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Abstract

The study presents a comparative analysis of the sorption properties of natural and modified
diatomite and zeolite of Kazakhstani origin under dynamic conditions of adsorption of methylene
blue (MB). The aim of the study was to experimentally identify the effect of thermal and chemical
treatment on the physico-chemical characteristics of minerals and their sorption efficiency. The
samples were characterized by BET analysis, Fourier transform infrared spectroscopy (FTIR), X-ray
Diffraction (XRD), X-ray Fluorescence (XRF), and determination of the residual dye concentration
after passing the solution through the sorbent layer. It has been shown that moderate heat treatment
of diatomite at 400 °C increases its specific surface area from 34.25 to 46.32 m?/g and improves
sorption capacity (removal of MB = 53 %), while heating to 700 °C leads to a decrease in porosity and
sorption efficiency (= 39 %). For zeolite, it was found that the natural sample has limited sorption
activity (= 58 %), but thermal activation (500 °C) increases the result to = 72 %. The most pronounced
effect is observed after acid modification and subsequent calcination: the specific surface area
increases to 80.32 m?/g, and the degree of removal of methylene blue reaches about 86%, which is
comparable or exceeds the literature data for similar materials. Comparative analysis shows that the
sorption activity of diatomite is mainly determined by textural changes during moderate heat
treatment, whereas the effectiveness of zeolite increases significantly due to chemical modification
and an increase in the number of available ion exchange centers.

Keywords: diatomite; zeolite; thermal modification; acid activation; water adsorption; dynamic sorption

1. Introduction

Conservation of ecosystem services is a fundamental condition for sustainable development,
since they ensure the functioning of key environmental processes: natural regulation of water quality,
maintenance of biological diversity, reproduction of biological resources and mitigation of
anthropogenic impact on the environment [1-3]. However, against the background of ongoing
industrialization, it is the industrial sector that remains one of the most significant sources of
pollution of aquatic ecosystems. Industrial wastewater contains a wide range of organic and mineral
substances - phosphates, ammonium compounds and nitrates, heavy metal ions, various dyes, fat-
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containing components, etc. Their intake disrupts the ecological balance, accelerates the degradation
of water bodies and leads to a decrease in their ability to perform ecosystem functions [4].

In recent years, increasing attention has been directed toward the development of
environmentally oriented water treatment technologies aimed at mitigating harmful impacts and
promoting the rational use of natural resources [5]. Among such approaches, sorption methods based
on the use of natural and modified materials such as diatomite, biochar, zeolites, bentonite clays,
shungite, etc. are of particular interest [6-9]. These sorbents are characterized by a high specific
surface area, a developed pore structure, and the ability to effectively bind a wide range of pollutants.
Their use is considered as a more environmentally friendly option compared to traditional
purification methods (coagulation, flocculation, chemical precipitation), which require large volumes
of reagents and often generate significant amounts of secondary waste [10].

Many studies indicate that natural mineral sorbents have significant potential for removing
dangerous pollutants, including heavy metals and organic substances [11-15]. At the same time, the
sorption capacity is determined by the mineralogical composition, specific surface area and
availability of natural raw materials, which makes the choice of a specific material critically
important. Kazakhstan has significant reserves of local mineral raw materials, including diatomites
and zeolites, which are concentrated in a number of deposits (West Kazakhstan, Aktobe and Zhambyl
regions) [10-16].

