eHe3Hc. B ciyuae XMMHU4ecKol MOHHM3ALUH TTPU
OIMCaHWM Mpudopa HEOOXOMUMO YKa3aTh Tra3-peareHT. B Macc-clieKTpax BBICOKOTO
pa3pelieHHs] HalJCHHBIC W BBIYMCICHHBIC 3HAYCHUS M/Z TPHUBOIATCS C YCTHIPHMS

191



KA3AKCTAHHBIH XUMUA )KYPHAJIbI XUMHYECKHH )XYPHAJI KA3AXCTAHA

JNECATHYHBIMHA  3HAKaMM; €CITM Haf[lcHHOe 3HaueHWe M/Z COOTBETCTBYeT HE
MOJIEKYJIIPHOMY HOHY, OpyTTO-(OpMyJia ¥ BBIYHCICHHOE 3HAYeHHe M/Z TaxKke
IMPUBOJAUTCA IJIsL TOI'O KE MOHA.

Ilpumep 3anucu oannvix macc-cnekmpa: Macc-cuektp (Y, 70 3B), M/Z (lom, %):
386 [M]* (36),368 [M—H20O]* (100), 353 [M—H20-CH3]"* (23).

Macc-crexrp (XU, 200 3B), m/z (lom, %): 387 [M+H]*(100), 369 [M+H-H,0]* (23).

Ilpumep 3anucu OAHHBIX MACC-CREKMPA BbICOKO20 PA3PCULEHUA:

Haiineno, m/z: 282.1819 [M+Na]*. C17H2sNNaO.

Brrancieno, m/z: 282.1828.

4.6. laHHbIe PEHTreHOCTPYKTYPHOI'0 HMCCJIeIOBAHHUS CIEIyeT NPEJOCTABIATH B
BHJIC PUCYHKA MOJIEKYJIBI C TPOHYMEpPOBaHHBIMU aToMamu, Hampumep, C(1), N(3) (mo
BO3MOXKHOCTH B IIPEACTaBICHUH aTOMOB 3JIJIMIICO U JaMHUTEIIOBBIX Konebanuit). [lomHble
KpHucTayuiorpadueckue JaHHble, TaONHIBl KOOPAWHAT aTOMOB, JUIMH CBA3EH W
BAJICHTHBIX YIJIOB, TeMIlEpaTypHble (AaKTOpsl B JKypHaje He MyOJIHMKyroTCs, a
JenoHupyrTces B KeMOpHIDKCKOM OaHKe CTPYKTYPHBIX JaHHBIX (B CTaThe yKa3bIBAeTCS
PEerUCTPalIOHHBIH HOMEp JACTIOHEHTA).

4.7. Tlo TpeboBaHMAM MeXTyHapoIHbIX 0a3 maHHBIX Scopus, Clarivate Analytics,
Springer Nature mpu oLeHKe NyOJHMKalWi Ha $3bIKAaX, OTJIMYHBIX OT AaHTJIHHCKOTrO,
6ubmmorpaduyeckie CUCKN JODKHBI 1aBaThCsl HE TOJIBKO Ha SI3bIKE OPHTHHAlA, HO M Ha
natuaAIe (pomaHckuM andasutom). [ToaToMy aBTOPHI CTaTei, MOaBaEMBIX Ha PyCCKOM
1 Ka3aXCKOM S3bIKE, JOJDKHBI IPEIOCTAaBIATH CHHCOK JIUTEPATyphl B IBYX BapHaHTax:
o0oun na sazvike opueunana (CIHUCOK JUTEPATYpPHI), & IPYrOM — B poManckom angasume
(References). Tlocnenuuii CIIMCOK BXOAUT B QHIIIMACKUI GJIOK, KOTOPBIA PaCIIONOKEH B
KOHIIE CTaTbhU.

Ecnu B crnmcke ecTh CCBUIKM Ha HMHOCTPAHHBIC MyOJHMKAllMH, OHH MOJHOCTBHIO
noBropsiforcst B crmcke References. Ilpu 1uTHpoOBaHUM PYCCKOSI3BIYHOTO JKypHAua,
HepeBOIMMOTO0 32 pyOeKOM, B PyCCKOSI3bIUHOM Bepcun CrHucka JIUTepaTypbl HEOOX0AMMO
MPUBECTH TMOJNHYI CCHUIKY Ha PYCCKOsA3BIYHYKO Bepcuio, a B References — Ha
MEXIYHapOAHYIO.

