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ABSTRACT

This study investigates the structural and sorption characteristics of nanostructured
polysaccharide biopolymers isolated from plants of the Asteraceae family (Dahlia
tubers and Helianthus tuberosus) toward Pb? ions in model aqueous solutions. The
biopolymers were obtained by acid extraction at pH 1.5-2.5 and 80-90 °C, followed by
ethanol precipitation, with a yield of 10-14%.

Surface morphology examined by scanning electron microscopy revealed a
hierarchically organized nano- and micro structured matrix with particle agglomeration
and developed interaggregate porosity. The presence of lamellar structures and a
porous network promotes diffusion of metal ions to active functional centers.

The interaction mechanism between the biopolymer matrix and Pb?* was studied by
FTIR spectroscopy. Shifts and intensity changes of absorption bands corresponding
to carboxyl and hydroxyl groups confirmed a coordination-chelate complexation
mechanism without destruction of the polysaccharide backbone.

Sorption experiments were performed using model Pb?* solutions prepared from
analytical-grade lead (ll) acetate. The residual Pb* concentration after contact with
the biopolymer was determined by atomic absorption spectrometry at 283.3 nm using
calibration. Additional control measurements were conducted by complexometric
titration in acetate buffer medium (pH 5.5) with 0.01 M Trilon B.

Up to 76-77% of Pb?* was removed within the first 10 min, and sorption equilibrium was
reached after 60 min. The maximum removal efficiency reached 87%. The Freundlich
model best described the process, indicating heterogeneous surface structure and
multilayer adsorption. These results demonstrate the potential of Asteraceae-derived
polysaccharide biopolymers as environmentally safe sorbents for heavy metal removal
from aqueous media.

1. Introduction

The contamination

of aquatic

agricultural origin. Various biomass materials, such as
rice husks, nut shells, straw, and wood shavings, are

ecosystems usedasfeedstock; thesearesubjectedtocarbonization

with heavy metal ions remains one of the most
serious environmental problems of our time. Lead
ions (Pb?*) are highly toxic, bioaccumulative, and
persistent in the environment, which necessitates
the development of effective methods for their
removal from aqueous solutions [1, 2]. In this regard,
water purification technologies based on the use of
environmentally friendly and renewable materials
have been actively developed in recent years [3].
The ref. [4] provides a comprehensive description
of methods for producing highly efficient porous
carbon sorbents based on lignocellulosic waste of

followed by chemical activation, most commonly
using potassium hydroxide (KOH). It has been shown
that KOH activation promotes the development of a
hierarchical porous structure with the formation of
micro-, meso-, and macro-pores, as well as anincrease
in the number of oxygen-containing functional groups
on the surface of the materials. This, in turn, leads
to a significant increase in the sorption capacity
of carbon materials toward various pollutants.
The resulting sorbents are considered effective,
economically accessible, and environmentally
safe materials for water and air purification.

*Corresponding author: A. Kamysbayeva; E-mail address: kamysbayeva.a@qyzpu.edu.kz

© The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



234 A. Kamysbayeva et al. / TOPEHUE U MJIA3SMOXUMMUA 24 (2026) 233-245

The review examines the composition and
characteristics of plant biomass and its thermal
conversion methodsinto biochar, including pyrolysis,
torrefaction,andhydrothermalcarbonization.Special
emphasis is placed on hydrothermal carbonization,
covering the reaction mechanism, transformation
of individual biomass components and the whole
material, properties of the resulting biochar, and
current applications, such as fuel production and
the manufacture of adsorbents, catalysts, and other
materials [5]. Particular attention is paid to natural
polysaccharides, such as pectins, alginates, cellulose,
and their derivatives, which are biodegradable,
readily available, and contain functional groups (-
COO~, —OH) capable of binding metal cations [6, 7].
Pectin materials demonstrate high affinity for Pb?*
ions due to the implementation of ion-exchange and
coordination-chelate interaction mechanisms [8].

Modern research shows that the sorption
capacity of polysaccharide biopolymers is
determined not only by their chemical composition,
but also by their structural organization. The degree
of methoxylation, distribution of functional groups,
molecular weight, and surface morphology have
a significant effect on the kinetics and capacity of
sorption [9, 10]. Hierarchically organized nano-
and microstructured biopolymer matrices are
characterized by a developed porous system and
increased accessibility of active centers, which
contributes to the acceleration of mass transfer and
increased efficiency of metal binding [11].

Plants of the Asteraceae family have attracted
considerable attention as abundant and renewable
sources of polysaccharide biopolymers with
diverse biological and functional properties.
Polysaccharides isolated from Arctium lappa L. roots
using ultrasound-assisted extraction optimized by
response surface methodology have been shown to
contain monosaccharides such as mannose, glucose,
fructose and galactose and to exhibit significant
antioxidant activity through efficient scavenging of
reactive oxygen species, including DPPH, hydroxyl
and superoxide radicals. These findings highlight
the potential of Asteraceae-derived polysaccharides
as promising natural antioxidant compounds.
Similarly, polysaccharides obtained from Helianthus
tuberosus have demonstrated notable structural
and biological properties, including pronounced
anti-inflammatory and bioactive effects associated
with their molecular structure and interactions
with biological targets. Such characteristics confirm
the potential of polysaccharides from Asteraceae
plants as promising candidates for the development

of functional and biomedical materials [12, 13].
However, comprehensive studies combining
morphological analysis, spectroscopic identification
of functional groups, and modeling of sorption
isotherms remain limited.

The current state of research in this area
necessitates a systematic study of the structural
and sorption characteristics of polysaccharide
biopolymers from plants of the Asteraceae family
using modern methods of physicochemical analysis.

The aim of this work is to study the structural
and sorption characteristics of nanostructured
polysaccharide biopolymers isolated from plants of
the Asteraceae family (Dahlia tubers and Helianthus
tuberosus) in relation to Pb?* ions in model aqueous
solutions.

