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USE OF MODIFIED MINERAL SORBENT FOR CELLULOSE
MEMBRANE OPERATION

The article examines the prospects of using modified bentonite as a sorption material in cellulose membranes for
water purification. Thermal and acid modification of natural bentonite was conducted to improve its adsorption properties.
IR spectroscopy methods were used to analyze the structural changes in bentonite after the modification process. Changes
in the intensity of functional groups were observed, indicating partial destruction of the crystal lattice. Analysis of adsorbent
material fixation showed that the material is actively retained on the surface of cellulose fibers. The cellulose membranes
were manufactured using miscanthus cellulose obtained through oxidative-organosolvent delignification of plant raw
material stems. The cellulose was modified with an aminating mixture containing epichlorohydrin : triethanolamine in a 1:1
ratio. The impact of using natural and modified bentonite on cellulose membrane performance was demonstrated. The
sorption properties and productivity of the obtained membranes were evaluated during the filtration of model solutions of
sodium humate and kaolin. It was established that membranes made from modified miscanthus fiber with internal filler
addition showed improved residual permeate color indicators compared to material made from conventional modified
oxidative-organosolvent cellulose. Specifically, when using modified cellulose with the addition of natural and calcined
bentonite, the residual color of the model solution was 528.15 and 480.2 degrees, respectively, which is 4.6% and 13.3%
more effective. Conversely, using acid-modified bentonite as a filler in membrane manufacturing deteriorates permeate
quality due to the formation of a porous material structure and particle deposition on the fiber surface, which inhibits
sorption. The obtained results demonstrate the potential for applying modified cellulose membranes in water treatment
technologies.
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TPEMBYC IPUHA, TATIOHIOK AHHA
HarioHanbHui TeXHIYHKI yHIBepCUTET YKpaiHu
«KuiBcpkuit mOMiTeXHIYHUH IHCTUTYT iMeHi Iropst Cikopcbkoro»

BUKOPUCTAHHS MOJU®IKOBAHOI'O MIHEPAJIBHOI'O COPBEHTY JJIA POBOTH
OEJIOJO3HUX MEMBPAH

Y cmammi poszensmymo nepcnexmusu uxkopucmanus mMooughixoeano2o Genmouiny AK copoyitinoco mamepiany y ckiaoi
Yenono3Hux Memopan ons ouuwgennsi 600u. IIpogedeno mepmiuny ma Kuciommuy mMoOu@ikayilo npupoonbo2o Genmouimy 3 Memoio
nokpawenns 11020 adcopbyivinux eéracmugocmei. Memooamu I4-cnexmpockonii npoananizogano cmpykmypui 3minu 6eHmouiny nicis
npoyecy moougirayii. Ilokazano 3miny iHmeHcugHocmi YHKYIOHANLHUX SPYN, WO CEIOYUNb NPO YACMKO8Ee PYUHYSAHHSA KPUCALIUHOT
pewimxu. Ananiz 3 docniodcenna @ixcayii adcopOyiouux mamepianie nokasas, wo mMamepian aKmMuHO 3aMPUMYEMbCS HA NOBEPXHI
yenono3nux 60n10KoH. Llentonosni membpanu 6Oyni0 6UCOMOBNIEHO HA OCHOGI YeNoN03U 3 MICKAHMYCY, 00epIHCAHOI OKUCHO-
0p2anoconbeeHmHUM cnocobom denienighikayii cmeben pocaunnoi cuposunu. Llenionosy 6yno mMoougikosano aminyiowoio cymimuio, sKka
Micmumb enixaop2iopun : mpuemanonamin y cniggionowenni 1 : 1. Iloxazano eéniue euxopucmauus GeHmMoHImy npupooHbo2o ma
Moougirosarnoeo na pobomy yenonosnux memopan. Oyineno copbyitini éracmugocmi ma nPOOYKMUGHICTIb OMPUMAHUX MeMOPaH y npoyeci
GinbmpyeanHs MOOEIbHUX POSUUHIE 2yMAmy HAMPIO Ma KAoAiHy. Bcmanosneno, wjo memopanu, u2omosieti 3 MOOUpiko8aHo2o 8010KHA
3 MicKanmycy ma 3 000a8aHHAM HANOBHIOBAYA BHYMPIUHLOMACHO, NOKA3YIOMb NOKPAWeH] NOKAZHUKU 3ATUUKOBOT KOIbOPO8OCmi nepmiamy
NOPIGHAHO 3 MAMEPIANOM BUSOMOBIEHUM 31 36UHANIHOT MOOUPIKOBANOT OKUCHO-0P2AHOCOILEEHMHOT Yemono3u. 30Kpema, npu 6UKOPUCTIAHHI
Moougirosanoi yenronosu 3 000AGAHHAM NPUPOOHO20 MA SUNANEHO20 OEHMOHINY 3ANUIKOB8A KOIbOPOGICMb MOOEIbHO20 PO3YUHY
cmanogumv 528.15 ma 480.2 epadycie, eionosiono, wo na 4.6% ma 13.3% epexmusniue. Buxopucmanns 6 saxocmi nanosmiosaya
KUCTIOMHO-MOOUDIKOBAHO20 OEHMOHINY NPU 6U2OMOBIEHI MeMOPAH, HABNAKU, NOIPULYE AKICMb NEPMIany 3a paxyHoK ymeopeHHs nopucmor
cmpyKkmypu mamepiany ma ocioanui 4acmuHOK Ha NOBEPXHI 80I0KHA, ujo nepewkodcac copoyii. Ompumani pe3ynomamu 0eMOHCMPYIOns
nomenyian 3acmocysans MoOUPIKO8AHUX YETIONOZHUX MEMOPAH Y 60000UUCHUX MEXHONORIAX.

