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Abstract

Heavy metal contamination in aquatic environments remains a considerable ecological
threat, necessitating the development of cost-effective remediation technologies. Natural
mineral sorbents, such as diatomaceous earth (DE), are valued for environmental remediation
due to their affordability and inherent selectivity. This study investigates the synthesis and
effectiveness of a sodium silicate-modified DE, specifically designed for the targeted
adsorption of copper ions (Cu?*) from wastewater. The modification process utilized a cost-
effective sodium silicate solution to enhance the structural and surface properties of raw
diatomaceous earth. To modify the substrate, raw DE was added to a diluted 0.5 M sodium
silicate solution at a ratio of 5% sodium silicate by weight relative to the DE. The sodium-
silicate-modified diatomaceous earth reduced the residual UV—Vis absorbance of the copper
solution by approximately 50% compared with the unmodified material, indicating a
substantially improved removal of dissolved copper species. The results demonstrate that
sodium silicate modification significantly improves the material's structural stability and
affinity for heavy metals, offering an efficient solution for industrial wastewater treatment.
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Introduction

Heavy metal contamination in aquatic environments continues to pose a significant
environmental challenge. Conventional treatment methods, such as precipitation, ion
exchange, membrane filtration, and activated carbon adsorption, are commonly utilized.
However, these methods frequently incur high operational costs and exhibit limited selectivity
for specific pollutants [1, 2].
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Consequently, there is significant interest in developing affordable, highly efficient,
and selective alternatives that facilitate the effective transfer of pollutants from liquid to solid
phases [3, 4, 5]. Bio-sorbents, including bacteria, algae, and fungi, provide a variety of
functional groups [7, 8]. In contrast, mineral sorbents such as zeolites, perlite, and clay rocks
are particularly esteemed for their abundance and mechanical stability. These properties are
especially advantageous when these sorbents are in granular forms, making them suitable for
use in demanding aquatic environments [6,7,8].

Among these mineral matrices, diatomaceous earth (DE) stands out as an
environmentally friendly, siliceous sedimentary rock [9].

Characterized by a highly porous structure, large specific surface area, lightweight
nature, and high thermal reactivity, DE consists primarily of amorphous silica (SiO,)
alongside minor metal oxides (Al,O3, Fe,03, and MgO) [10, 11, 12].

Although raw diatomaceous earth (DE) serves as an effective sorbent for a range of
organic and inorganic compounds [13, 14], attaining high selectivity for particular heavy
metal cations, without interference from co-existing ions, continues to represent a significant
research challenge [15]. Surface modification presents an effective approach to addressing
selectivity limitations. The integration of sodium silicate into the diatomite matrix confers
both structural and chemical advantages: it serves as a binder to enhance structural stability
and provides a plentiful source of active silanol (Si-OH) groups upon activation [16,17,18].
This modification transforms the morphology and textural properties of the diatomite, thereby
substantially enhancing its surface reactivity and compatibility for the adsorption of target
heavy metals.

The impurities present in natural diatomite can unfavorably impact the uptake of heavy metal
ions from aqueous solutions [19].

Therefore, modification of the diatomite surface was necessary to optimize heavy-metal
removal. A variety of methodologies can be used to modify the diatomite surface. Ediz et al.
showed that the characteristics of diatomite are improved for use in filtration [20] when
calcinated at 1000 -C. It was demonstrated that, through this process, the density and
permeability of the diatomite were enhanced from 2.29 to 2.34 g/cm3 and from 2.15x10—-14
to 4.74x10-13 m2, respectively. In this way, calcinated diatomite could be used successfully
for filtration purposes. Most of the modifications cited here concern the inorganic
functionalization of diatomite. In the past, this has been in the past the most common way to
improve the selectivity and extraction performance of the material. However, the fact that
diatomite may be considered as amorphous silica opens the way for functionalization
purposes [21,22].