Despite the growing interest in polysaccharides
derived from Asteraceae plants, previous studies
have primarily focused on their extraction methods,
chemical composition, antioxidant activity, and
biological properties. Information on the relationship
between the hierarchical structure of these
biopolymers and their sorption behavior toward
heavy metal ions remains limited. In particular,
comparative studies of polysaccharide biopolymers
isolated from Dahlia tubers and Helianthus tuberosus
using a comprehensive approach that combines
morphological characterization, FTIR analysis of
metal-binding mechanisms, and sorption isotherm
modeling are scarce.

The novelty of the present work lies in the
integrated investigation of  nanostructured
polysaccharide biopolymers obtained from two
Asteraceae plant sources as environmentally friendly
sorbents for Pb?* removal. For the first time, the
structural organization of the obtained biopolymers
was correlated with their sorption performance
toward lead ions through a combination of
scanning electron microscopy, FTIR spectroscopy,
and adsorption modeling. The study provides new
insights into the role of hydroxyl and carboxyl
functional groups in Pb?* binding and demonstrates
the applicability of these renewable biopolymers
as effective materials for aqueous heavy-metal
remediation.

The research objectives include:

— obtaining polysaccharide biopolymers by acid
extraction followed by precipitation;

— studying the morphology and porosity of the
biopolymer matrix by SEM;

— identifying the functional groups involved in the
interaction with Pb?* using IR spectroscopy;

— evaluating the kinetics and efficiency of Pb*



A. Kamysbayeva et al. / TOPEHUE U MJIASMOXUMMA 24 (2026) 233-245 235

extraction with analytical control of the residual
concentration and interpretation of sorption
isotherms.

Unlike most previously published studies on
pectin and other polysaccharide sorbents, this study
has produced materials derived from plant raw
materials of the Asteraceae family that possess a
well-developed functional and porous structure,
which ensures their high sorption activity toward Pb?
ions. The determined values of maximum sorption
capacity and kinetic parameters are at the level of
or exceed the corresponding values described for
similar biopolymer sorbents in the literature, which
indicates the competitiveness of the developed
materials. Additionally, it should be noted that
the combination of natural raw materials, ease of
production, and high sorption efficiency makes
the proposed biopolymers promising for practical
application in water purification systems for the
removal of heavy metal ions.

2. Experimental part

Dahlia tubers and Helianthus tuberosus,
belonging to the Asteraceae family, were used as
plant raw materials.

The plant raw materials were dried to an air-
dry state and ground to a particle size of 1-2 mm.
In order to remove lipophilic and low-molecular-
weight accompanying compounds (chlorophylls,
waxes, phenolic substances), the raw materials were
pretreated with 83-85% ethanol while heating. After
extraction, the alcohol solution was separated, and
the plant residue was dried to a constant weight.

The pre-purified raw material was subjected to
acid extraction with an aqueous solution at pH 1.5-
2.5 and a temperature of 80-90 °C with constant
stirring for 1.0-2.0 hours. The resulting agueous
extract was separated from the insoluble residue by
filtration.

The extract was concentrated under reduced
pressure, after which the pectin substances were
precipitated by adding ethanol to a volume fraction
of at least 96%. (1:3) The resulting gelatinous
pectin precipitate was separated by centrifugation,

sequentially washed with ethanol to remove residual
impurities, and dried to a constant weight [14].

The yield of pectin substances was calculated as
a percentage of the mass of the initial air-dry plant
raw material. The yield of pectins was 10-14%.

SEM. During the study, an Axia Chemi SEM
scanning electron microscope (Thermo Fisher
Scientific) (USA) with an energy dispersive analysis
system (SEM-EDS) was used to obtain micrographs.

IR spectroscopy. IR spectra were recorded using
a Bruker ALPHA instrument (Germany) at room
temperature with a wavenumber resolution of 1
cm?in the frequency range 4000-400 cm™.

Atomic absorption spectrometer. Sorption
studies were conducted in model aqueous solutions
of Pb? prepared from analytical-grade lead (Il)
acetate. The use of a model system is due to the
need to create controlled conditions with a given
initial concentration of metal ions and to exclude
the influence of accompanying ions and organic
impurities characteristic of natural and waste waters.
This approach allows for an objective assessment of
the sorption capacity of the biopolymer matrix.

The residual concentration of Pb* ions after
sorption was determined by atomic absorption
spectrometry using a PinAAcle 900T device
(PerkinElmer Inc., USA). Measurements were
performed at an analytical wavelength of 283.3 nm
using a calibration curve constructed from standard
lead solutions.

The sorption capacity of the polysaccharide
biopolymer matrix was determined by the amount of
Pb?* ions bound to 0.15 g of sorbent. The amount of
adsorbed metal was calculated from the difference
between the initial and residual concentrations of
lead ions in the model solution. After contact of
the biopolymer with a standard solution of lead (Il)
acetate, the resulting lead pectinate precipitate was
separated by filtration, and the concentration of Pb?*
in the filtrate was determined by titrimetric method.

The residual Pb?* ion content was determined by
complexometric titration with a 0.01 M solution of
Trilon B (Na,EDTA) in an acetate buffer medium at
pH 5.5 in the presence of xylenol orange indicator
until the color changed from red to lemon yellow.

Table 1. Organoleptic characteristics of pectins obtained from Dahlia tubers and Helianthus tuberosus [15]

Parameter Dahlia tubers Helianthus tuberosus Standard (GOST 29186-91)
Appearance Amorphous powder Amorphous powder Amorphous powder
Odor Odorless Odorless Odorless
Color Light beige Light beige Light beige
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Before titration, the solution was brought to a
volume of 100 ml with purified water; for analysis, a
10 ml aliquot was taken, 10 ml of acetate buffer was
added, and then titrated with constant stirring. The
concentration of Pb? cations was determined both
in the initial solution and after sorption, and the
sorption capacity was calculated using the generally
accepted method [16].