Kniouosi cnoea: 6Genmonim, opeanoconbeeHmua yemonosa, mepmiuna o6podKa, Kuciomua Moougikayis, cenekmusHicmb,
NPOOYKMUBHICIb

Formulation ofthe problem

Water pollution is one of the most pressing environmental problems of our time, directly affecting the
state of the environment, human health, and industrial processes. The increasing level of anthropogenic pressure,
particularly the discharge of industrial and domestic wastewater, leads to the accumulation of toxic organic and
inorganic pollutants in water systems, including heavy metals, pharmaceutical compounds, and dyes. The
implementation of effective, environmentally safe, and economically viable water treatment methods is an urgent
scientific and practical task [1].

One of the most promising approaches to solving this problem is the use of adsorption technologies
based on natural sorbents. Traditionally, activated carbon is used for water purification; however, its production
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is energy-intensive and accompanied by a significant environmental burden. In this regard, a relevant research
direction is the development of alternative sorption materials using natural minerals and biopolymers [2-4].

Special attention is paid to materials that are environmentally safe, economically advantageous, and
easily renewable. Promising and safe natural materials for membrane manufacturing include coal, bentonite,
perlite, xylite, and cellulose [3].

Bentonite is a natural aluminosilicate mineral characterized by high specific surface area, developed
porous structure, and the ability to absorb heavy metal ions and organic contaminants. The basic structure of
bentonite includes two tetrahedral layers of silicon dioxide (Si*") and an octahedral layer of aluminum oxide
(AI*"). This clay mineral has a permanent negative charge that arises from the isomorphic substitution of AI** for
Si** in the tetrahedral layer and Mg?* for AI** in the octahedral layer. This negative charge is naturally
compensated by exchangeable cations (Na*, Ca?") in the interlayer space. Bentonite has high cation exchange
capacity, significant swelling, and large specific surface area, which provides high adsorption capacity for ionic
or polar compounds. Its application in adsorption processes and membrane technologies can significantly
improve purification efficiency through ion exchange mechanisms and interlayer sorption [4, 5].

Cellulose is the most abundant biopolymer, possessing unique mechanical properties, biodegradability,
and potential for functionalization. The use of resource-efficient technologies for cellulose production opens new
prospects for creating environmentally friendly membrane materials. Oxidative-organosolvent methods remain
the most economical and environmentally friendly approaches for plant raw material delignification [6-8].

Oxidative Organosolv Cellulose exhibits high brightness, low residual lignin content, and enhanced
structural characteristics, making it a promising material for the development of filtration membranes. The
combination of bentonite and cellulose in the form of composite materials allows for the creation of new
materials with improved adsorption properties and mechanical stability [5].

The scientific significance of this research lies in expanding knowledge about the modification of
bentonite and its interaction with cellulose matrices for the creation of sorption membranes. The practical value
of the work consists in the development of innovative materials that can be applied in water purification systems
adhering to sustainable development principles, reducing reliance on synthetic polymers, and minimizing the use
of toxic chemical reagents.