The study aimed to synthesize a sodium-silicate-modified diatomite, thoroughly
characterize its modified physicochemical properties, and systematically assess its efficacy in
selectively removing heavy metal ions from aqueous solutions. The use of sodium silicate
offers several advantages, including low cost, non-toxic processing, a straightforward one-
step modification route, thermal stabilization at a relatively low calcination temperature (400
°C), and the production of mechanically robust adsorbents suitable for continuous filtration
systems.
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Materials and Methods

The diatomaceous earth (DE) used in this study consisted of granulates with a grain
size of 0.5-1 mm and was purchased from the "DIATOMITE" Research and Production
Closed Joint-Stock Company (CJSC). Copper sulfate pentahydrate CuSO4 ¢ 5H20 was
utilized to prepare the experimental solutions at a fixed concentration of 0.5 g/L. Sodium
silicate solution (liquid glass), characterized by the generalized formula Na20(SiO02)x - xH20
was used as an inorganic binder and surface modifier.

Modification and Calcination of Diatomaceous Earth

To modify the substrate, raw DE was added to a diluted 0.5 M sodium silicate solution
at a ratio of 5% sodium silicate by weight relative to the DE. The resulting slurry was
thoroughly mixed for 60 minutes to ensure complete penetration of the sodium silicate into
the microscopic pores of the DE. To synthesize a rigid, water-insoluble structure suitable for
long-term filtration, the modified DE was calcined in a muffle furnace at 400°C for 2 hours.

Results and discussion

By using sodium silicate, the DE becomes a highly active silica surface that has
superior mechanical stability in water filtration columns and an enhanced capacity to adsorb
dissolved heavy metal contaminants compared to raw DE.

It increases the density of silanol groups (-Si-OH) on the surface. These groups act as
chemical anchors that can either directly bind to certain heavy metal cations (Cu*?) or serve as
a bridge to attach other organic molecules. Sodium silicate acts as an excellent, chemically
compatible inorganic binder. This enables the fabrication of stable pellets, beads, or granules
that won't disintegrate when submerged in water.

Water glass deposits additional silica species on the diatomite surface:

Si-O” + Cu** — Si-O—Cu" (1)
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The calcination at 400 °C removes physically adsorbed water, improves pore accessibility,

and strengthens the silica network. At 400 °C, the silica surface still retains hydroxyl groups
necessary for metal binding.

The UV-Vis spectra revealed a pronounced absorption in the ultraviolet region below

230 nm, while negligible absorbance was observed at wavelengths above 300 nm. After
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treatment with the adsorbent, the absorbance intensity decreased markedly, indicating a
reduction in the concentration of dissolved copper-containing species. The absence of
significant absorption bands in the visible region suggests either a low residual Cu?
concentration or efficient removal of copper ions from the aqueous phase.

UV-Vis spectra of the CuSOa solutions before and after adsorption revealed a
pronounced decrease in absorbance intensity in the 200-250 nm region after treatment. Before
modification, the residual absorbance was approximately 3.6. After modification, the residual
absorbance changed to 1.8. The sodium-silicate-modified diatomaceous earth reduced the
residual copper concentration by approximately 50% compared with the unmodified
diatomaceous earth, demonstrating a significant enhancement in adsorption performance.
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The predominant absorption band in the 1000-1100 cm™ range is linked to the
asymmetric stretching vibration of Si—O-Si bonds. Additionally, the bands near 790-800 cm™!
and approximately 460 cm™ are attributed to the symmetric stretching and bending vibrations
of the siloxane network, respectively. Post-modification, these characteristic silica bands
persist, indicating that the treatment does not compromise the fundamental structure of
diatomite. Nonetheless, slight variations in band intensity and broadening of the Si-O-Si
absorption, along with a modest increase in the hydroxyl absorption region, imply alterations
in the surface silanol groups and an increase in surface-bound hydroxyl species. These
spectral modifications confirm successful surface modification while maintaining the original
porous silica framework of the diatomite.

Conclusions
In this study, a high-performance functional material was successfully developed
through the chemical modification of natural diatomite using sodium silicate. The systematic
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characterization and subsequent performance evaluations yielded the following key
conclusions:

The sodium silicate modification successfully altered the surface characteristics of the raw
diatomite. Analytical results from FTIR confirmed that the sodium silicate was uniformly
distributed across the diatom frustules, introducing a high density of reactive silanol (Si-
OH) groups and establishing strong Si-O-Si chemical bonds without destroying the
underlying porous framework of the diatomite.

