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Abstract

Invasive species introduced via ballast water continue to pose a serious environmental and economic problem
worldwide. Although existing chemical treatment methods have been shown to be effective, their environmental and
operational shortcomings remain a major challenge, especially due to toxic by-products and inconsistent
effectiveness under different water conditions. This study presents an innovative integration of nanotechnology into
ballast water treatment systems. Contrary to conventional approaches, the use of nanomaterials can increase
pollutant sorption, minimize the use of chemicals, and reduce the formation of toxic residues. Utilizing advanced
advances in nanotechnology, this research represents a paradigm shift in ballast water management, offering
sustainable, efficient and regulatory compliant solutions. The paper describes the innovative use of specific
nanomaterials in ballast water systems to simultaneously improve efficiency and reduce toxicity of byproducts. A
mathematical model for predicting the effectiveness of nanomaterials under variable water conditions is developed
and validated, addressing a critical gap in operational prediction. These methods align with global efforts to achieve
Sustainable Development Goals (SDGs) by reducing ecological risks associated with ballast water discharge and
promoting cleaner maritime operations.

Keywords: maritime transportation; shipping; ecological safety compliance; ballast water treatment; ship operations
management; environmental impact; sustainable maritime practices; legal frameworks; ship discharge regulations;
environmental liability.

IHTETPALIIA XIMIYHUX METOAIB TA HAHOTEXHOJIOT'IH B YIIPABJIIHHI
CYAJHOBUMU BAJIACTHUMHU BOAAMMU AJIA CTAJIOI'O PO3BUTKY
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AHoTalif

IHBa3uBHiI BU/JM, 10 NOTPAIUIATh Yy BOAOWMM 3 Ga/JaCTHUMHM BOJAMHM, NPOJOBXKYKITb CTaHOBUTH CepiHO3HY
€KO0JIOTiYHYy Ta eKOHOMiYyHy npo6JieMy B ycbOMy CBiTi. Xo4a icHywui MeTOoAM XiMiYHOro O4YHMILlEHHS J0BeJU CBOIO
e eKTUBHICTB, iX €eK0/IOTi4YHi Ta eKcIUlyaTaliiiHi HeL0/1iKH 3a/IMIIAI0THCA CEPi03HOI0 MP061eMOI0, 0COG/IMBO Yepes
TOKCHYHI NOGIYHI NPOAYKTH Ta HeNOCTiiiHy e eKTHUBHICTD y pi3HMX BOJHUX YyMOBax. Lle JocaigKeHHs npeacTaB/IsI€
iHHOBalifiHy iHTerpanil® HAaHOTEXHOJIOTiIM y CUCTEeMHM O4YHMIIEeHHA 6ajacTHMX BoA. Ha BiamiHy Big TpaauniiiHux
niAXoAiB, BUKOPUCTAaHHS HaHOMaTepiasiB Moxe 36i/IbIIUTH cCOp6Lil0 3a6pyAHIOBaUiB, MiHiMi3yBaTH BUKOPUCTAHHSA
XiMiYHHMX pe4OBUH i 3MEHIIUTH YTBOPEHHA TOKCUYHUX 3a/IMIIKIiB. BUKOpHCTOBYI0YM NepesoBi AOCATHEHHS B rajaysi
HaHOTEXHOJIOTIH, e AoCAiAXKeHH AB/IA€ c06010 3MiHy NapaJUIrMu B yIpaBJiHHI 6a/IJaCTHUMHU BOJaMH, IPONOHYI0YH
cTiliki, epeKTUBHI Ta CyMiCHi 3 HOpMAaTUBHUMH BUMOTraMU pilleHHs. Y cTaTTi onucaHo iHHOBaliiilHe BUKOPUCTaHHS
cnenudiyHMX HaHOMaTepiadiB y cucTeMax 06po6GKH 6a71aCTHUX BOJ, AJ1s1 OAHOYACHOTO NiABUIleHHA e(peKTUBHOCTI Ta
3HM)KeHHA TOKCHUYHOCTI MNOGiYHUX mnpoaykTiB. Po3po6GjieHO Ta anpo60oBaHO MaTeMaTHU4HY MoJjesb AJA
NPOrHo3yBaHHA e(peKTUBHOCTI HaHOMaTepiaJiB y 3MiHHUX BOAHUX YMOBaX, 110 3alI0BHIOE KPUTHYHY NPOTaJIMHYy B
onepaTMBHOMY NporHosyBaHHi. Ili MeToaM y3rofKywTbcAd 3 IJ06aJbHUMM 3yCH/IIIMM, CHPAMOBAaHMMH Ha
pocsarHeHH: Linei Cranoro Po3sutky (IICP) muisixom 3MeHIIeHHA eKOJIOTIYHUX PU3MKIB, IOB'A3aHUX 3i CKUAAHHAM
6a/JlaCTHUX BOJ, i CIPMAHHA 6i/IbII YMCTUM MOPCBKHMM Ollepanisam.
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Katouogi cn08a: MOpchbKi NepeBe3eHHs; Cy[AHOIIABCTBO; JOTPHUMAHHS €KOJIOTiYHOI 0Ge3leKy; O4MILEeHHs 6aJacTHUX BOJ;
yHpaBJiHHSA CyAHOBUMHU OllepalisiMy; BIJIMB Ha HABKOJIUIIHE Cepe/loBUIILE; CTaTi MOPChKi NPAKTUKU; Mi>KHapO/JHO-IIPaBOBI
paMKH; IpaBUJIa CKUJAHHA 3 CyZleH; eKO0JIOTIYHA BiANOBIAA/IbHICTb.