Analysis of recent sources

The scientific significance of this research lies in expanding knowledge about the modification of
bentonite and its interaction with cellulose matrices for the creation of sorption membranes. The practical value
of the work consists in the development of innovative materials that can be applied in water purification systems
adhering to sustainable development principles, reducing reliance on synthetic polymers, and minimizing the use
of toxic chemical reagents.

Among the wide range of adsorbents, activated carbon is the most commonly used due to its
microporous structure and significant specific surface area (500-1500 m?/g), which ensures the effective removal
of various organic pollutants, including aromatic compounds, dyes, and phenolic derivatives [9].

Among aluminosilicate minerals, bentonite is of particular scientific and practical interest due to its high
sorption capacity for heavy metal ions and organic contaminants. Experimental studies demonstrate that
thermochemical modification and acid activation of bentonite materials lead to a significant increase in surface
active centers, enhancing their adsorption capacity and catalytic activity [10-11].

Natural zeolite minerals, particularly clinoptilolite, find wide application in ion exchange processes and
adsorption purification of aquatic environments. Modifying their surface through acid treatment or metal cation
intercalation allows for increased selectivity towards specific contaminants, such as ammonium nitrogen and
heavy metal ions, as confirmed by the results of systematic studies [12-14].

Intensification of sorption processes and modification of natural sorbents is a priority vector of scientific
and technological research. Thermal activation of materials leads to the formation of a developed micro- and
mesoporous structure, while acid modification enhances the reactivity of surface functional groups. The
application of targeted chemical functionalization allows for optimizing the selectivity of sorbents towards
specific types of pollutants [10-11].

Presenting main material

Modification of natural materials is aimed at optimizing their structural and sorption characteristics.
Physico-chemical modification methods for natural sorbents include thermal, chemical, and combined
treatments, which lead to significant changes in their surface properties

For the study, natural bentonite (manufacturer: Italy) was used—a light gray clay mineral with an
average particle size of 5-10 um.

For the thermal modification of bentonite, a 25 g sample of natural clay was used, which was subjected
to calcination in a muffle furnace at a temperature of 800 + 10 °C for 90 minutes.

The acid-thermal modification method of bentonite involved treating a 25 g sample of natural bentonite
in 200 ml of a 1N acetic acid solution until a pH of 5 was achieved. Next, 400 ml of a 0.1N sodium acetate
solution was added to the mixture, followed by the gradual addition of 100 ml of a 35% hydrogen peroxide
solution.

The obtained mixture was maintained in a thermostat at a temperature of 60 £2 °C for 7 hours. After
the thermal treatment, the mixture was centrifuged for 5 minutes at 5000 rpm to precipitate the bentonite. The
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resulting precipitate was dried at a temperature of 120 +10 °C. The dried acid-modified bentonite was then
subjected to additional calcination in a muffle furnace at 800 =10 °C for 90 minutes. Following the thermal
treatment, the modified bentonite was ground in a ceramic mortar to obtain a homogeneous fine-disperse fraction.

To assess the structural changes in bentonite under the influence of modification, IR spectral analysis
was conducted on samples of natural, thermally treated, and acid-modified bentonite (Fig. 1)

The spectra of the studied clays show bands characteristic of bentonites, specifically 3712 (3102 - 3580)
H - OH, 112 (131) Si - OH, 1002 (1079) Si - O - Si, and 471 (484) cm™’. The broad band at 3102 - 3580 cm™ is
associated with the stretching of - OH bonds in structural hydroxyl groups and water molecules present in the
bentonite. This band is more pronounced in the calcined bentonite. The presence of hydroxyl Si - OH groups
accounts for the chemical activity of the bentonite itself. The bands at 806, 691, and 471 ¢cm™! correspond to
quartz impurities. Changes in the intensity of these groups may indicate partial disruption of the crystalline lattice
of bentonite clay.
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Figure 1. IR Spectrum of Bentonite and Its Modifications:
Sample 1 — Natural Bentonite; Sample 2 — Calcined Bentonite; Sample 3 — Acid-Modified Bentonite

To determine the sorption properties of modified bentonite clays, cellulose membranes were fabricated
from modified oxidative-organosolv cellulose derived from Miscanthus giganteus. The oxidative-organosolv
cellulose from Miscanthus was previously ground to 92 + 2°SR, modified with an aminating mixture containing
epichlorohydrin and triethanolamine in a 1 : 1 ratio, and the bentonite clay content was 25% of the absolute dry
(abs. dry) fiber weight. The filtration material was cast on synthetic meshes using a sheet-forming machine with
a mass of 80 g/m?. Subsequently, the laboratory samples of cellulose membranes were dried and labeled.