Crmcok ucrounnkoB B References nomken ObITh HamMCaH TOMBKO Ha POMAHCKOM
andaBure- JgaTMHUIE (TIPH 3TOM OH JOJDKEH OCTaBaThCS IMOJHBIM aHaitoroM Crmcka
JIUTEPaTypbl, B KOTOPOM HCTOYHHWKHM OBLIM TIPEJCTABICHBI Ha OPHTHHAIBLHOM SI3BIKE
OITyOJINKOBaHMSA).

JIysl HamMcaHus CCHUIOK HA PYCCKOS3BIYHBIE HCTOYHUKH (M NCTOYHHKH HA WHBIX, HE
HCTIOJNIB3YFOIINX POMaHCKHUH angasur, A3BIKAX) ClIelyeT  WCIONb30BaTh
O®UIIAJIBHBIN IMEPEBO/I 1 TPAHCJIMTEPALIUIO (cM. TpeGoBanms K mepeBoy
U TPAHCITUTEPAIINHT).

B References tpeGyercst ciemyromas cTpykrypa OMOIHOrpaduUecKoil CCHUIKH W3
PYCCKOSI3BIYHBIX NCTOYHHKOB: aBTOPHI (TpaHCIUTEpALHs), IEPEBO] Ha3BaHUs CTaTbH I
KHUTH Ha aHIVIMICKNH s13bIK, Ha3BaHHE MCTOYHUKA (TpaHCIUTEpanus — JUIsl TeX M3JIaHuH,
KOTOpbIE HE MMEIOT YCTAHOBJICHHOTO DPEJaKLUUEeH aHTJIMHCKOro Ha3BaHUS), BBIXOJHBIC
JaHHBIC B II(pOBOM opMmare, yKa3zaHHe Ha A3bIK CTaTbd B ckoOKax (in Russian mim in
Kazakh).TpaHcnutepaiiio MOKHO BBIIONHUTH Ha caiite hitp://www.translit.ru.

YCIIOBHBIE COKpAleHHS! Ha3BaHWH PYCCKOSI3BIYHBIX JKypHAJIOB W CIIPAaBOYHHKOB
TIPUBOJSITCS B COOTBETCTBUH C COKPAIICHUSMH, IPUHATHIMU B «PedepaTtnBHOM XypHae
XUMHSD». aHTJIOS3BIYHBIX M JAPYTMX HHOCTPAHHBIX JKypHAJIOB — B COOTBETCTBHH C
COKpAIICHUSIMH, PEKOMEHIyeMbIMH W3IaTenbcTBOM «Springer and Business Mediay:
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https://www.citethisforme.com.
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Kondrat’ev V.B. Global naya farmatsevticheskaya promyshlennost’ [The global
pharmaceutical industry]. Available
at: http://perspektivy.info/rus/ekob/globalnaja_farmacevticheskaja_promyshlennost_2011-
07-18.html (Accessed 23.06.2013).

nin

APA Style (2011). Available at: http://www.apastyle.org/apa-style-
help.aspx (accessed 5 February 2011).

nin

Pravila Tsitirovaniya Istochnikov (Rules for the Citing of Sources) Available
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4.9. IlpumMep aHTJIOSI3BIYHOTO 0JIOKA /ISl MPEACTABJIEHNS CTATHH, HANMCAHHOI

Ha fA3bIKE, OTJIHYHOM OT AHTJIHHCKOIO0:
Abstract

DETERMINATION OF THE HAZARD CLASS OF OIL-CONTAMINATED
AND NEUTRALIZIED SOIL

Zhusipbekov U.Zh.%, Nurgaliyeva G.0.%", Baiakhmetova Z.K.%, Aizvert L.G.?