Diatomite is a sedimentary siliceous rock formed by shells of diatoms. It is characterized by a
high content of amorphous silica (SiO,). The porous structure (Figure la) and the presence of
functional hydroxyl groups on the surface of the diatomite contribute to the adsorption of various
organic and inorganic pollutants. However, the chemical and textural composition of diatomite can
vary significantly depending on the deposit, which affects its operational properties and efficiency in
wastewater treatment processes [17-19]. Recent studies demonstrating the effectiveness of diatomite
and its modifications for the removal of various pollutants are of particular interest for wastewater
and polluted water treatment. Thus, it was shown in [20] that thermally or chemically modified
diatomite can act as an affordable and effective adsorbent in the purification of contaminated water.
Diatomite demonstrates high phosphate removal rates: in laboratory tests, the degree of purification
reaches 90-97 %, while in dynamic column systems it remains at the level of 50-70 %. An additional
modification makes it possible to further enhance these properties. In particular, hydrogel granules
based on diatomite treated with lanthanum compounds showed a sorption capacity of 58.9 mg/g and
a removal efficiency of over 92.5 % when tested on real wastewater [21]. Additionally, a
functionalized DTC,-Na diatomite (treated with sulfuric acid, NaCl, then calcined at 400 °C) achieved
more than 80% removal of ammonium ions at pH 6-10 with a 60-minute contact time [22]. Similar
results were obtained for diatomite modified with lanthanum-containing components
(La20,CO;@AD), which demonstrated high phosphate binding efficiency [23].

Zeolites are crystalline aluminosilicate minerals with a microporous (Figure 1b), three-
dimensional skeleton structure consisting of 5iO, and AlO; tetrahedra. Due to this structure, they
have a high ion exchange capacity, developed porosity, and a significant specific surface area, which
makes them effective sorbents for removing organic compounds, metal ions, and ammonium from
water [24-26].
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Figure 1. Microstructure of natural zeolite (a) and diatomite (b).

Zeolites are characterized by a significant cation exchange capacity and a preferred interaction
with heavy metal cations due to the negative charge of the aluminosilicate frame and the availability
of available exchange positions. These structural and chemical features determine the high efficiency
of zeolites in the extraction of ions such as Pb%, Cu?, Ni** and Cd*" from polluted aquatic
environments [27]. Their adsorption capacity is determined by chemical and structural parameters,
primarily the Si/Al ratio and the type, number and location of compensating cations in the framework
structure. These characteristics can be purposefully changed by modifying the natural zeolite by heat
treatment or exposure to acids, alkalis and inorganic salts. This effect leads to a redistribution of
cations, a change in the availability of the pore space and, consequently, to the regulation of the
sorption properties of the material. During the contact of the zeolite with the solution, the
mechanisms of ion exchange and adsorption act together, ensuring the effective extraction of
ammonium and other cationic pollutants.

Some studies describe that additional chemical modification of zeolite with solutions of
inorganic salts (NaCl, CaCl,, BaCl,, NhyCl, FeCls) or cationic surfactants such as
hexadecyltrimethylammonium bromide (HDTMA-Br) can significantly enhance the sorption
properties of zeolite and increase its efficiency in water purification processes [28,29]. The structural
and surface characteristics of zeolites can also be changed by treatment with alkaline (NaOH,
Ca(OH)) or acidic solutions (HCl, HNO;), which act on the framework of the mineral and regulate
its physico-chemical parameters [30,31].

High purification rates are achieved not only by using individual natural sorbents, but also by
combining them. The use of composites based on natural silicate materials also demonstrates high
efficiency. In particular, the combination of thermally modified zeolite and diatomite in a 3:2 mass
ratio ensured the removal of nitrogen and phosphorus at the level of 92.07 % and 84.61 %, respectively
[32], which confirms the significant potential of natural and modified aluminosilicate sorbents in
water treatment technologies. These results indicate the expediency of further study of combined
systems. In this work, however, the main focus is on optimizing the properties of diatomite and
zeolite separately, which is a necessary step for the subsequent formation of effective composites.

It should be emphasized that diatomite and zeolite are characterized by fundamentally different
mineralogical nature, structural organization and chemical composition. Accordingly, the purpose of
this study was not to directly compare their sorption efficiency as equivalent materials.

In this context, diatomite was considered as a model natural sorbent, for which the effectiveness
of exclusively thermal activation as an environmentally neutral and technologically simple
modification method was evaluated. Thermal activation of diatomite was chosen in order to assess
the extent to which this approach is capable of providing sorption characteristics comparable to more
complex thermo-chemical treatment of zeolite.
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The scientific novelty of this study is to analyze the effectiveness of various approaches to the
modification of natural mineral sorbents of Kazakhstani origin, taking into account their structural
and chemical characteristics, as well as to assess the effect of thermal and thermo-chemical treatment
on the sorption characteristics of diatomite and zeolite. The results obtained form the scientific basis
for the subsequent creation of functional and composite sorption systems based on natural silicates.