The membrane performance was tested at a pressure of 1 atm, with samples taken every 1 minute.
Filtration was conducted in a non-flow cell using model solutions of sodium humate at a concentration of 100
mg/dm? and an initial color range of 1625.0 - 1726.75 degrees, as well as a kaolin solution with an initial turbidity
of 32 mg/dm?*. The results of color selectivity are shown in Fig. 2, residual turbidity in Table 1, and productivity
in Fig. 3.
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Figure 2. The effect of filtration duration on the color selectivity of cellulose membranes:
4 — modified cellulose; m — with natural bentonite; A — with calcined bentonite; ® — with acid-modified bentonite
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Table 1
Residual turbidity of the kaolin solution filtered through miscanthus cellulose membranes with
modified bentonites

Technical sciences

Residual Turbidity, mg/dm?
. . . MOdlﬁed. MOd.lﬁed ce‘llulose Modified Cellulose
Filtration Time, . cellulose with with calcined . .
. Modified . . with Acid-Treated
min natural bentonite | bentonite (25% of .
cellulose o Bentonite (25% of
(25% of abs. dry abs. dry fiber abs. dry fiber weight)
fiber weight) weight) -y g
1 0.25 0.4 0.85 1.1
2 0.25 0.35 0.25 0.75
3 0.1 0.1 0.15 0.5
4 0.1 0.1 0.1 0.2
5 0.1 0.1 0.1 0.1

As shown in Fig. 2, the change in the coloration selectivity of the permeate reflects the degree of removal
of dissolved substances from the surface of the filtration material. The highest selectivity is achieved when using
a membrane made from modified cellulose with the addition of thermally calcined bentonite. Thermal activation
enhances the adsorption properties by removing water and hydroxyl groups from the bentonite structure, thereby
providing access to surface centers with a negative charge.

The determination of residual turbidity for all types of membranes showed a significant reduction
in turbidity after just 1 minute of filtration. The residual turbidity values are within 0.1 mg/dm? for all types of
membranes studied.

Fig. 3 shows the relationship between the productivity of membranes fabricated from modified
miscanthus cellulose combined with natural, calcined, and acid-modified bentonite and the duration of filtration.
With increasing filtration time, the productivity of the membranes decreases due to pore blockage by colloidal
particles present in the sodium humate solution and the compaction of the fibrous structure of the membrane.
The highest productivity is observed during the first minute of operation for the membrane made from modified
cellulose with the addition of thermally treated bentonite, which can be attributed to the higher porosity of the
resulting material compared to the others. In contrast, the material made from modified cellulose without fillers
has a less porous structure, resulting in a membrane productivity that is 1.9 - 2.4 times lower than that of the
membrane incorporating thermally treated bentonite.

To verify the fixation of adsorbing materials on the surface of the cellulose membrane, images of
samples were obtained using Scanning Electron Microscopy (SEM). These samples were made from miscanthus
cellulose and bleached softwood kraft pulp (ground to 92 + 2 °SR) with the addition of thermally modified
bentonite (Fig. 4).
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Figure 3. The effect of filtration duration on the productivity of cellulose membranes: ¢ — modified cellulose; m — with
natural bentonite; A — with calcined bentonite; ® — with acid-treated bentonite.

As seen from the images, the adsorbing material is fixed both on the surface of the fibers and trapped
in the pores between them. Consequently, this leads to an increase in the thickness and mass of the membrane
itself, as well as a reduction in density.
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Figure 4. SEM Micrographs of Modified Cellulose Membranes with Thermally Treated Bentonite: a) —Oxidative-
Organosolv Cellulose from Miscanthus; b) — Bleached Softwood Kraft Pulp.

Conclusions
Studies on the modification of natural bentonite using thermal and acid-thermal methods have been
conducted, enhancing its sorption characteristics. IR spectroscopic analysis confirmed structural changes in the
bentonite after treatment, specifically an increase in the number of active centers on the surface. Composite
cellulose membranes were developed based on organosolv cellulose from Miscanthus giganteus, modified with
an aminating mixture, incorporating modified bentonite as a sorption filler.
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