1JSC «A.B. Bekturov Institute of Chemical Sciences», Almaty, Kazakhstan

2Scientific and practical center of sanitary-epidemiological examination and
monitoring of the Ministry of Health of the Republic of Kazakhstan Almaty, Kazakhstan

E-mail: n_gulzipa@mail.ru

Introduction. Pollution by oil has a negative effect on chemical, physical,
agrophysical, agrochemical and biological properties of soils. Sorption methods of
cleaning the soil with the help of humic preparations from oil pollution are of great
importance. The purpose of this work is to study the composition and properties of the
contaminated and neutralized soil, the determination of the toxicity indexes of all
components of oil waste, the calculation of the hazard class of waste according to their
toxic-ecological parameters. Methodology. Samples of the contaminated and neutralized
soil were treated with the use of humate-based energy-accumulating substances. The
metal content in the contaminated soil was determined by spectrometry using an AA 240
instrument using the method of decomposing the sample with a mixture of nitric,
hydrofluoric and perchloric acids until the sample was completely opened. Results and
discussion. Fractional composition of oil products of all samples is stable: the content of
complex acetylene hydrocarbons is ~ 70.0% of the total mass of oil products, the content
of resins and paraffin-naphthenic group of hydrocarbons is 27.3%, the content of bitumens
is 2.6%. In the neutralized soil, paraffin-naphthenic fractions, resins, bitumens and
asphalteneswere  mainly found; complex acetylene hydrocarbons are not
present. Conclusion. It has been established that the contaminated soil belongs to the
substances of the 3rd hazard class. Neutralized soil became less toxic and according to the
total toxicity index, it was classified as hazard class 4 (low hazard). Neutralized soil can
be used as construction and road materials, at the improvement of boreholes and at land
reclamation.

Keywords: oil, contaminated soil, neutralized soil, humate-based energy storage
substance, toxicity, radioactivity, hazard class.
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Fouapivm KapUUIAHBIMHBIH 3 TUKACHI

«Ka3zakcTaHHBIH XUMHUSJIBIK KypHaJIbD» (0yaan api — ’Kypnai) 6acnmacbIHbIH
agkKacel MeH Oac pemakTopbl «KapusiiaHy 3THKACBHI KOHIHIEri KOMHTET —

(Committee on Publication Ethics — COPE)»
(http://publicationethics.org/about),«Eypomnaabik FBLIBIMHA peIaKkTopJIapaAbIH
KaybIMaacThiFel  » (European  Association of Science Editors - EASE)

(http://www.ease.org.uk) xoHe FbLIBLIMH KAPUSAHBIM 3THKACHIHBIH KOMHTETiH]IE
(http://publicet.org/code/) KaGbLIAAHBUIFAH XAABIKAPAIBIK TAJIANTAPALI YCTAHAIBL.

Bacma KpI3MeTIHZETI ofienke cail emec ic - opekeTTepAi (IUIaruar, sKajaraH aKmapaT
xoHe T.0.) OOJBIpMayFa >KOHE FBUIBIMH JKapHsUIAHBIMIAPIBIH JKOFaphl CamachiH
KaMTaMachl3 €Ty YIIiH, KOJI JKETKi3reH FhUIBIMH HOTHKEIEPIi )KYPTIIBUIBIKKA JKapUsIIay
MaKCaThIHAa PENaKiMs ajKachl, aBTOpJap, PEUECH3EHTTEpP, COHal-ak Oacma yaepiciHe
KATBICATHIH MEKEMEJIep JTHKAJBIK HOpMaiap MEH epejkeNnepi caKkTayFa MiHACTTi JKOHE
onmapiablH Oy3buIMayblHa  Oapiblk Iiapamapisl naiimamanysl Taic. Ockl  yaepicke
KATBICYIIBLIAP/IBIH OapIBIFGIHBIH FHUIBIMUA JKAPHSUIAHBIMAAD JTUKACHIHBIH epexenepin
CakTaybl, aBTOPJAPIbIH 3UATKEPNIK MEHINK OOBEKTiepiHe KYKBIKTAphIH KaMTamachl3
eTyre, >KapHsUIaHbIMJAAp CalachlH apTThIPYFa JKOHE AaBTOPJIBIK KYKBIKIICH KOpFalfaH
MaTepHalgapasl JKeKe TYIFalIapAblH My[Ieci YIIH MMalgasaHy MYMKIHZIITIH JKOIOFa
KOMEKTECE/I].

