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Abstract — This article discusses biopolymer membranes as an effective method for removing heavy metals from water
and wastewater. The basic principles of operation of such membranes, their advantages over traditional cleaning methods,
as well as the possibilities of application in industry and the environment are described. The results of studies on the
effectiveness of various types of biopolymer membranes, including chitosan, alginate and keratin membranes, are
presented. Special attention is paid to the mechanism of sorption of heavy metal ions on biopolymer membranes, including
the processes of complexation, ion exchange and chemical adsorption. The key parameters affecting the cleaning
efficiency, such as membrane porosity, pH of the medium, temperature and concentration of pollutants, are considered.
The prospects of modifying biopolymer membranes in order to increase their selectivity, mechanical strength and
durability are also discussed. Examples of successful applications of such membranes in water treatment systems,
including laboratory research and industrial applications, are given.
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Anoamna — byn makanana GuornosuMepiti MeMOpaHaiap Cy MEH aFbIH/IbI CyJIapaH ayblp MeTaiapabl KeTipyAiH THIMA1
onici peTiHIe KapacThIpbliaasl. MyHIail MeMOpaHanapAblH JKYMBICHIHBIH HETi3ri NPUHLMUNTEPI, OJapJblH ASCTYPIi
Ta3apTy OMICTEPiHEH apTHIKUIBUIBIFBI, COHAAN-aK OHEPKACIN IeH SKOJOTMsAAa KOJJAHy MYMKIHIIKTEpl CHIIaTTajFaH.
buononumepni  mMemOpaHaNapAblH OpPTYPJdi TYpJEpiHIH, COHBIH IIIHIE XWTO3aH, aJbI'MHAT JKOHE KepaTWH
MeMOpaHaJIapBIHBIH THIMIUTIT Typaibl 3epTTey HOTHKeIepi YerHbUIFaH. Kypeni Ty3iTy, HOH anmMacy jKoHE XUMUSIIBIK
afcopOIms TPOIECTEPiH Koca ajFaHja, OWOTOIMMEpii MeMmMOpaHalapAarbl ayblp METaUl HOHAAPBIHBIH COPOIHS
MeXaHU3MiHe epeKIe Hazap aynapbuiaabl. MeMmOpaHaHBIH KeyeKTiliri, opranelH pH, Temmeparypa >KoHE JacTayIIbl
3aTTapAblH KOHIEHTPAIWACH CHAKTHI Ta3alay THIMAUITIHE ocep eTEeTiH Heri3ri mapaMmeTrpiep KapacThIPBLIAIBI.
Bruononnmepni mMeMmOpaHamapIblH CENEKTUBTUIIMH, MEXaHHUKAJBIK OEpiKTiri MEeH OepiKTiriH apTThIpy MaKcaThIHIA
oJlap/ibl ©3repTy NepcHeKTUBalaphl Ja TAIKblIaHaabl. MyHnail MemOpaHaapabl cybl Ta3apTy KyHenepinae, COHbIH
IIIiH/e 3epTXaHANBIK 3ePTTEYJIEp MEH OHEPKACIIITIK EHTi3ylepAe CITTi KOJIaHy MbICAIIIaphl KENTipiJireH.
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Annomayus — B naHHOU cTaThe pacCMaTPHBAIOTCS OMONOIMMEpPHbIE MeMOpaHbl Kak 3((eKTHBHBIA METO yIaIeHHs
TSDKEJIBIX METAJUIOB M3 BOJIBI M CTOUHBIX BOJI. ONMCaHbl OCHOBHBIE IIPHHIUITBI PA0OTHI TAKUX MEMOpPaH, X IPEUMYIIECTBa
nepen TPaAUIUOHHBIMU METOJAaMH OYHCTKH, 8 TAK)KE€ BO3MOXXHOCTH NPUMEHEHHUS B IPOMBIIIIEHHOCTH U JKOJIOTHH.
[pencraBneHbl pe3yabTaThl HCCIICNOBaHUH O 9 (GEKTHBHOCTH Pa3INYHBIX TUIIOB OHOTIOIMMEPHBIX MEMOpaH, BKIIOYas
XHUTO3aHOBBIC, aJbIHMHATHBIC M KePaTHHOBBIE MeMOpaHbl. Oco0oe BHUMAHHE YIEISAETCS MEXaHH3MY COpPOLMH HOHOB
TSDKEIBIX METaJUIOB Ha OHONIONMMEPHBIX MeMOpaHax, BKIIIOYas IPOIECCHl KOMIUIEKCO0Opa30BaHusl, HOHHOTO OOMEHa H
XUMHYECKOi ancopOuuu. PaccMaTpHBarOTCs KITIOUEBBIE ITapaMeTphl, BIUAIOIINE Ha 3((GEKTHBHOCTh OYHCTKH, TAKHE KaK
HMOpUCTOCTE MeMOpanbl, pH cpexpl, Temreparypa M KOHLEHTpaUs 3arps3HSAIONIMX BellecTB. Takxke 00CykaaroTcs
HEePCHIEKTUBEl MOTU(UKAIUH OHOMOJMMEPHBIX MEMOpaH C LENbIO TOBBINICHHS HX CEJICKTUBHOCTH, MEXaHHYECKON
MPOYHOCTH ¥ 10AroBe4HOCTH. [IpuBeIeHbI MPUMEPHI YCIIEITHOTO IPUMEHEHHS TAKMX MEMOpaH B CHCTEMax BOZOOYHCTKH,
BKJIFOUas J1a00paTOPHBIE MCCIIEIOBAHHS M ITPOMBIIIICHHBIE BHEAPESHUSI.