The purpose of this work is to experimentally substantiate the potential of natural and modified
sorbents (diatomite and zeolite) in water purification processes, as well as to evaluate the applicability
of environmentally oriented and technologically sound activation methods aimed at reducing the
negative impact on aquatic ecosystems.

2. Materials and Methods
2.1. Raw Materials and Preparation of Sorbents

Natural zeolite from the Shankanai deposit (Zhambyl region) and natural diatomite from the
Utesai deposit (Aktobe region) were used as raw materials.

Before the experiments, the diatomite was mechanically crushed to homogeneous fractions (0.5-
2 mm), after which it was dried at 105 °C to a constant weight. Natural diatomite was subjected to
heat treatment at temperatures of 400, 500 and 700 °C, 60 min to identify the effect of heating on the
phase composition and sorption properties.

Natural zeolite (0.5-2 mm fraction, dried at 105 °C) was subjected to the following types of
activation: (1) thermal treatment at 500 °C, 60 min; (2) combined acid treatment (57 %) with HNO;
followed by treatment at 500 °C, 60 min. The activation technique is based on the work of [33].

All adsorption experiments were performed at least in duplicate; deviations of the results did
not exceed 3-5 %, therefore, for clarity, the errors are not shown on the graphs.

2.2. Assessment of Structural, Chemical, and Microstructural Characteristics

The surface morphology and microstructural features of the natural diatomite were examined
using an electron-probe microanalyzer JXA-8230 (JEOL) operated at an accelerating voltage of 20 kV,
beam current up to 5 nA, and a dead-time up to 20 %. Analyses were performed in the backscattered-
electron (BSE) imaging mode, which provides enhanced compositional contrast (atomic-number
contrast) and thus facilitates reliable discrimination of regions with different elemental composition
and density.

The phase composition of the raw and thermally treated diatomite samples was determined by
X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer (Germany) with Cu K-a radiation
(A =1.5406 A). Data were collected in the 20 = 5°-70° range with a step size of 0.02°. Mineral phase
identification was performed by comparison with the PDF-2 database, allowing assessment of
temperature-induced changes in crystalline structure.

The oxide composition of the starting zeolite and diatomite samples was quantified by X-ray
fluorescence (XRF) analysis on a Panalytical Axios 1 kV spectrometer. The XRF results provided
quantitative concentrations of the major oxides (SiO,, AL,O3, Fe;O3, CaO, MgO, K,O, NayO, TiO,, etc.),
which were used to interpret the influence of chemical composition on sorptive performance.

Surface functional groups were characterized by Fourier-transform infrared spectroscopy (FTIR)
using a Bruker Alpha II spectrometer equipped with the NPVO attachment. Spectra were acquired
over the 4000-400 cm™ wavenumber range. FTIR data were employed to assess changes in surface
chemistry induced by thermal treatment and by the sorption process, allowing detection of the
appearance or disappearance of characteristic functional groups after modification of the minerals.

2.3. Specific Surface Area and Sorption Tests

The specific surface area of the raw diatomite samples was determined by low-temperature
argon adsorption using a Sorbthometer (KATACON). Prior to analysis, samples were dried at 100 °C
to constant mass and degassed in the instrument sample preparation station under a flowing Ar-He

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1373.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 December 2025 d0i:10.20944/preprints202512.1373.v1

5 of 17

gas mixture. Adsorption—desorption isotherms were recorded at liquid-nitrogen temperature, and
the specific surface area was calculated automatically using the BET method.

Adsorptive performance was evaluated using methylene blue (MB) as a model organic dye. The
stock MB solution was prepared in distilled water: the calculated amount of dye was dissolved in a
2 L volumetric flask and mixed until a homogeneous solution was obtained.

All sorbents were sieved to the 0.5-1.0 mm fraction and dried at 105 °C prior to the experiments.
Thermally treated zeolite (Z_500 °C and Z_500 °C_chem) and diatomite samples are designated
(D_400 °C and D_700 °C) according to the treatment temperature.