Themassofleadinthesolutionunderinvestigation
was calculated using the following formula:

’ 3(P/>2‘)

N
Pb2+ —
m(Pb™) 1000

where: N — the normal concentration of the Trilon B
solution; V —the volume of the Trilon B solution used
for titration, ml; EPb?* — the molar equivalent mass
of lead ions, mol/I.

The experimental adsorption value was calculated
using the following expression:

_(G-C)r
m

A,
where: C, and C, — the initial and equilibrium
concentrations of Pb?* ions in the solution, mmol/L;
V —the volume of the solution, L; m —the mass of the
pectin sorbent, g.

The experimental adsorption values obtained
were used to construct sorption isotherms (Fig.
4). To analyze the nature of the sorption process,
the experimental data were compared with the
Langmuir and Freundlich models. The parameters
of the corresponding equations were determined
graphically,andthecalculatedvaluesaregiveninTab.3.

The analysis of adsorption isotherms and the
calculation of the ratios between experimental and
theoretical adsorption values (A.p/Awmeory and A,/
Aiveory) Were performed similarly to the method
previously used for pectin sorbents [17].

Analysis of the isotherm shapes and the
relationships between experimental and theoretical
adsorption values showed that Freundlich’s model
most accurately describes the process of Pb?* ion
sorption by Jerusalem artichoke and dahlia pectins.
Thisindicates the heterogeneity of the active centers
on the surface of the sorbents and the possibility
of multilayer adsorption. The Langmuir model was
used for a comparative assessment of the maximum
sorption capacity of pectins, but the experimental
data are less consistent with the assumption of
monomolecular adsorption.

Thus, the pectins studied exhibit high sorption
capacity for lead ions and can be considered as
promising natural sorbents for the purification of
aqueous solutions from heavy metals.

To provide a more comprehensive analysis of
the sorption behavior of the materials under study,
the parameters of the Langmuir and Freundlich
isotherms were additionally examined. The values
of Kf and n for the Freundlich model indicate a high
sorption capacity and the heterogeneous nature
of the surface of pectin biopolymers; where n>1
indicates favorable conditions for Pb?* sorption. For
the Langmuir model, the gmax parameter reflects
the maximum sorption capacity of the sorbent,
whereas KL characterizes the affinity of the active
sites for Pb* ions.

Table 2. Change in Pb? ion concentration during sorption process

Sorbent Time (min) Pb? concentration  Adsorption capacity  Pb?* concentration Bgmoval
(mg/L) (mg/g) (mmol/L) efficiency (%)
DT 0 12.55 0.00 0.0606 0.00
DT 5 4.75 5.20 0.0229 62.15
DT 10 2.92 6.42 0.0141 76.73
DT 20 2.80 6.50 0.0135 77.70
DT 30 2.17 6.92 0.0105 82.70
DT 60 1.58 7.32 0.0076 87.41
HT 0 10.22 0.00 0.0493 0.00
HT 5 3.86 4.24 0.0186 62.23
HT 10 2.38 5.23 0.0115 76.71
HT 20 2.28 5.29 0.0110 77.80
HT 30 1.76 5.64 0.0085 82.80
HT 60 1.60 5.75 0.0077 84.34
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Table 3. Comparison of experimental and calculated adsorption values for Pb?* ions

ALangmuir

AFreundlich

Sorbent AC (mmol/L) A, (mmol/g) (mmol/g) (mmol/g) Ao/ ALangmuir Ao/ Atreundiicn
DT 0.0377 0.0251 0.0364 0.0260 0.69 0.97
DT 0.0465 0.0310 0.0360 0.0308 0.86 1.01
DT 0.0471 0.0314 0.0403 0.0312 0.78 1.01
DT 0.0501 0.0334 0.0407 0.0330 0.82 1.01
DT 0.0530 0.0353 0.0430 0.0347 0.82 1.02
Average (DT) — — — — 0.79 1.00
HT 0.0307 0.0205 0.0302 0.0210 0.68 0.98
HT 0.0378 0.0252 0.0331 0.0250 0.76 1.01
HT 0.0383 0.0255 0.0340 0.0251 0.75 1.02
HT 0.0408 0.0272 0.0358 0.0270 0.76 1.01
HT 0.0416 0.0277 0.0370 0.0280 0.75 0.99
Average (HT) — — — — 0.74 1.00

A comparison of the obtained parameters with
literature data for pectin and other plant-based
sorbentsshowsthatthe gmaxvaluesareatthelevel of
or exceed the values reported for similar biopolymer
materials, which confirms the competitiveness
of the developed sorbents. The data in Table 3
further confirm that the Freundlich model provides
a more accurate description of the experimental
results compared to the Langmuir model, which
is consistent with the heterogeneous nature of
the surfaces of the materials under study [18].

3. Results and Discussion

The sorption behavior of pectin biopolymers is
largely determined by the pH of the medium, since
the degree of protonation of the carboxyl groups (-
COOH/-COO0") affects the accessibility of active sites
and the nature of the interaction with Pb?* ions. In
the low pH range, a decrease in sorption capacity
is observed, which is due to competition between
protons (H*) and metal cations for binding to the
sorbent’s functional groups. As the pH increases to
the weakly acidic range (pH 3.0-6.0), carboxyl groups
dissociate to form —COO~, which leads to an increase
in the surface negative charge and a strengthening
of the electrostatic attraction to Pb?* ions, as well as
promoting complex formation.

It should be noted that in real aqueous systems,
the sorption process is significantly influenced by
competing cations, primarily Ca?* and Mg*, present
in natural and wastewater. These ions are capable
of interacting with the carboxyl groups of pectin and

occupying some of the active sites, which can lead to
a decrease in sorption capacity with respect to Pb?*.
However, the higher affinity of pectin functional
groups for heavy metal ions, due to their ability to
form stronger coordination bonds, ensures that
significant sorption efficiency is maintained even
in the presence of background electrolytes. This
indicates the potential for applying the studied
materials under conditions approximating real
aqueous environments.