Penakiusira xibepiireH OapiblK FBUIBIME Makajajap MIHICTTI TypAe €Ki jKaKThl
Kymus capamnTtaMara xioepineni. JKypHanaslH peJakIUsIbIK alKachkl MaKajlaHbIH KypHAT
TaKBIPHIOBIHA KOHE TAJNANTAphIHA COWKECTITIH aHBIKTAN/IbI, )KypHAJIFa TIPKEYy YIIiH OHBI
QIJIBIH ajla capajayFa >KypHAIIBIH KayanThl XaTIIbIChiHA Ki0epemi. On Komka30aHbIH
FBUIBIMU KYHIBUIBIFBIH QHBIKTAIl, MAaKala TaKbIPHIObIHA KAKBIH FHUIBIMH MaMaHIbIKTaPhI
06ap ekl Toyesci3 capamilblHbl aHBIKTaNAbl. Makanamapasl PeJakiUsUIbIK ajlKa JKOHEe
PEeNaKIMSIIBIK alKa MyIIeNepi, COHal-aK 0acka enjep/eH MIAKbIPbUIFAH PELECH3CHTTEP
capanTaiasl. MakajaHbl capanTay YIIH pElEeH3eHTTEpII TaHIay Typalsibl menrimMzai 6ac
penakTop Kabputnaiiapl. Capanrtay Mep3imi 2-4 anTa »oHE PEIEeH3CHT OTIHINI OOWBIHIIIA
OHBI 2 amnTara y3apTyra 0oJajpl.

Penaknusi MeH pelieH3eHT Kapayra jkiOepisireH kapusuiaHOaraH MarepuanaapIbiy
KYNUSUTBIIBIFBIHA KeNUIiK Oepeai. XKapusiiay Typaiibl HICIIiM JKYPHAIBIH PEAAKIUSITBIK
aJKachl TEKCEpreHHEH KeliH KaOwuimaHaabl. Kaxker OonraH sxarmaiina (pemaktop(iap)
JKOHE/HEMece perieH3eHT(JIep) TapalblHAH eCKepTYJepIiH 00Jybl) Kohka30a aBTopiapra
KOCBIMIIIA TY3€TyJiepre xiOepijieni, CoaaH KeiliH on KaiTa Kapajiaabl. ITHKa HOpMaJIaphbl
Oy3bUTFaH JKaFfaiija, MakKalaHbl jXapusuiaylaH Oac TapTy KYKbIFbIH Penmakuusi esiHe
KaJaeipazpl. JKayanTel peakTop Makaiaja IUlardat Jer eCenTeyre »eTKUTIKTI akmapar
OoJrFaH >karaaiiia OHbI JKapHsIayFa pykcaT oepMeii.

ABTOpJIap penakiysra KibepiireH MaTepraniapAblH kKaHa, OYpbIH XapHusiaanOaraH
JKOHE TYIHYCKA eKCHJIriHe Kemummik Oepemi. ABTOpiap FBUIBIMH HOTHXKEIICP/IiH
CEHIMIUTINI MEH MaHBI3ABUIBIFBIHA, COHJAW-aK FBUIBIMH O3THKA KaFUAATTapbIHBIH
CaKkTalyblHa, aTan aiTKaHAa, FBUIBIMH JTHKAaHbI OY3bUIMayblHa (FBUIBIMH JIEPEKTEep/i
KOJITaH jKacay, 3epTTey JACpeKTepiH OypManayra OKeJeTiH Oypmaiay, IUIardar >KoHe
JKaJIFaH OIpJICCKeH aBTOPJIBIK, KaiiTaay, Oacka agaMIapablH HOTHKEICPIH HEMICHY JKOHE
T.0.)TiKenei xayanThl.