Sorption experiments were performed in dynamic mode at 23 °C. Before and after contact with
the sorbent, the filtrates were analyzed to determine the MB concentration using a DR 3900
spectrophotometer. Dynamic adsorption tests were carried out in vertical glass columns with an
internal diameter of 4.0 cm and a sorbent bed height of 2.5 cm. The mass of sorbent in each run was
10 g. The MB solution was fed by gravity at a rate of 50 mL-min, processing a total volume of 200
mL per experiment.

3. Results and Discussion
3.1. Structural-Morphological and Elemental-Phase Characteristics of Minerals

The surface structure of natural diatomite is represented by aggregates and individual particles
with dimensions from the submicron level (Figure 2a). The bulk of the particles are made up of silica
fragments corresponding to amorphous SiO: with inclusions of Mg, Al, K and Fe (Figure 2b). Along
with the main structural elements, isolated impurity formations are revealed: NaCl crystals and TiO:
particles. The data obtained are consistent with the morphological features of natural diatomite
described in the literature and reflect the fragmented porous structure characteristic of diatom
sediments.
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Figure 2. Complex microstructural and elemental characteristics of the sample: a) SEM image of natural

diatomite b) energy-dispersive X-ray spectrum (EDS spectrum) of natural diatomite.

The results of the XRF analysis showed that the diatomite of the Utesai deposit is characterized
by a high content of silicon dioxide (SiO,), the content of which is 82.63-83.79 % (Table 1). The second
most important components are Al,Os (8.33-8.65 %) and Fe,Os (2.63-2.82%), which are present in the
form of aluminosilicate and iron-containing phases. The concentration of TiO; (1.22-1.33 %) and MgO
(~1.1 %) indicates the presence of mineral impurities typical of diatomites of natural origin.

According to Table 1, the natural zeolite of the Shanghanai deposit is characterized by a more
variable and chemically complex oxide composition compared to diatomite. The main structure-
forming component is silica (Si0,), the content of which varies between 60.0-74.0 %, reflecting the
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high degree of silicatization of the crystalline framework and the inherent aluminosilicate nature of
zeolites. The second oxide in terms of content is AL,Oj; (14.0-15.0 %), which provides the basis of the
tectosilicate structure and determines the cation-exchange properties of the mineral.

Table 1. The content of chemical compounds in natural diatomite and zeolite.

Concentration, %

Component Diatomite Zeolite
(Utesai deposit) (Shanghanai deposit) [26]
SiO2 82,630 60,0-74,0
AlLOs 8,622 14,0-15,0
Fe20s 2,819 1,40-5,83
MgO 1,089 0-2,120
K0 0,646 0,660-4,030
CaO 0,191 0,130-6,400
TiO2 1,320 0,070-0,700
Na:0 1,380 0,610-5,450
P20s 0,031 0,012-0,173
SOs 0,221 -
V205 0,030 -
Cl 0,936 -
Cr20s 0,025 -
MnO - 0,067-0,199

The Fe,Os content in zeolite is significantly higher than in diatomite and can range from 1.40 to
5.83 %, which indicates the presence of iron-containing phases and may affect the sorbent's resistance
to redox processes. The range of concentrations of MgO (0-2,120 %) and KO (0.660-4.030 %) indicates
the variability of impurity minerals and sorbed cations due to the geochemical features of the deposit.
The presence of alkaline earth and rare earth oxide - CaO (0.130-6.400 %) - reflects the ability of
zeolites to include cations of various valences in the structure due to a highly developed ion exchange
system.

The content of TiO, (0.070-0.700 %), Na,O (0.610-5.450 %) and P,Os (0.012-0.173 %) indicates the
presence of mineral oxidants and possible adsorbed compounds of a phosphate nature. The
concentrations of MnO (0.067-0.199 %) also confirm the presence of manganese impurities typical of
aluminosilicate rocks of volcanogenic or hydrothermal origin.