As a result of acid extraction of polysaccharide
biopolymer fractions from Dahlia tubers and
Helianthus tuberosus tubers, differences in the
yield of the target product were established. From
10 g of air-dried Dahlia tubers, 1.4 g of biopolymer
(14%) was obtained, while from the same amount
of Helianthus tuberosus raw material, 1.0 g (10%)
was obtained. The data obtained indicate a higher
concentration of polysaccharide components in
dahlia tubers.

In terms of organoleptic characteristics, the
isolated biopolymer fractions of both species
were an amorphous light beige powder with no
pronounced odor, indicating a sufficient degree of
purification and the absence of significant impurities
of accompanying compounds.

Thus, both types of plant raw materials studied
can be considered as sources of polysaccharide
biopolymers, but Dahlia tubers are a more promising
object in terms of yield and technological efficiency
of obtaining a functional biopolymer matrix.

Degree of agglomeration. All magnifications
show pronounced particle agglomeration. At
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(a) 3545x (b) 4675x

(c) 6019x

(d) 9529x
Fig. 1. SEM micrographs of the surface morphology of the pectin sorbent at different magnifications ((a) 3545x, (b)
4675x, (c) 6019x and (d) 9529x).

Table 4. Morphological characteristics of the pectin sorbent surface at different SEM magnifications

Parameter 9529x 6019x 4675x% 3545x
Degree of agglomeration High High Moderate Moderate
Structure density High High Moderate Moderate
Porosity Reduced Reduced Moderate Increased
Fine inclusions Pronounced Pronounced Pronounced Moderately pronounced

magnifications of 9529x and 6019x, the particles are
tightly bound together, forming compact aggregates.
At lower magnifications (4675x and 3454x), the
structure appears somewhat more sparse.

Structure density. At high magnifications, the
structure is characterized by high density and
compactness. The particles have a lamellar and
layered morphology. At lower magnifications,
interparticle gaps are visible, indicating moderate
aggregate density.

Porosity. At 9529x and 6019x, porosity is reduced
due to the close fit of the particles. In the images at
4675x and 3454x, inter-aggregate voids are clearly
visible, indicating more pronounced macroporosity.

Small inclusions. Fine inclusions and fragments
are present on the surface of large lamellar particles.
At high magnifications, they are more clearly visible,
which may indicate a secondary phase or the result
of mechanical grinding.

The sample under study is characterized
by a lamellar layered morphology with a high
degree of particle agglomeration. The structure is
predominantly dense, but at lower magnifications,
interaggregate pores are revealed. The presence
of small inclusions on the surface of the particles
indicates a heterogeneous structure and the possible
presence of secondary phases.

The polysaccharide biopolymer matrix is
characterized by a developed porous structure
with a predominance of macropores, which is

typical for natural carbohydrate polymers. This
morphological organization promotes the effective
diffusion of metal ions to active functional centers
and determines high sorption activity, as well as the
ability to form gel-like structures.

From a practical standpoint, an important aspect
of the application of pectin biopolymers is their
ability to be regenerated and reused. Desorption of
Pb2* ions from the sorbent surface can be effectively
achieved using dilute acid solutions (e.g., HCI), which
protonate the carboxyl groups (—COO~ - —COOH)
and the breaking of metal-ligand coordination
bonds, leading to the release of bound metal ions
and the regeneration of the sorbent’s active sites.

According to the literature, polysaccharide
sorbents, including pectin-based materials, are
capable of maintaining high sorption activity over
several sorption—desorption cycles. Typically, after
3-5 cycles, a moderate decrease in sorption capacity
(by 10-20%) is observed, which may be associated
with partial blocking of active sites, incomplete
desorption of metalions, or minor structural changes
in the sorbent.

Thus, the pectin biopolymers under study have
the potential for repeated use, which confirms their
technological effectiveness and promising application
in water purification processes. At the same time, the
experimental assessment of the sorbent’s stability
during repeated cycles requires further investigation
and will be addressed in future studies.
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Fig. 2. FTIR spectra of the polysaccharide biopolymer Fig. 3. FTIR spectra of the polysaccharide biopolymer
isolated from Dahlia tubers before and after Pb?* sorption. isolated from Helianthus tuberosus tubers before and
after Pb? sorption.

Table 5. FTIR spectral characteristics of polysaccharide biopolymers and changes after Pb?* sorption

Frequency

. . I
Sample range (cm”) Assignment of absorption bands Changes after Pb** binding
T 1750-1735 C=0 stretching vibrations of esterified Decrease in intensity and slight shift indicating
carboxyl groups of pectin (—COOCH;) participation of ester groups in complex formation

DT 1650-1600 Asymmetric stretching vibrations of ionized  Shift to lower frequencies and increased intensity

carboxylate groups (—COO~) confirming coordination of Pb* with —-COO~ groups
oT 1450-1410 Symmetric stretching vibrations of Change in band shape and intensity indicating
carboxylate groups (—COQ") formation of Pb*—pectin complexes
C—O0 stretching and O—H deformation Band weakening due to involvement of oxygen-
DT 1330-1250 I . . . o .
vibrations of carboxyl and phenolic groups containing groups in Pb?* sorption
C—0—C stretching vibrations of glycosidic Slight decrease in intensity due to structural
DT 1150-1050 . , . . . .
bonds in the polysaccharide matrix rearrangement of pectin during complex formation
C—O0 stretching vibrations of the pyranose Minor changes indicating preservation of the
DT 1050-1000 . L
ring of galacturonic acid carbohydrate backbone

Vibrations of glycosidic bonds

DT 950-850 and C—H deformation vibrations

No significant changes observed

Deformation vibrations of the

DT 750-700 polysaccharide chain skeleton

Practically unchanged

Decrease in intensity and band broadening

O-H stretching vibrations of hydroxyl indicating participation of —OH groups in complex