Makanansl penakiusra Oepy aBTOpJap/blH MakajaHbl (TYITHYCKana Hemece Oacka
TiIEpre HEMece TULICH ayaapMaia) Oacka KypHanra(Jiapra) »KiOCpMEreHIH XoHE Oy
MaTepuaIblH OYpBIH KapusiaHOaraHeiH Oinmmipenmi. Omaii OonmMmaraH jkarmaiina mMakana
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aBTOpJiapra «ABTOPJBIK KYKBIKTHI Oy3FaHbl YIIIH MakKaJaHbl jKapusuiamay» JereH
mienriMMen Kaiftapbuiaisl. backa aBTop/bIH TybIHABICHIHBIH 10 Maiibl3aH acTaMbIH, OHBIH
ABTOPJIBIFBIH JKOHE JIEPCKKO3re CLITEMeNiepi KepceTnel ce30e-co3 Kemlipyre o
OepinMelini. AJBIHFaH Y3iHALIEp HeMece MaJliMJieMeNep aBTOp MEH JepEeKKe3/i MiHAETTI
TYple KepceTe OTHIpbIN pecimMaenyi kepek. lllamanmaH Teic e3re MaTepHangapbl
naiianany, COHAai-ak Ke3 KeNreH HBICAHAAFbl IUIarkaT, COHBIH IIIiHAe JsHeKci3
nokiekcesnep, Oacka amaMAapAblH 3CPTTCYJICPIHIH HOTIDKCICPIH HEMJCHY JSTHKara
KaTmailopl JkoHe KaOburmaHOaWmbpl. 3epTrTey OapbiChlHA KATBIHACKAH 6apJIbIK
TYJIFANApIbIH YJIECIH MOMBIHIAY KaXeT *KOHEe Makajiajaa 3epTTEy/i *Kyprizyae MaHbI3/IbI
OonraH >KYMBICTapFa cinremenep Oepimyi kepek. bipiecken aBropiap apackiHOa
3epTTeyre KaThICIaraH afiaMIapbl KOPCEeTyre ol Oepinmeiii.

ABTOp(J1ap) XKYMBICTapbIHIa KaTeikTep Oaiikajnca, OYJI Typaibl JAepey peaakTopra
xabapiar, Ty3eTy Typasibl YChIHBIC Oepyi THiC.

Komka36anbl Oacwlll mIBIFapynaH 0ac TapTy Typaibl IIENIM pereH3eHTTepIiH
YCBIHBICTApPBIH €CKEPE OTBIPBIN, PCAaKUA aJIKACbIHBIH OTbIPbICBIHAA Ka6LIJ'[[[aHa}II)I.
PenakiusuislK alKaHbIH MICHIIMIMEH jKapusilayFa YCHIHBUIMaraH Makajla Kaita Kapayra
KabbuImaHOaiapl. JKapusutayman 6ac TapTy Typaiasl xabapiiamMa aBTOPFa 3JICKTPOHIIBIK
TIOLITa apKBUIBI XKiOepineni.

KypHanaslH peaakuusuIbIK alKachl MakajlaHbl jKapusulayra pykcaT Oepy Typaiibl
mienriM KaOblaFraHHAH KeHiH peJakiusUIbIK aJlka OYJ1 Typasibl aBTopra xabapaii/ibl JKoHe
Kapusuiay MapTTapblH Kepcereni. Makanara OepiireH mikipiaepAiH TymHycKacel JKypHan
PEeNaKIMACHIH/AA 3 KbUT CAKTAIBIHA/IBL.
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ITHKa HAYYHBIX My0IuKANMIl

Pepakuuonnas KOJLJIerust u IJIABHBbIH peaaKkTop HAY4YHOI'0
sJKypHaJa «Xumudeckuii skypHaia Kazaxcrana» (nanee — XKypHau) npuaep:kuBaroTcs
NPUHATHIX MeKAYHAPOTHBIX cranapToB «Komurtera THKHU no
nyoaukamuam» (Committee on Publication Ethics — COPE)
(http://publicationethics.org/about),, «<EBponeiickoii accouMAUU HAYYHBIX
penakTopos» (European Association of Science Editors - EASE)
(http:/lwww.ease.org.uk) n «KomMuTera mo ITHKe HAYYHBIX MyOJIMKAMID

(http://publicet.org/code/)..