3.2. The Effect of Heat Treatment on the Oxide Composition of Diatomite

The chemical composition of natural diatomite changes slightly when heated in the range of 400-
700 °C (Table 2), which indicates the stability of the silica base of the material. The most noticeable
fluctuations affect the content of Cl and SO3, which may be related to the removal of volatile impurity
compounds. The concentrations of MgO and K;O also vary within the limits typical for diatomites,
which indicates the preservation of the general oxide structure even at elevated temperatures.

Table 2. The content of chemical compounds in diatomite at different temperatures.

Concentration, %

Component 400 °C 500 °C 700 °C
exposure 60 minutes
Si02 83,443 83,791 83,502
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AlLOs 8,602 8,331 8,650
Fe20Os 2,686 2,627 2,633
MgO 1,093 1,121 1,151
K0 0,807 0,628 0,633
CaO 0,225 0,272 0,302
TiOz 1,226 1,309 1,298
NaO 1,051 1,257 1,330
P20s 0,030 0,029 0,027
SOs 0,285 0,328 0,389
V205 0,020 - 0,034
Cl 0,506 0,259 0,017
Cr203 - 0,024 0,014

According to the results of XRF, diatomite contains more than 82 % SiO, and smaller amounts
AlOs, MgO, KO, Na;O and TiO,, indicating that it is silicate in nature and suggests the presence of
clay and aluminosilicate minerals. These assumptions are supported by XRD analysis data, which
shows that quartz is the main mineral, as well as muscovite, mica, dickite, montmorillonite, and
sodium aluminosilicates (Figure 3).

1 N1
PDF 01-085-0794 Quartz, syn SiO2 - 31,9 %

PDF 00-058-2037 Muscovite-2M1, heated KAI2(Si,A)4010(CH)2 - 17,7 %
PDF 00-002-0227 Mica K-Mg-Fe-Al-Si-0-H20 - 17,2 %

PDF 00-003-0413 Flusston SiO2-A203-Na-OH - 13,3 %

PDF 01-086-6671 Sodium Aluminum Silicate NaAISiO4 - 7,9 %

PDF 00-058-2003 Dickite-2M1 AI2Si205(CH)4 - 7,7 %

PDF 01-077-3565 Sodium chloride NaCl - 4,3 %

TossemA
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N3

PDF 01-085-0794 Quartz, syn SiO2 - 29,6 %

PDF 00-029-1499 Montmorillonite-22A Na0.3(Al,Mg)2Si4010(OH)2:8H20 - 16,3 %
PDF 00-058-2037 Muscovite-2M1, heated KAI2(Si,Al)4010(0H)2 - 16,2 %

PDF 00-002-0227 Mica K-Mg-Fe-Al-Si-O-H20 - 11,6 %

PDF 00-003-0413 Flusston SiO2-Al203-Na-OH - 9,9 %

PDF 01-084-0752 Albite NaAl0.91Si308 - 8,8 %

PDF 01-086-6671 Sodium Aluminum Silicate NaAISiO4 - 5,0 %

PDF 01-070-4500 Titanium Oxide Ti6O11 - 2,5 %

Reaioh

o MMM

e

I N5

PDF 01-085-0794 Quartz, syn SiO2 - 31,2 %

v PDF 00-058-2037 Muscovite-2M1, heated KAI2(Si,A)4010(OH)2 - 15,3 %
PDF 00-019-0932 Microcline KAISI308 - 13,2 %

PDF 00-003-0413 Flusston SiO2-Al203-Na-OH - 9,6 %

PDF 00-002-0227 Mica K-Mg-Fe-Al-Si-0-H20 - 8,3 %

PDF 01-084-0752 Albite NaAI0.91Si308 - 7,1 %

PDF 01-086-6671 Sodium Aluminum Silicate NaAISiO4 - 4,9 %

PDF 00-029-1499 Montmorillonite-22A Na0.3(Al, Mg)2Si4010(OH)2-8H20 - 4,2 %
PDF 01-070-4500 Titanium Oxide TI6O11 - 3,2 %

PDF 01-073-3435 hypothetical silica | Silicon Oxide SiO2 - 2,9 %
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Figure 3. Results of XRD analysis of diatomite: a) initial diatomite, b) heat-treated at 400 °C, c) heat-treated at
700 °C.