Kniouesvie cnosa — d6uononumepHbie MeMOpaHbI, TsDKEIblEe METAJIbI, OYMUCTKA BOJBI, CTOYHBIE BOJIbI, XHTO3aH,

aNbIUHAT, KePaTHH, COPOIHS, QMIBTPALUS.

MAIN PROVISION

This study demonstrates the potential of
biopolymer membranes as an environmentally
friendly and efficient technology for the removal of
heavy metals from water and wastewater. The
research evaluates the performance of different types
of biopolymer membranes, including chitosan,
alginate, and keratin membranes, and analyzes the
mechanisms responsible for heavy metal ion removal,
such as complexation, ion exchange, and chemical
adsorption. The influence of key operating
parameters, including membrane porosity, solution
pH, temperature, and pollutant concentration, on
purification efficiency is examined. The findings
confirm that modification of biopolymer membranes
can significantly improve their selectivity,
mechanical stability, and long-term performance,
supporting their application in sustainable water
treatment systems.

INTRODUCTION

Water pollution with heavy metals is a serious
environmental and medical problem, since elements
such as lead, cadmium, mercury and chromium are
highly toxic, capable of accumulating in living
organisms and leading to serious diseases. Traditional
purification methods such as coagulation, ion
exchange, and reverse osmosis have a number of
disadvantages, including high operating costs,
difficulty in application, and the formation of toxic
waste requiring additional disposal.

In this regard, the development of new
technologies with high efficiency, cost-effectiveness
and environmental safety is an urgent task. One of the
promising directions is the use of biopolymer
membranes, which are capable of selectively sorbing
and removing heavy metal ions from aqueous
solutions. These membranes are made on the basis of
natural polymers such as chitosan, alginate, keratin
and cellulose, which have high biocompatibility,
chemical resistance and the ability to bind heavy
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metals due to functional groups such as amino groups,
carboxyl and hydroxyl groups.

Additional ~ advantages of  biopolymer
membranes are their low cost, renewable raw
materials, the possibility of reusable use after
regeneration, as well as minimal negative impact on
the environment. The development and improvement
of such membrane technologies opens up new
prospects for their widespread introduction into water
treatment systems, industrial wastewater treatment
and the creation of efficient filtration plants capable
of providing a high degree of purification without
significant energy and chemical reagents.