Bo wu3bexanne HeIOOPOCOBECTHOM INPAKTUKU B ITyOJIMKAI[MOHHOW AEATEIILHOCTH
(mmarmar, u3oXKeHHe HeTOCTOBEPHBIX CBEICHUIT U JIp.) U B LEISIX 00eCIeYeH s BBICOKOTO
KauyecTBa HAyYHBIX MyOJHKAIM, MPU3HAHKUS OOIIECTBEHHOCTBIO, MOTYyYCHHBIX aBTOPOM
HAyYHBIX pe3yJIbTaTOB, WICHBl PEIAKIMOHHOTO COBETA, aBTOPBI, PELICH3EHTHI, a TaKKe
YUPEKICHHUS, YIaCTBYIOIINE B H3IAaTEIBCKOM IpoLecce, 00s3aHbl COOMIONaTh ITHYECKUE
CTAHIAapThl, HOPMBl M NpaBWIA M NPHHUMATh BCE MepBl U1 NPENOTBPAILCHUS HX
HapyweHuid. CoOllofeHne NpaBWJl STUKH HAay4HBIX ITyONMKAIMi BCEMH YYaCTHHKAMH
9TOr0 IpoIecca CIOCOOCTBYET OOECICUSHHIO IIPAaB aBTOPOB HAa HHTEIUICKTYAIBHYIO
CO6CTBCHHOCTL, IOBBIINICHUKD Ka4dyeCTBa MU3AaHUA U HCKIKHYCHHIO BO3MOXHOCTHU
HEIPAaBOMEPHOI'0 MCIIOJIb30BaHUA aBTOPCKUX MAaTEPUATIOB B MHTEPECAX OTACIbHBIX JIUII.

Bce HayuHbIe cTaTbu, NOCTYNMBIIME B pEAAKLUIO, IOAJEKAT 00s3aTeIbHOMY
JIBOHHOMY CIIETIOMY perieH3upoBanuio. Penakius JKypHaia ycraHaBIMBaeT COOTBETCTBUE
cratbu npodunto XKypHana, TpeboBaHHAM K ODOPMIICHHIO M HAMpPABISET €€ Ha TEepPBOe
paccMOTpeHHe OTBETCTBEHHOMY cekperapio JKypHayia, KOTOpBIH ompenensier Hay4dHYIo
LEHHOCTh PYKOIHCH ¥ Ha3Ha4yaeT ABYX HE3aBUCHMBIX PELEH3CHTOB — CIICLHAIIICTOB,
HMEIOIINX Hauboee ONM3KUE K TeMe CTaTbU Hay4HBIC CIIClUaNn3alii. PereH3npoBanue
cTaTeill OCYLICCTBIACTCS YWICHAMH PEIAaKIHOHHOIO COBETA U PEJAKIHOHHON KOJUICTHH, a
TaKKe NPUITIAIICHHBIMHA PELECH3CHTaMH JAPYTHX CTpaH. PemieHue o BBIOOpE TOro WM
WHOTO PeleH3eHTa Ul MPOBEACHHS SKCIIePTH3bl CTaTbU NMPUHUMACT TJIaBHBIA PelaKTop.
Cpox pelieH3upOBaHMsI COCTaBIIsAeT 2-4 HENEeNH, HO IO MPOochOe pereH3eHTa OH MOMKET
OBITH NIPOIJICH, HO He OoJiee YeM Ha 2 HeJelH.

Penakumsi M peleH3eHT TapaHTHUPYIOT COXpaHEHHE KOH(HICHIUATIbLHOCTH
HEONyOJIMKOBAaHHBIX MAaTepHajoOB IMPHUCIAHHBIX Ha PacCMOTpPeHUe pabot. PerieHue o
My OJIMKaMy MPUHUMAETCsl PeAaKIMOHHOM KoJuternei JKypHaia mocie pereH3upoBaHusl.
B ciydae HeoOXxoquMocCTH (HaTMYMe 3aMeUaHnil peakTopa(-oB) U /UM perieH3eHTa(-0B))
PYKOIIMCh HAampaBIsieTCss aBTOpaM Ha JOOpaboTKy, MOCIE 4Yero OHa IOBTOPHO
peueHsupyetcs. Penakmus ocraBnser 3a co00il MpaBo OTKIOHUTH MYOJIHKALUIO CTATHU B
cllydyae HapylieHHs MpaBui 3THKHA. OTBETCTBEHHBII pelakTop HE NOJDKEH JIOMYyCKaTh K
MyOJIMKaMy MHGOPMAIHIO, €CII MMEeTCsl TOCTaTOYHO OCHOBAaHMH IojaraTh, 4TO OHa
SIBJISICTCS IUIATHATOM.