Heat treatment leads to gradual phase transformations. At 400 °C, the initial mineralogical
structure is preserved, but a decrease in the content of some aluminosilicate phases and the formation
of stable titanium oxides is recorded. At 700 ° C, a redistribution of aluminosilicates and the formation
of microcline and albite is observed against the background of a decrease in the amount of
montmorillonite due to dehydration. The appearance of modified forms of SiO, confirms partial
transformations of silica at the maximum processing temperature.

A joint analysis of the XRF and XRD data makes it possible to trace the stability of the diatomite
oxide structure and the sequence of phase changes under the influence of heating. The results
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obtained demonstrate that heat treatment affects not only the impurity components, but also the
crystallochemical state of the aluminosilicate phases.

3.3. FTIR Analysis Results

The FTIR spectra of the initial and heat-treated diatomite samples demonstrate a set of bands
typical of silica-containing materials corresponding to vibrations of the silicon-oxygen framework. In
all cases, the most intense band is recorded in the range of 1006-1027 cm-1 (absorption = 0.15), which
corresponds to asymmetric valence vibrations of Si-O-5i bonds and indicates the preservation of the
structural backbone of amorphous silica regardless of the processing temperature (Figure 4).

Bands at 423-452 cm™1 (absorption = 0.06) are detected in the low—frequency region due to O-Si-
O deformation vibrations, which is also a characteristic feature of a diatomic silicon matrix. The
intensity and position of these bands remain almost unchanged, which indicates the high
temperature stability of SIO, structural units.

Additional small bands are observed in the ranges 528-560 cm~1, 695-696 cm~1, 797-798 cm~1 and
621-622 cm~1. They are characteristic of various types of symmetrical and deformation vibrations in
silica-containing and clay phases present in natural diatomite. Their low intensity and reproducibility
between samples confirm the absence of significant structural transformations during heating.
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Figure 4. IR spectra of diatomite samples: a) initial diatomite b) diatomite at 400 °C c) diatomite at 500 °C d)
diatomite at 700 °C.

Comparison of the spectra of samples calcined at 400, 500, and 700 °C with the untreated material
shows that thermal treatment within this temperature range does not lead to a noticeable shift of the
main Si-O-Si and O-Si-O bands. Minor variations—for example, the shift of the maximum from
1025.17 cm™ to 1027.25 cm™ in the sample treated at 700 °C - are minimal in nature and may be
associated with local rearrangement of the silica network or the removal of surface-bound water.
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The FTIR spectra of natural zeolite and samples subjected to thermal treatment and acid
modification exhibit the characteristic bands of aluminosilicate materials corresponding to
framework Si-O-Al and Si-O-5i vibrations.

For the raw zeolite, the main intense absorption band is observed at 983 cm™ (absorbance = 0.15),
corresponding to the asymmetric stretching vibrations of bridging Si-O-T bonds (T = Si, Al). The
presence of this band indicates a structured aluminosilicate framework typical of zeolites. In the low-
frequency region, bands in the range of = 423-452 cm™ (absorbance = 0.02) are recorded, which are
interpreted as bending/rocking (out-of-plane) vibrations of bridging Si-O-5i and Si-O-Al bonds in
aluminosilicate frameworks, as well as weaker bands around 518 and 581 cm™ reflecting internal
vibrations of SiO,4 and AlO, tetrahedra. Weak bands at 739-777 cm™ are associated with symmetric
deformations of framework groups.

Thermal treatment of the zeolite at 500 °C without chemical modification does not lead to
shifting or the appearance of new bands: the main band remains in the region of 981 cm™ (absorbance
~0.15). Minor bands at 441 cm™ and 517 cm™ are nearly identical to those of the untreated sample,
indicating high thermal stability of the framework. The presence of weak bands in the 645-740 cm™
region indicates preservation of the aluminosilicate structure and the absence of substantial
degradation.