Research  gap.  Although biopolymer
membranes have attracted considerable attention as
sustainable materials for water treatment, there is still
insufficient comparative information on the
performance of different biopolymer membranes for
the removal of heavy metals under varying operating
conditions. Existing studies often focus on a single
membrane material or a limited range of
contaminants, while the influence of factors such as
membrane porosity, pH, temperature, and pollutant
concentration on purification efficiency has not been
comprehensively  evaluated. Furthermore, the
potential of membrane modification to improve
selectivity, mechanical stability, and long-term
performance remains insufficiently explored. This
study addresses these gaps by comparatively
evaluating different biopolymer membranes and
analyzing the Kkey parameters affecting their
efficiency in heavy metal removal from water.
Novelty statement. The novelty of this study lies in
the comprehensive evaluation of different
biopolymer membranes, including chitosan, alginate,

and keratin membranes, for the removal of heavy
metals from water. Unlike studies that focus on a
single  membrane  material, this  research
comparatively analyzes the adsorption mechanisms
and the influence of key operational parameters, such
as membrane porosity, pH, temperature, and pollutant
concentration, on purification efficiency. In addition,
the study highlights the potential of membrane
modification to enhance selectivity, mechanical
strength, and durability, providing new insights into
the development of sustainable and high-performance
biopolymer membrane technologies for water
purification.

METODOLOGY

To study the effectiveness of biopolymer
membranes, three types of materials were selected:
chitosan, alginate and keratin membranes. These
materials are natural polymers with various chemical
and physical properties that make it possible to
effectively absorb heavy metal ions from aqueous
solutions.

Chitosan membranes are of particular interest
due to their high sorption capacity due to the presence
of amino groups that actively interact with metal ions.
Chitosan is a natural biopolymer derived from chitin,
the main component of the exoskeletons of
crustaceans and insects. This material has high
chemical activity, resistance to biodegradation and
the ability to form strong films, which makes it
promising for membrane water purification
technologies. The main mechanism of sorption of
heavy metals on chitosan membranes is associated
with coordination interactions between amino groups
and metal cations, as well as with ion exchange
processes.

Fig. 1 — Microstructure of chitosan membranes

Alginate membranes are formed on the basis of
sodium alginate, a natural polysaccharide extracted
from brown algae. They have high hydrophilicity,
which contributes to the uniform distribution of

aqueous solutions in the membrane structure and
effective contact with pollutants. Alginates contain
carboxyl groups that are involved in the sorption of
heavy metals, forming strong complexes with ions.
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One of the significant advantages of alginate
membranes is their ability to gel in the presence of

divalent ions, which can contribute to additional
retention of pollutants in the membrane structure.

Fig. 2 — Microstructure of alginate membranes

Keratin membranes are obtained from natural
protein sources such as wool, bird feathers or hair, and
are highly resistant to chemical influences. Keratin is a
complex fibrillar protein containing a large number of
disulfide bonds that provide mechanical strength and

stability of the material. In the sorption of heavy
metals, keratin membranes use amino groups, carboxyl
groups, and sulfhydryl groups, which makes them
particularly effective against metals such as mercury,
lead, and cadmium.

Fig. 3 — Microstructure of keratin membranes

In the experimental part of the study, the
membranes were exposed to solutions containing lead
(Pb2+), cadmium (Cd2+), and copper (Cu2+) ions. To
evaluate the purification efficiency, metal
concentrations were analyzed before and after the
solution passed through the membrane. The atomic
absorption spectroscopy method was used to
accurately determine the residual content of heavy
metal ions, which made it possible to quantify the
sorption abilities of various biopolymer membranes.

The experimental results showed that chitosan
membranes demonstrated the highest efficiency
against copper and lead ions, which can be explained
by the high density of amino groups in their structure,
which promotes the coordination binding of metals.
Alginate membranes have demonstrated high
efficiency against cadmium due to the presence of
carboxyl groups actively involved in sorption. Keratin
membranes have shown the greatest stability in
conditions of varying pH of the medium, which makes

them promising for use in conditions of complex
industrial wastewater.

Additionally, the membranes were regenerated to
assess their reuse. Various reagents for desorption of
metal ions, including acidic and alkaline solutions,
were used during the study. It has been established that
chitosan and alginate membranes demonstrate high
regenerability when treated with slightly acidic
solutions, which makes it possible to use them
repeatedly without significant loss of sorption
capacity. Keratin membranes have also shown the
possibility of repeated use, but with a slight decrease
in efficiency after several regeneration cycles.

The practical application of biopolymer
membranes in water treatment systems can
significantly increase environmental safety and reduce
operating costs compared to traditional methods such
as reverse osmosis and ion exchange. The main
advantages of such  membranes  include
biodegradability, low cost of raw materials, the ability

171



e-1SSN: 3134-8467, p-ISSN: 2309-1177

to scale production and adapt to various operating
conditions. In industry, biopolymer membranes can be
used to treat wastewater from metallurgical plants,
battery plants, electroplating plants and other facilities
where significant heavy metal pollution occurs.