ABTOpPBI TapaHTHPYIOT, YTO NPEICTABJICHHBIC B PEIAKLUIO MaTepPHANbl SBISIOTCS
HOBBIMHU, paHee HeOHy6HI/IKOBaHHI)IMI/I )51 OpUTHMHAJIBHBIMHU. ABTOpI:-I HECYT
OTBETCTBECHHOCTH 3a JOCTOBCPHOCTH M 3HAYMMOCTb HAYYHBIX PE3YJIbTATOB, a TaKKE
C06HIO}ICHI/IC TIPUHIUIIOB Hay‘lHOf/’I OTUKHW, B YaCTHOCTH, HCIAOIYIICHUC (baKTOB
HApYIICHHUs HAyYHOU 3THKH ((aOpHKaIis HAYIHBIX JAHHBIX, QaTbCHPUKAIINS, BEIYIIAs K
WUCKOKCHUIO  HCCIENOBaTEeIbCKUX  JAHHBIX, IIarMaT ¥ JIOKHOE  COaBTOPCTBO,
QyOIMpoBaHKeE, MPUCBOCHHE YYXKHUX PE3YJILTATOB U JIP.)
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HamnpasneHnue craTby B PEAAKIUIO O3HAYAET, YTO aBTOPHI HE NEPEAABAIN CTAThIO (B
OpPHUTMHAJIC WJIN B INEPEBOAE HAa APYIUE SI3bIKM WM C APYTHX SI3BIKOB) B IpPyrow(-ue)
XKypHaJI(BI) U YTO 3TOT Marepuayl He ObUI paHee OmyOIMKOBaH. B mpoTuBHOM cityyae
CTaThsl HEMEIUIEHHO BO3Bpalaercs aBropaM ¢ (GopMysMpoBKoil «OTKIOHUTH CTaThIO 3a
HapyllIeHHe aBTOpPCKHX mpaB». He nomyckaercst AocioBHOe KomupoBanue Oonee 10
MIPOIIEHTOB pabOoTHI IPYroro aBTopa 0e3 yKa3aHUs €ro aBTOPCTBA U CCHUIOK Ha NCTOYHHK.
3anMcTBOBaHHBIE (parMEHTHl WM YTBEPXKICHHS MOJDKHBI OBITH OQOpMIICHBI C
00s13aTeNbHBIM YKa3aHHEM aBTOpa W IEPBOMCTOYHMKA. Upe3MepHbIe 3aMMCTBOBAaHUS, a
TaKKe IuIaruaT B ar00oi ¢opme, BKIToUast Heo(OpMIIEHHBIE IIUTATHI, TepedpasupoBaHue
WM TIPICBOCHUE IIPaB Ha PE3yJIbTATHl Ty>KUX HCCIEIOBaHU, HEITHYHBI U HETIPHEMIICMEL.
HeobxoguMo mpu3HaBaTh BKJIAA BCEX JIMI, TaK WIM HHAade NOBIMABIINX HA XOX
WCCIIEIOBAHNSA, B YACTHOCTH, B CTaThe JAOJDKHBI OBITh MIPEACTABICHBI CCHUIKH Ha PabOTBHI,
KOTOpblEé HWMENHM 3HadeHHE TIpH MPOBEJCHUH wHccienoBaHus. Cpenu  COaBTOpPOB
HEZIOMyCTUMO yKa3bIBaTh JIUII, HE YIaCTBOBABIINX B UCCIIEIOBAaHHU.

Ecnu aBropom(-amu) oOHapykeHa omuOka B paboTe, HEOOXOAWMO CpPOYHO
YBEIOMUTH PEIAKTOpa M BMECTE IPUHATH pelieHre 00 UCTIPaBICHHH.

Pemenne 00 oTkaze B NyONMKAalUMM PYKOIHMCH MNPUHUMAETCS Ha 3aceJaHuM
PENaKIMOHHOW KOJUIETMM C YYeTOM peKoMeHjanuii peneH3eHToB. CraTbs, He
PEKOMEH/IOBaHHAs PELICHUEM DPEAAKIMOHHOM KOJUIEIMH K ITyOJIMKAlMu, K MOBTOPHOMY
paccmoTpennio He npuHHMaercs. CooOmenne 00 oTkase B MyOJMKALMK HarpaBiIsieTCs
aBTOPY MO 3JEKTPOHHON TIOUTE.