HT 3600-3200 groups and intermolecular hydrogen bonds

formation
HT 3000-2850 C—H stretching vibrations of the No significant changes; these groups do not
carbohydrate skeleton (—CH,, —CH;) participate directly in Pb?* binding
C=0 stretching vibrations of esterified Decrease in intensity and partial shift indicating
HT 1750-1730 .
carboxyl groups (—COOCHj) involvement of carboxyl groups
HT 1630-1600 Asymmetric stretching vibrations Band shift and increased intensity confirming
of ionized carboxylate groups (—COO~) coordination of Pb?* with —-COO™ groups
HT 1450-1410 Symmetric stretching vibrations Change in band shape and intensity indicating
of carboxylate groups (—COQ") formation of Pb?*—pectin complexes
C—O0 stretching and O—H deformation Weakening of the band due to participation
HT 1320-1240 . . o : .
vibrations of carboxyl groups of oxygen-containing groups in sorption
HT 1150-1000 C-0-Cand C-O stretchmg V|.brat|ons Minor changes indicating possible structural
of the polysaccharide ring rearrangement
Vibrations of glycosidic bonds No significant changes; carbohydrate

HT 950-850 )
and pyranose ring skeleton preserved
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The main mechanism of Pb?* binding for both
pectins is the same — lead ion coordination occurs
mainly due to:

1. Carboxyl groups (-COO~). This is confirmed by:

—shift of asymmetric bands 1650-1600 cm™ (Dahlia
tubers) and 1630-1600 cm™* (Helianthus tuberosus);

—change in the shape and intensity of symmetrical
bands at 1450-1410 cm™.

Pb?* + 2(CsH,057) = Pb(CsH,04)

2. Ester groups (—COOCH;) in both samples
participate in the process: a decrease in the intensity
of the 1750-1730 cm™ band is observed. However,
for Helianthus tuberosus, possible partial de-
etherification is additionally noted, which may
contribute to an increase in the number of active
carboxyl centers. Hydrolysis of methoxyl groups:

CsH,05 — COOCH; + H,0 - C4H,05 — COOH + CH;0H

Formation of additional active centers:

2(C¢H,05 — COOH) + Pb?** = Pb(CsH,04)* + 2H*

3. Hydroxyl groups (—OH):

— Helianthus tuberosus shows a pronounced
broadening and weakening of the broad band at
3600-3200 cm’?, indicating the participation of —OH
in complex formation;

— In Dahlia tubers, the participation of —OH is
weaker and manifests itself mainly in the range of
1330-1250 cm™.

2(C,H,0, — OH) + Pb? > (C,H,0, — 0)2Pb + 2H*

4. The polysaccharide (carbohydrate) skeleton is
preserved in both cases:
— the bands at 1150-1000 and 950-850 cm®
undergo only minor changes,
— no significant destruction of glycosidic bonds is
observed.

(CngOg)n + sz+ 9 [(CngOg)n] ° Pb2+

Both  polysaccharide biopolymer matrices
effectively bind Pb?* ions mainly due to carboxylate
groups (—COO"), which act as the main coordination
centers of sorption.

At the same time, the biopolymer isolated from
Helianthus tuberosus tubers demonstrates a more
pronounced involvement of hydroxyl groups (-
OH) in the interaction with metal ions, while the
biopolymer from Dahlia tubers is characterized by
a predominant contribution of carboxyl functional
groups to the Pb?* binding process.

In  general, the sorption mechanism s
coordination-ionic in nature and occurs without
destroying the carbohydrate skeleton of the
polysaccharide matrix, which indicates that its
structural integrity is preserved.

The combination of IR spectral data and sorption
study results confirms the implementation of
a chelation mechanism of complex formation
during the binding of Pb?* ions by polysaccharide
biopolymers. The highest sorption efficiency was
established for the biopolymer matrix obtained
from Dahlia tubers, which allows it to be considered
a more promising natural sorbent for heavy
metals compared to the material from Helianthus
tuberosus.

Experimental studies (Tab. 2) showed that
polysaccharide biopolymer matrices isolated from
dahlia tubers and Jerusalem artichoke tubers
(Helianthus tuberosus) have pronounced sorption
activity with respect to Pb? ions in model aqueous
solutions.

The sorption efficiency was evaluated based
on the decrease in metal ion concentration in the
solution after contact with the biopolymer, as well as
on the experimentally determined sorption capacity.

The dependence of the change in the
concentration of Pb?* ions in solution on the contact
time with polysaccharide biopolymer matrices is
shown in Fig. 4. It has been established that at
the initial stage of the process, there is an intense
decrease in lead concentration, which indicates a
high sorption rate and the presence of a significant
number of available active centers. Subsequently,
the extraction rate decreases, and with an increase
in contact time, the concentration of Pb* changes
insignificantly, indicating that sorption equilibrium
has been reached in the «solution-biopolymer
matrix» system.

The graph shows the change in Pb?* concentration
over time during sorption on the polysaccharide
biopolymer sorbents DT and HT. During the initial
contact stage (the first 10-20 min), a rapid decrease
in Pb?* ion concentration is observed, indicating
high availability of active functional groups and the
predominance of a surface sorption mechanism.

In the subsequent stage, the sorption rate
gradually decreases, which is associated with the
gradual filling of active sites and the transition of the
process to a diffusion-limited regime. Subsequently,
the system reaches equilibrium approximately 60
min after the start for both sorbents.

Overall, the HT sorbent demonstrates slightly
higher efficiency in the initial stage compared to DT,
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Fig. 4. Change in Pb? concentration as a function of
contact time during sorption on DT and HT polysaccharide
biopolymers.

whereas in the equilibrium region, both materials
exhibit similar values of sorption activity. The results
confirm the high sorption capacity of the studied
polysaccharide biopolymer matrices toward Pb?*
ions and their potential for use in water purification
processes.

The graph illustrates the change in the degree
of Pb?* ion removal (%) from the model solution
depending on the contact time with DT and HT
polysaccharide biopolymer matrices.