The sodium-silicate modified diatomite exhibited outstanding efficiency when applied to
adsorb heavy metals from wastewater. Specifically, before modification, the residual
absorbance was approximately 3.6. After modification, the residual absorbance changed to
1.8. The modified material left 50% less copper in the solution compared to the
unmodified material (a 50% reduction in residual copper).

The research demonstrates a facile, cost-effective, and environmentally friendly strategy
to upgrade low-cost natural diatomite into a high-value functional material. The excellent
performance and straightforward synthesis route suggest that sodium-silicate modified
diatomite holds immense potential for large-scale industrial applications in wastewater
treatment.
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MOJIUPUITUPOBAHHBINA JUATOMMUT JJISI DOPEKTUBHOI'O YIAJIEHUS
MOHOB MEJIX U3 BOAHOI'O PACTBOPA

1 2
M. A. Kananrapsu', A.K. ApyTyHsiH
lHaL;MOHaJlean VHUGEPCUTEM apXUMeEKmypbl U Cmpoumenscmea Apmenuu
2Hnemumym 800mbix npobiem u 2udpomexruku um. akad. U.B.E2uasaposa

3arpsi3HeHUE BOJHBIX Cpell TSHKEIBIMU METaJUIaMH TPEACTaBIsET cOO0H Cephe3HYIO
9KOJIOTHYECKYIO YIPO3y, YTO OOYCIOBIMBACT HEOOXOAMMOCTH Pa3pabOTKH IKOHOMHYECKH
3¢ (HEeKTUBHBIX TEXHOJOTHA OYUCTKU. [IpupoaHBle MHHEpalbHBIE COPOEHTHI, TaKHe Kak
JTUATOMUT, IEHATCS IJIsi OYMCTKH OKPYXKAroIIeH cpeasl Omaromaps CBOCH JOCTYIMHOCTH H
MpUCYIIeH UM CEeTeKTUBHOCTH. B maHHO# paboTe mcciaenoBainch CHHTE3 U AP (HEKTUBHOCTh
MOAU(HUIIMPOBAHHOTO CHJIMKATOM HATPUS TUATOMHUTA Ui ancopOrmu noHoB meau (Cu?t) u3
CTOYHBIX BOJ. B mpomecce MoauduKauu HMCIOIB30BAICA dKOHOMHUYECKH S(PPEKTHBHBIMN
pactBop cuimkata HaTpusa. CTpyKTypHas LEJIOCTHOCTh M (DU3MUYECKHE XapaKTePUCTHUKH
MOAU(HUIIMPOBAHHOTO MaTepHalia OIEHUBAIUCH IO pe3yJabTaTaM BOJOMOIJIONIEHUSA. 3aTeM
OBLTM TIPOBENEHBI AKCIEPUMEHTHI MO aaCcOpOIHH B MEPUOAMYECKOM PEXKHUME IS OLECHKHU
3¢ PeKTUBHOCTH MOAUGUIIMPOBAHHOTO TUATOMHUTA B YAAJCHUU MEIHU U3 3arps3HCHHBIX BOJI.
PesynpTarhl mokazand, 4TO MOAMQHUKAIUS CHIUKATOM HATPHsl 3HAYUTEIBHO YIIYYIIaeT
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CTPYKTYPHYIO CTaOMJIBHOCTh MaTepHajia MU €ro BOCIHPUUMYUBOCTH K TSDKEJIBIM METajulaMm,
npeniaras 3¢pQGeKTUBHOE M MAaCIITA0UPyeMO€ pELIeHUE [UIsi OYHMCTKH IPOMBIIIICHHBIX
CTOYHBIX BOJI.

Knwouesvie cnosa: ancopOuus; AUATOMUTOBAs 3€MIIA; Melb; CHIMKAT HATpHS;
TepMuueckas oopaboTka

Submitted on 08.07.2026
Sent for review on 15.07.2026
Guaranteed for printing on 15.09.2026

10