Modification of the zeolite with nitric acid followed by thermal treatment results in more
pronounced changes in the FTIR profile. The main band shifts to 1012 cm™, which may be attributed
to partial removal of framework aluminum centers and a relative increase in the fraction of Si-O-Si
fragments, which is typical of acid decationization and dealumination. In the low-frequency region,
bands at 434-448 cm™ are recorded, close to those of the original material, indicating retention of the
basic framework structure. Additional weak bands at 536-584 cm!, as well as those at ~792 cm™ and
645 cm™!, reflect the presence of distorted SiO, groups and the emergence of structural units
associated with partial rearrangement of the framework under acid treatment. A small band in the
range of ~1631 cm™1 can be associated either with residual organic impurities or with valence
vibrations of adsorbed water molecules (V: is the deformation regime), which often manifest
themselves in zeolites and aluminosilicates even after heat treatment.

Thus, FTIR analysis shows that thermal treatment at 500 °C does not significantly alter the
structure of natural zeolite, whereas acid modification causes shifting of the main bands and the
formation of new weak signals, indicating structural transformations associated with aluminum
removal and changes in the Si/Al ratio. These changes may be important for further interpretation of
differences in the sorption properties of the obtained materials.
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Figure 5. IR spectra of zeolite samples: a) initial zeolite b) 500 °C zeolite without modification c) 500 °C zeolite
with modification.

3.4. BET-Analysis and Testing of Dynamic MB Adsorption

Certain values of the specific surface area of diatomite and zeolite samples are shown in Figure
6. According to the data obtained, natural diatomite has a BET surface of 34.25 m?/g, whereas heat
treatment at 400 °C increases it to 46.32 m?/g, and heating to 700 °C, on the contrary, leads to a
decrease to 16.77 m?/g. These results are consistent with previously established structural changes:
moderate heat treatment helps to open pores and remove volatile impurities, while high-temperature
heating causes partial compaction and sintering of the structure, reducing the available porosity.

Zeolites are characterized by higher surface area values compared to diatomite: from 21.80 m?/g
in the initial sample to 34.56 m?/g after heat treatment and 80.32 m?/g after acid modification. The
latter indicator reflects a significant increase in the available surface due to the removal of carbonate
and clay impurities, changes in acid-base properties, and partial disclosure of the microporous
structure of the zeolite.
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The obtained data on the removal of MB demonstrate a distinct difference in the effectiveness of
sorbents depending on the processing method. At an initial dye concentration of 820 mg/l, the
residual concentration after passing through the diatomite layer was 387 mg/1 for untreated diatomite
(52.8 % removal), 243 mg/1 for a diatomite sample heat-treated at 400 °C (70.4 %), and 501 mg/1 for a
sample after heating to 700 °C. (38.9 %), which is consistent with some data from the literature [34-
36]. Thus, moderate heat treatment confirms an increase in sorption activity, whereas high-
temperature calcination leads to degradation of the pore structure and, as a result, a decrease in

absorption efficiency.

Table 3. The effect of physical and chemical activation on the sorption capacity of samples.

Indicators Value
Z_500 °C Z_500
Samples D 400 °C D_700 °C  D_untre Z_untre
°C_chem
Initial
concentration Cy, 820 243 501 387 343 228 115
mg/l
Weight of sorbent 10
(m_sorbent), g
Sorbent fraction, mm 0,5-1
Column diameter D, cm 4,0
Layer height H, cm 2,5
Volume of the supplied 200,0
solution, ml
Flow rate Q, ml/min 4

Feed type (gravity-fed /
pump-driven)

gravity-fed
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A different trend is observed for zeolite: the untreated sample removed 58.2 % of MB, the sample
heat-treated at 500 °C removed 72.2 %, and the sample chemically modified with nitric acid removed
86.0 %. Thus, acid treatment proved to be the most effective, which is consistent with literature data
[37] and an increase in specific surface area, the formation of additional acid centers involved in the
sorption of organic dyes. The improvement after chemical treatment is typical and is explained both
by the opening of micropores and the removal of impurities, as well as by a change in the chemical
nature of the surface (protonation/replacement of cations), which increases the affinity for cationic
dyes. It should be noted that the nature of the influence of the specific surface area and textural
properties of the sorbent can vary significantly depending on the nature of the target contaminant. In
particular, for anionic compounds such as phosphate ions, diatomite can demonstrate significantly
higher phosphate removal efficiency, which has been confirmed in a number of studies [20,23].