At the initial moment (0 min), the degree of
purificationfor both sorbentsis 0%, which corresponds
to the absence of contact between the solution and
the sorbent. Already in the first 5 min, there is a sharp
increase in the degree of purification to = 62%, which
indicates a high initial sorption rate. This nature of the
process is due to the presence of a large number of
free active centers on the surface of pectin.

Within 5-10 min, the degree of purification
increases significantly and reaches = 76-77% for both
sorbents. Further, in the range of 10-20 min, the
increase in the degree of purification slows down,
which is associated with the gradual saturation of
active centers and a decrease in the concentration
gradient.

After 30 min, the degree of purification reaches
= 82-83%, after which the process enters a quasi-
steady state equilibrium. Between 30 and 60 min, the
increase in the degree of purification is insignificant,
indicating that the system is approaching sorption
equilibrium.

It should be noted that the DT sorbent
demonstrates slightly higher purification values in
the later stages of the process (up to =87% at 60 min)
compared to HT (=84-85%). However, in general, the
kinetic curves for DT and HT are similar, indicating a
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go{ ~M- HT
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Removal efficiency, %
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o
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Fig. 5. Degree of Pb* removal from aqueous solution
depending on contact time for DT and HT sorbents.

similar nature of the Pb?" ion sorption mechanism.

Thus, we can conclude that:

— the majority of Pb?* ions are removed from the
solution within the first 10-20 min;

— further increasing the contact time only leads to
a slight increase in the degree of purification;

— DT and HT polysaccharide biopolymer matrices
are effective sorption materials for removing Pb*
ions from aqueous solutions.

The graph shows the dependence of sorption
capacity A (mmol/g) on the change in Pb*
concentration in solution AC (mmol/L) for the DT
and HT sorbents. For both materials, a systematic
increase in sorption capacity is observed with
increasing AC, indicating effective binding of Pb?**
ions by pectin functional groups.

SorbentDTexhibitshighersorptioncapacityvalues
compared to HT across the entire concentration
range studied, indicating more pronounced sorption
activity.

0.036
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0.0344 —# HT
0.032 4
0.030

0.028 - g
- /

0.026 A -

A (mMmolfg)
L

0.024 Vit

0.022
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Fig. 6. Dependence of Pb? adsorption capacity on
concentration change (AC) for DT and HT sorbents.
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The nature of the isotherms indicates a
predominantly linear relationship within the
studied concentration range, which may suggest the
absence of significant surface saturation and high
accessibility of active sites.

Minor differences between DT and HT may be
attributedtothestructuralorganizationofthepolymer
matrix and the varying accessibility of functional
groups involved in complex formation with Pb?.

Overall, the results confirm anincrease in sorption
capacity with increasing AC and higher efficiency of
DT compared to HT.

The graph shows the experimental values of
sorption capacity A (mmol/g) as a function of
changes in Pb* concentration (AC, mmol/L), as
well as the fit of the data using the Langmuir and
Freundlich models for the DT and HT sorbents.

Forbothmaterials,anincreaseinsorption capacity
is observed with increasing AC, indicating effective
binding of Pb?* ions by pectin functional groups. At
the same time, the DT sorbent is characterized by
higher values of A compared to HT across the entire
concentration range.

A comparison with theoretical models shows
that the Freundlich model better describes the
experimental data, indicating the heterogeneous
nature of the sorbent surfaces and the non-
uniformity of the active sites. At the same time, the
Langmuir model exhibits more noticeable deviations,
especially at high ACvalues, indicating the limitations
of the assumption of a homogeneous surface.

Overall, the results confirm the higher sorption
capacity of DT and the heterogeneous nature of the
Pb2* sorption process on pectin biopolymers.

| -
0.040
0,035 e
s || 0 L. -
3 P
0.0304 ==~ +
E DT Excperiment
< DT Langmur
0.0254 —— DT Freindlicx
—e— HT Exeperiment
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0.030 0035 0.040 0.045 0.050
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Fig. 7. Sorption isotherms of Pb* ions on polysaccharide
biopolymers: experimental data and fitting by Langmuir
and Freundlich models.

The adsorption efficiency of polysaccharide
biopolymers is strongly influenced by the pH of the
solution. At low pH values, the active functional
groups, particularly carboxyl groups, become
protonated, which reduces their ability to bind Pb?*
ions due to competition with H* ions. As the pH
increases within the range of 3.0-6.0, deprotonation
of the functional groups enhances the coordination
interaction between the biopolymer surface and
metal ions, resulting in increased adsorption
efficiency. However, at higher pH values, the
formation of insoluble lead hydroxides may affect
the adsorption process.

In addition, the presence of competing ions
such as Ca?* and Mg?*, commonly found in real
wastewater systems, may influence the sorption
behavior of the obtained biopolymers. These ions
can compete with Pb?* for available adsorption sites,
potentially leading to a decrease in sorption capacity.
Nevertheless, due to the high affinity of carboxyl
and hydroxyl functional groups toward heavy
metal ions, the studied biopolymers are expected
to maintain significant adsorption performance in
multicomponent aqueous systems.

4. Conclusions

1. It has been experimentally established that
polysaccharide biopolymer matrices isolated from
Dahlia tubers and Helianthus tuberosus have
pronounced sorption activity with respect to Pb?*
ions in model aqueous solutions.

2. Scanning electron microscopy (SEM) shows that
the studied biopolymers are characterized by a
lamellar-layered morphology with a high degree of
particle agglomeration. At magnifications of 9529x
and 6019x, the structure is highly dense and compact
with reduced porosity, while at 4675x and 3454x,
interaggregate voids and pronounced macroporosity
are revealed. The presence of finely dispersed
inclusions indicates structural heterogeneity of the
biopolymer matrix.

3. It has been established that developed inter-
aggregate porosity contributes to the effective
diffusion of Pb?* ions to active functional centers
(-CO0O7, —0OH), which has a positive effect on the
intensity of the sorption process.