In the environmental field, such membranes can
be used to clean natural reservoirs affected by man-
made impacts, as well as to protect drinking sources
from pollution. In agriculture, the use of biopolymer
membranes for filtration of wastewater containing
residues of fertilizers and pesticides, many of which
contain heavy metals, is promising.

The prospects for further research in this field are
related to the development of new composite materials
based on biopolymers that combine several types of
active groups to increase the selectivity of sorption.
Research is also possible on the introduction of
nanotechnology into the membrane structure to
increase their mechanical strength and durability. The
development of new methods for the regeneration of
biopolymer membranes will increase their service life
and make the water purification process more cost-
effective.

Thus, biopolymer membranes represent a
promising solution to the problem of water pollution
by heavy metals, combining high efficiency,
environmental safety and the possibility of reuse. Their
implementation in industrial and environmental
projects can significantly reduce the negative impact of
heavy metals on the environment and human health,
which makes this area relevant for further research and
practical application

RESULTS AND DISCUSSION

The experimental results demonstrated that
chitosan membranes exhibited the highest adsorption
capacity, removing up to 95% of Pb2+ and Cu2+ ions
from aqueous solutions. The excellent adsorption
performance of chitosan membranes is attributed to
their chemical structure and composition. Owing to
the presence of amino groups within the chitosan
polymer chain, these membranes readily interact with
heavy metal cations through the formation of
coordination complexes, enabling efficient removal
of metal ions from contaminated water. Chitosan
membranes showed particularly high efficiency in the
adsorption of lead and copper, making them
promising materials for water treatment applications
in industrial and environmental settings where
elevated concentrations of these metals are present. In
addition to their high adsorption capacity, chitosan
membranes demonstrated excellent regeneration
performance, maintaining their adsorption efficiency
after repeated use. This characteristic makes them
both economically attractive and environmentally
sustainable for long-term wastewater treatment
applications.

Alginate membranes, on the other hand, exhibited
outstanding performance in the removal of Cd2+
ions, achieving removal efficiencies of up to 90%.
Sodium  alginate, a  naturally  occurring
polysaccharide, possesses high hydrophilicity and
abundant carboxyl functional groups that readily
interact with metal ions, forming stable adsorption
complexes with high sorption capacity. These
membranes were particularly effective in removing
cadmium due to their strong affinity for divalent
metal ions such as Cd**. However, alginate
membranes exhibited relatively limited mechanical
strength, reducing their suitability for applications
involving prolonged operation or high mechanical
stress. Nevertheless, their excellent hydrophilicity
and gel-forming ability in the presence of metal ions
make them attractive candidates for the treatment of
contaminated water bodies and industrial wastewater
containing cadmium and other heavy metals.

Keratin membranes demonstrated moderate
adsorption efficiencies ranging from 70% to 80% for
all tested metal ions. Although their adsorption
capacity was lower than that of chitosan membranes,
they proved capable of effectively removing a wide
variety of heavy metal ions from aqueous solutions.
A notable advantage of keratin is its excellent
stability over a broad pH range, allowing these
membranes to maintain adsorption performance
under both acidic and alkaline conditions. This
property considerably expands their potential
applications in water treatment systems where pH
fluctuations frequently occur. Although their
adsorption efficiency was somewhat lower than that
of chitosan and alginate membranes, their resistance
to harsh operating conditions makes keratin
membranes promising materials for wastewater
treatment systems exposed to variable pH values or
high concentrations of contaminants.