IMocne mpumsTHs penkomterneid JKypHama pemieHHs O JONMyCKEe CTaTbU K
MyOJUKAUK peakiusd HHGOpMHUPYeT 00 3TOM aBTOpa M YKa3bIBae€T CPOKH ITyOIHKAITUH.
OpuruHaisl peLeH3ui XpaHsaTces B pegakunu JKypHana B TeueHue 3 Jer.
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Scientific Publication Ethics

The Editorial Board and Editor-in-Chief of the scientific journal the “Chemical
Journal of Kazakhstan” (hereinafter referred to as the Journal) adhere to the
accepted international standards of the “Committee on Publication Ethics”
(Committee on Publication Ethics— COPE) (http://publicationethics.org/about), the
“European Association of Science Editors” (European Association of Science Editors —
EASE) (http://www.ease.org.uk) and the “Committee on Scientific Publication
Ethics” (http://publicet.org/code/).

To avoid unfair practices in the publishing activities (plagiarism, false information,
etc.) and in order to ensure the high quality of the scientific publications and public
recognition of the scientific results, obtained by the author, the members of the Editorial
Board, authors, reviewers, as well as institutions, involved in the publishing process, are
obliged to comply with ethical standards, rules and regulations, and take all measures to
prevent their violation. The compliance with the rules of the scientific publication ethics
by all process participants contributes to ensuring the rights of authors to intellectual
property, improving the quality of the publication and excluding the possibility of misuse
of the copyrighted materials in the interests of the individuals.

All scientific articles submitted to the editors are subject to mandatory double-blind
peer reviewing. The Editorial Board of the Journal determines the compliance of the
article with the specificity of the Journal, the registration requirements and sends it for the
first reviewing to the Executive Secretary of the Journal, who determines the scientific
value of the manuscript and appoints two independent reviewers — the specialists with the
scientific specializations closest to the topic of the article. The articles are reviewed by the
members of the Editorial Board and the Editorial Staff, as well as the invited reviewers
from the other countries. The decision to choose one or another reviewer for reviewing the
article is made by the Editor-in-Chief. The reviewing period is 2-4 weeks, though at the
request of the reviewer, it can be extended, but no more than for 2 weeks.

The editors and the reviewer guarantee the confidentiality of the unpublished
materials submitted for reviewing. The decision to publish is made by the Editorial Board
of the Journal after reviewing. If necessary (the presence of comments by the editor(s)
and/or reviewer(s)) the manuscript is sent to the authors for revision, after which it is re-
reviewed. The editors reserve the right to reject from the publication of the article in case
of violation of the rules of ethics. The Executive Editor should not allow the information
to be published if there is sufficient reason to believe that it is plagiarism.

The authors guarantee that the materials, submitted to the editors are new,
previously unpublished and original. The authors are responsible for the reliability and
significance of the scientific results, as well as compliance with the principles of scientific
ethics, in particular, the prevention of violations of scientific ethics (fabrication of the
scientific data, falsification leading to distortion of the research data, plagiarism and false
co-authorship, duplication, appropriation of other people’s results, etc.).

The submission of an article to the editor means that the authors did not submit the
article (in the original or translated into or from the other languages) to the other
Journal(s), and that this material was not previously published. Otherwise, the article is
immediately returned to the authors with the wording “Reject the article for the copyright
infringement.” The word-for-word copying of more than 10 percent of the work of
another author is not allowed without indicating his authorship and references to the
source. The borrowed fragments or statements should be drawn-up with the obligatory
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indication of the author and source. Excessive borrowing, as well as plagiarism in any
form, including inaccurate quotations, paraphrasing, or appropriation of the rights to the
results of the other people's research, is unethical and unacceptable. It is necessary to
recognize the contribution of all persons, who in one way or another influenced the course
of the research, in particular, the article should provide links to the works, which were
important in the research conduction. Among the co-authors, it is unacceptable to indicate
persons, who did not participate in the research.

If the author(s) finds an error in the work, it is necessary to immediately notify the
editor thereof, and together decide on the correction.

The decision to refuse from the publication of the manuscript is made at a Meeting
of the Editorial Board, taking into account the recommendations of the reviewers. An
article, which is not recommended by the decision of the Editorial Board for the
publication, is not accepted for re-consideration. A notice of the refusal to publish is sent
to the author by e-mail.

After the Editorial Board of the Journal makes a decision on the admission of the
article for the publication, the Editorial Board informs the author thereof, and specifies the
terms of the publication. The original reviews are kept in the Editorial Office of the
Journal for 3 years.
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