4. Kinetic studies have shown that the sorption
process is characterized by a rapid initial stage
and the attainment of equilibrium within 20 min,
reflecting the high availability of active sites and
the efficient transport of Pb?* ions to the sorbent
surface.
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5. The biopolymer isolated from Dahlia tubers
demonstrated higher sorption capacity compared
to the material from Helianthus tuberosus, which
is associated with greater involvement of ionized
carboxylategroupsinthecoordinationbinding of Pb?*.

6. Analysis of sorption isotherms showed that
Freundlich’s model most adequately describes
the experimental data, which indicates the
heterogeneous nature of the surface of biopolymer
sorbents and the presence of active centers with
different adsorption energies.

7. The results of IR Fourier spectroscopy confirmed
the participation of carboxyl and hydroxyl functional
groups in the binding of Pb?* and the implementation
of a coordination-chelate complex formation
mechanism while maintaining the integrity of the
polysaccharide skeleton.

Thus, the combination of SEM data, IR
spectroscopy, kinetic analysis, and isotherm
modeling confirms the promise of polysaccharide
biopolymers from plants of the Asteraceae family
as effective and environmentally safe sorption
materials for the purification of aqueous media from
heavy metals.
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CTPYKTYypHble U COPOLUMOHHbIE XapaKTEPUCTUKU HAHOCTPYKTYPUPOBAHHbLIX NOAUCaXapuAHbIX 6Guononnme-

poB pacTeHuit cemeicTBa Asteraceae

A. Kambicbaesa®, M. Martaes, I'. Asumbaesa, A. Menbpewwos, Y. GeiiceHbuesa, A. Mongabaes

Ka3axCKunit HauMOHaIbHbINM KEHCKMI Nefarornyeckmii yHusepcuteT, ya. Forons, 114, Anmatbl, KasaxctaH

AHHOTALMUA
B paboTe uccnenoBaHbl CTPYKTYpHble W

copbUMOHHbIe

XapaKTEPUCTUKU  HAHO-CTPYKTYPUPOBAHHbIX

nosiMcaxapuaHbix 6GUONOAMMEPOB, BblAENEHHbIX U3 pacTeHuit cemeictea Asteraceae (Dahlia tubers u Helianthus
tuberosus), No OTHOWEHWIO K MOHam Pb* B mogenbHbIX BOAHbLIX pacTBopax. buononMmepsl nonyyann metTosom
KMCNOTHOM 3KcTpakumm npu pH 1,5-2,5 n temnepatype 80-90 °C ¢ nocnenyoLmnm ocaxkaeHUeEM 3TaHOMOM. Bbixoz,
noauncaxapuaHoix ¢pakumin coctasun 10-14%.

Mopdonorua noBepxHOCTU nccnefoBaHa METOL0M CKaHMPYIOLWEN 3NeKTPOHHON MUKPOCKOMMUK, YTO MO3BOINIO
BbIABUTb (GOPMMPOBaHME MepapXMYECKM OpPraHM30BaHHOM HAHO- U MWUKPOCTPYKTYPUPOBAHHON MaTpuLbl C
BblPaXKEHHOW arfomepalment YacTuL, U Pa3BUTON MeXKarperaTHoM NOpPUCTOCTbio. Hasinume nnacTMHYaTbIX CTPYKTYP
W NOPUCTOM cucTembl cnocobcTayeT anddy3nm MOHOB MeTanNa K aKTUBHbBIM GYHKLMOHANIbHbIM LLEHTPaM.

MexaHu3m B3aMMoAencTBua 6GuononnmepHo matpuubl ¢ Pb?* usyyeH metogom WK-cnekTpockonuu.
3adMKCUPOBAHbI CMELLEHUS U  WU3MEHEHWS WHTEHCUBHOCTM MOJIOC, COOTBETCTBYIOLWMX KApPOOKCUIbHBIM U
TMAPOKCUIbHBIM rpynnam, 4TO MNOATBEPXKAaeT peannsauuilo  KOOPAMHALMOHHO-XeNaTHOro MexaHu3ma
KomniekcoobpasoBaHma H6e3 paspyLeHna NoamMcaxapuaHoro ckenera.
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CopbuMOHHbIe Nccnen0BaHMA NPOBOAMAM HA MOAENbHbBIX pacTBOpax Pb*, MpMroToBAEHHbIX M3 CTaHAAPTHOIO
pacTBopa auetaTa cauHuUa (II) aHanUTUYeCcKoli YMCTOTbl. OCTaTOYHYIO KOHLEHTPaunio MoHoB Pb?* nocne KoHTakTa
c 6uononnmepom onpesenann MeToLomM aTOMHO-abCcopbLMOHHOW cneKTpomeTpumn Ha npubope PinAAcle 900T
(PerkinElmer, CLLA) npy aHanUTUYEeCKOMN ANMHE BOAHbI 283,3 HM C MUCNOJIb30BaHMEM KanMbPOBOYHOM 3aBUCMMOCTMU.
[JONONHUTENIbHO KOHTPOJIbHbIE M3MEPEHUA BbIMONHANIM TUTPUMETPUYECKMM METOAO0M B aLeTaTHOW bydepHol
cpeae (pH 5,5) c npumeHeHnem ctaHaapTHoro 0,01 M pacTeBopa TpuioHa b.

YcTaHOBANEHO, YTO 10 76-77% Pb?** ynanaetcs B TedeHue nepsbix 10 MUH, a copbUMOHHOE paBHOBECKE A0CTUTaeTCA
yepes3 60 MMH. MaKcMManbHana cTeneHb O4UCTKM COCTaBUNA 87%. DKCNepMMeHTalbHble aHHble Hanboiee afeKBaTHO
onucbiBatoTcA Mmogenbto PpeliHanMXa, YTO YKA3bIBAET HA reTepPOreHHbIM XapaKTep NOBEPXHOCTU MU MHOTOCNIOMHbIN
MexXaHW3M agcopbumnm.