The experimental results also demonstrated that
all three types of biopolymer membranes
outperformed many conventional water treatment
technologies, including reverse osmosis and ion-
exchange processes. Traditional treatment methods
generally require expensive equipment, substantial
chemical consumption, and often generate secondary
hazardous waste, reducing their environmental
sustainability. In contrast, biopolymer membranes are
derived from renewable natural materials and are
biodegradable, providing a more environmentally
friendly and sustainable approach to water
purification. Furthermore, their relatively low
production cost makes them attractive for both large-
scale industrial wastewater treatment facilities and
decentralized applications, such as agricultural water
purification and remediation of contaminated surface
waters.
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One of the most important aspects investigated in
this study was the regeneration potential of the
membranes  following adsorption. All three
membrane types exhibited a high degree of recovery
of their adsorption capacity after treatment with dilute
acidic or alkaline solutions, allowing multiple reuse
cycles. Membrane regeneration is a critical factor for
reducing operational costs and extending service life.
Among the tested materials, chitosan membranes
demonstrated the highest regeneration efficiency,
making them particularly suitable for repeated
application in industrial and environmental water
treatment systems. Alginate membranes also showed
satisfactory regeneration performance; however, their
mechanical strength gradually decreased after
successive regeneration cycles. Keratin membranes
maintained good chemical stability but exhibited a
slight decline in adsorption efficiency after repeated
use, which should be considered when designing
long-term treatment systems.

Adsorption and desorption experiments indicated
that the optimal operating conditions for maximum
metal removal depended strongly on both solution pH
and metal ion concentration. Chitosan membranes
achieved their highest adsorption efficiency within a
pH range of 5-6, corresponding to mildly acidic
conditions, whereas alginate membranes performed
best under near-neutral pH conditions. Keratin
membranes exhibited the greatest tolerance to pH
variation, maintaining relatively stable adsorption
performance across a broad pH range. This
characteristic  expands their applicability in
wastewater treatment systems where water chemistry
may fluctuate significantly.

Another important finding was the ability of
biopolymer membranes to perform effectively in real
wastewater systems containing complex mixtures of
contaminants. Industrial and municipal wastewaters
often contain not only heavy metals but also organic
pollutants, microorganisms, suspended solids, and
other hazardous substances. The experimental results
suggested that biopolymer membranes can be adapted
for treating such multicomponent contamination,
highlighting their versatility and practical potential.

In conclusion, biopolymer membranes represent a
highly promising technology for the removal of heavy
metals from water and wastewater. Chitosan,
alginate, and keratin membranes each demonstrated
effective adsorption of different metal ions, while
exhibiting distinct advantages depending on
operational requirements. Chitosan membranes
proved to be the most effective for the removal of
copper and lead ions, alginate membranes showed
superior performance for cadmium removal, and
keratin membranes provided a versatile solution for
treatment under varying pH conditions. Their
excellent regeneration capability and potential for

repeated use further enhance their economic viability
and environmental sustainability, making biopolymer
membranes attractive candidates for a wide range of
future water purification applications.

CONCLUSION

Biopolymer membranes, as shown by the
research results, are a promising means for
purifying water from heavy metals, providing a
solution that can replace traditional purification
methods. Their use is an environmentally safe and
cost-effective approach, since biopolymers are
naturally occurring and biodegradable, which
minimizes the formation of toxic waste. Despite the
high efficiency in removing metal ions such as
Pb2+, Cd2+ and Cu2+, there are certain aspects that
require further attention to improve the overall
performance of the membranes.

Chitosan membranes have demonstrated the
highest sorption capacity due to their highly
effective interaction with heavy metal cations,
however, their mechanical strength needs to be
improved to prevent their destruction during
prolonged use. For this purpose, the possibility of
combining chitosan membranes with other
materials, such as polyesters or synthetic polymers,
can be considered, which will improve their
mechanical  properties  without significantly
impairing sorption capacity.

Alginate membranes have shown high
efficiency in removing cadmium, but their
mechanical strength leaves much to be desired,
which limits their use in conditions with high
mechanical loads. To increase their strength, you
can try using various stabilizers or modifying the
membrane structure, for example, adding fillers that
can improve their stability during operation.

Keratin membranes, despite their high
resistance to pH changes, have shown average
efficiency in removing metals. However, their
resistance to aggressive chemical influences makes
them potentially useful in environments where
traditional membranes can fail quickly. The
development of more effective ways to improve the
sorption activity of keratin membranes, combined
with their resistance to environmental changes, may
expand their application in industry.

Thus, further research should be aimed at
solving existing problems, such as increasing the
mechanical strength of membranes, improving their
sorption capacity and resistance to aggressive
chemical and physical conditions. The development
of these technologies will open up new
opportunities for the effective removal of heavy
metals and other pollutants from reservoirs and
wastewater, contributing to improved water quality
and environmental protection.
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