% of MB removal
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Figure 7. Sorption efficiency of MB.

Despite the differences in experimental conditions and MB concentrations, the ranges agree
fairly well and confirm the correctness of the results obtained. It should be noted that under dynamic
flow conditions, sorption efficiency is usually lower than under static conditions, because the contact
time is shorter and the sorbent operates under non-equilibrium conditions. However, dynamic
adsorption experiments more closely approximate real-world conditions. In addition, the initial dye
concentration has a significant effect on the percentage of removal: at higher values (above 500-600
mg/l), the effectiveness of most aluminosilicates may decrease due to saturation of the available
centers.

The results obtained confirm the possibility of using natural diatomite and zeolite after simple
activation for water purification. Zeolite is especially effective after acid activation, which, despite
additional reagents, may be justified for removing persistent pollutants. Diatomite, being inexpensive
and environmentally friendly, can be used for preliminary treatment or in combination with zeolite
to jointly remove different types of ions [32]. Chemical modification of diatomite can be the subject
of subsequent studies aimed at in-depth study of the combined effects of thermo- and chemical

activation.

4. Conclusions

The conducted studies have shown that natural diatomites of Kazakhstan have a relatively low,
but sufficient specific surface area for practical use, and moderate thermal activation contributes to
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the improvement of their structural characteristics. In particular, treatment at 400 °C increased the
surface area of diatomite from ~34.25 to =46.32 m?/g, which was accompanied by an increase in
sorption activity. An increase in temperature to 700 °C, on the contrary, led to a decrease in the
specific surface area due to partial sintering of the structure. At the same time, heat treatment did not
cause significant changes in the oxide composition and the spectrum of functional groups, which
indicates the preservation of the basic chemical nature of the material.

A fundamentally different behavior is noted for zeolites. Thermal activation of natural zeolite
moderately increases its surface and textural characteristics, but the most significant changes are
achieved with chemical modification. Acid treatment followed by calcination led to an increase in the
specific surface area from ~21.8 to ~80.32 m?/g. This is due to the removal of impurities, the opening
of the microporous structure, and an increase in the number of available ion exchange centers. Thus,
unlike diatomite, whose sorption capacity is mainly determined by its mesoporous structure and
relatively inert surface, the activity of zeolite significantly depends on its acid-base properties and
the degree of modification.

The data obtained on the dynamic sorption of methylene blue confirm the differences between
the materials: moderate heat treatment increases the efficiency of diatomite, but the potential for its
chemical modification remains limited. Zeolite, on the other hand, demonstrates relatively low
efficiency in its natural state, but its sorption capacity increases significantly after thermal and
especially chemical activation, which is consistent with its structural and chemical nature.

The scientific significance of the work is to establish the relationship between processing
methods (temperature and chemical) and changes in the sorption properties of Kazakhstani minerals,
as well as to identify fundamental differences in the activation mechanisms of diatomite and zeolite.
The practical value lies in the fact that the results demonstrate the possibility of creating affordable
and effective sorbents based on local mineral raw materials for wastewater treatment of various
compositions.

A promising area of further research is the development of composite sorbents combining
diatomite and zeolite in a single functional matrix. Such materials can combine the advantages of
both minerals - advanced meso- and microporosity, mechanical stability, and a wide range of active
sites - providing increased sorption capacity and selectivity. Additional improvements can be
achieved through the use of hydrothermal modification, deposition of functional oxide or carbon
nanostructures, as well as optimization of the texture of the material for specific classes of pollutants.
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Abbreviations

The following abbreviations are used in this manuscript:

D_400 °C Diatomite samples with heat treatment at 400 °C
D_500 °C Diatomite samples with heat treatment at 500 °C
D_untre Samples of untreated natural diatomite

Z_500 °C Zeolite samples with heat treatment at 500 °C
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Z_500 °C_chem Zeolite samples with chemical activation and subsequent heat treatment at 500°C
Z_untre Samples of untreated natural zeolite
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