MonyyeHHble pe3ynbTaTbl MOATBEPNKAAT MEPCNEKTUBHOCTb HAHO-CTPYKTYPMPOBAHHbBIX MOAMCAaXapUaHbIX
61OoNoNMMEPOB pacTeHUIt cemelicTBa Asteraceae Kak 3KONOTMYecKM 6e30MacHbIX COPOLMOHHBIX MaTepuranos A
YOQNEeHUA MOHOB TAXKENbIX METaNN0B U3 BOAHbIX Cpea.

Kniouesble cnosa: noaucaxapuaHble 6uononmmepsl, copbums; moHbl ceuHua Pb?*, Dahlia tubers, Helianthus
tuberosus

Asteraceae TyKbiMpgacbl ecCiMAiKTepiHiH HaHO-KYpblbIMAAHFAH nNonucaxapuari 6uononumepnepiHin
KYPbINbIMAbIK, YXaHe copbumnanbik cunattamanapbl

A. Kambicbaesa®, M. Maraes, I'. Asumbaesa, A. Menbgewos, Y. beiiceHbuesa, A. Monpgabaes
Kasak yATTbIK Kbi3gap negarornkanbik yHusepcuteTi, Fforonb K., 114, AamaTbl, KasakcTaH
AHOATMA

*ymbicTa Asteraceae TyKbIMAacblHa }KaTaTblH ecimaikTepaeH (Dahlia tubers xaHe Helianthus tuberosus) 6eniHin
aNblHFaH HaHO-KypblAbiMAaHFaH nosaucaxapuaTti buononnmepnepai, Pb?* MoHAapbliHA KaTbiCTbl KYPbINbIMAbIK,
KoHe copbumanblK cMnaTTamanapbl 3epTrengi. buononumepnep KblWKbINAbIK 3KCTPaKumMAa agicimeH (pH 1,5-2,5,
Temnepatypa 80-90 °C) anblHbIN, KeMiH 3TAHOAMEH TYHAbIPbINAbI. MonncaxapuaTi dpakumanapabiH WhiFbiMbl 10-
14% Kypagbl.

BeT mopdonorvackl CKaHUpaeywi 3/eKTPOHAbIK MUKPOCKOMNWA d4icimeH 3epTTenin, GesweKkTepaiH aiKbiH
arnoMepauMACbIMEH KaHe KyMapanblK KeyeKTiliriMeH cunaTTanatblH MepPapXMUANbIK YMbIMOACKAH HaHO- KaHe
MUWKPOKYPbINbIMAbI MaTPULLAHbIH Ty3iNeTiHi aHbIKTanabl. MAacTUHANbI KYPbIAbIMAAPAbIH, KOHE KeyeKTi KyheHiH
60/1ybl METaNN MOHAAPbIHbIH, 6enceHai GyHKUMOHANAbIK OpTasibiKkTapFa aAudPy3nAChIH KeHinaeTeai.

Buononumepnik matpuuaHbib Pb* noHaapbiMeH apekeTTecy mexaHnsmi MK-cnekTpocKkonus agicimeH septreng,.
KapboKcunbai KaHe TMAPOKCUAAI TOMTapFa COMKEC JKONAKTapAblH, bIFbICYbl MEH KapKbIHAbIIbIFbIHBIH, ©3repyi
noancaxapuaTi KaHKaHbIH OY3blybIHCbI3 KOOPANHALMANBIK-XENATTbIK KewWweH Ty3ily MexaHW3mi }Ky3ere acaTbiHbIH
nanenpena,.

Copbuuanbik 3epTTeyiep Pb* MOHAAPbIHbIH MOAENbAIK epiTiHAiNepiHAe XKYPri3inai (QaHaNUTUKANbIK Ta3aNnbIKTafbl
KopFfacblH (1) aueTaTbiHbIH CTaHAAPTTLI epiTiHAiciHeH AaliblHAaNfaH). bBuononmepmeH apeKeTTeCKeHHEH KeMiHri
Pb?* noHAapbiHbIH, KandblK KOHUeHTpauuAacbl 283,3 HM aHalWUTUKa/blK TO/AKbIH Y3blHAbIFbIHAA PinAAcle 900T
(PerkinElmer, AKLU) aTomabik-abcopbumnanblk crnekTpomeTpiHae Kanaubpney rpaduri OovibliHWA aHbIKTanA4bl.
Kocbimuwa bakbinay enweynepi auetatrbl 6ydepnik optaga (pH 5,5) 0,01 M TpunoH b epiTiHAiciH KongaHy apKblbl
TUTPUMETPUANDIK SA4iCNEH XKYPrisingi.

Anfawkbl 10 MUH iwiHae Pb? noHaapbiHbiH, 76-77%-Fa AeWiH »KoWblaaTbiHbl, an cOpbLUMANbIK Tene-TeHaik 60 muH
OpHaWTbIHbI aHbIKTanAbl. Makcumanapl TasapTty gapexeci 87% Kypagbl. IKCNepUMEHTTIK Aepektep OpelHAANX
MOZENIMEH *KaKCbl cMnaTTanaabl, byn 6eTTiH reTeporeHai CMNaTbiH XKaHe aacopbumAHbIH, KONKabaTTbl MeXaHU3MIH
KepceTtes,.

AnblHFaH HaTUXKenep Asteraceae TyKbIMAacbl 6CIMAIKTEPIHEH afibIHFAaH HAaHO-KYPblJIbIMAAHFAH NONMCAXapPUATI
b6vononnmepnepain cybl OpTagaH ayblp MeTann MOHAAPbIH KOKFa apHAFaH SKONOMMANBIK Kayincis copbumanbik
MmaTepuangap petiHae 6onallarbl 30p eKeHiH Aanenaenai.

TyiiiH ce3gep: nonucaxapuati 6uononumepnep, copbuus, Pb?* kopracblH MoHAaapbl, Dahlia tubers, Helianthus
tuberosus