Introduction

The transfer of invasive species through ballast
water is one of the most pressing problems of
maritime transportation. Shipping plays a key role
in the global economy, transporting goods over
vast distances, but it also contributes to the spread
of invasive organisms that disrupt ecosystems in
ports and coastal waters. Ships use ballast water
to maintain stability during voyages and then
discharge this water in new regions where the
inhabitants of these waters can become a threat to
local flora and fauna. It is estimated that every day
around 10,000 species move around the world
due to shipping, which has resulted in significant
environmental and economic losses. The
International Maritime Organization (IMO)
recognizes the threat and in 2004, the Ballast
Water Management Convention was adopted,
which entered into force on September 8, 2017.
The Convention aims to reduce the risk of
transferring invasive species through effective
ballast water treatment practices.

The focus of this study is on different aspects
pertaining to the treatment of ballast water,
including the contemporary technologies used,
environmental and economic considerations, and
regulatory issues. The transfer of invasive species
with ballast water remains a challenge in the
modern maritime sector, demanding effective
treatment methods.

The literature on the topic of ballast water
treatment is extensive and covers various aspects
of technologies and approaches to address the
transfer of invasive species. This paper reviews
existing ballast water treatment methods, taking
into account all current scientific research.

The problem of invasive species transferred
through ballast water is relevant worldwide and
requires the development of effective treatment
systems that comply with international
regulations such as the Ballast Water Management
(BWM) Convention and IMO regulations [6; 22]. In
recent years, the application of both physical and
chemical methods for ballast water treatment has
been actively developed.

Sources [24]-[27] cover legal protection of the
marine environment, Management of territorial
waters, safety of navigation, and optimization of
shipping routes contribute to the development of
sustainable and efficient maritime transportation.

Mechanical methods include filtration, which
effectively removes particles and organisms larger

than 50 microns [9; 36]. However, researchers
have noted that these methods require additional
stages to control microorganisms that pass
through the filters [1; 13]. As a supplement,
ultraviolet (UV) systems are often used, which
inactivate microorganisms by affecting their DNA,
which prevents them from further reproduction
[3; 38; 33]. However, at high levels of water
turbidity, the effectiveness of UV systems
decreases [15; 35; 48].

There are also systems using ozonation, which
is considered a highly effective method of
disinfection, but is also associated with
environmental risks, as ozone can interact with
substances in seawater and form harmful by-
products [5; 10; 39]. To prevent this phenomenon,
it is important to apply effective methods to
neutralize active substances before water
discharge [7; 11].

For example, traditional chemical treatment
methods such as chlorination show high efficiency
but result in toxic by-products as reported in [7;
13]. These problems underscore the urgent need
for innovative solutions such as nanomaterials
that can provide improved filtration and reduced
by-product formation. Chemical methods such as
chlorination and electrolytic production of sodium
hypochlorite continue to be popular due to their
ability to kill microorganisms quickly and
effectively [8; 12; 20]. However, problems arise
due to the generation of disinfection by-products
such as trihalomethanes and organochlorine
compounds, which may pose a threat to the
marine environment [5; 14]. Current research
offers more environmentally friendly approaches
to the use of chemicals that reduce the formation
of by-products [12; 30].

One of the new research areas is the use of
nanotechnology to improve cleaning efficiency. In
particular, titanium dioxide and carbon
nanomaterials can improve catalytic processes
and increase the Kkilling efficiency of
microorganisms [4; 39; 17]. Studies show that the
use of such materials in combination with
ultraviolet radiation can significantly reduce
treatment time and improve overall efficiency [19;
39]. In addition, electroplasma and cavitation
technologies are attracting attention as promising
disinfection methods. These techniques create

high-energy pulses that disrupt the cell
membranes of microorganisms [32;12;13].
Although such technologies are still under
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development, they are already showing good
results in pilot projects and could be the basis for
future cleaning systems [31; 42].

Separately, thermal treatment is also
considered as an effective decontamination
method, especially on ships with installed heat
exchange systems [32]. At the same time, there is
a problem of equipment corrosion, which requires
additional measures to protect ballast tanks [29;
43]. To optimize the performance of treatment
systems, mathematical models play an important
role in calculating the microbial removal efficiency
under different operating conditions [16; 17; 45].
Models also help in developing strategies for
integrating multiple cleaning methods such as
filtration, UV treatment and chemical disinfection
[42; 18].

In summary, current research and
development in ballast water treatment
demonstrates a wide range of solutions, from
mechanical filtration to complex electrolytic
systems. Each technology has its own advantages
and disadvantages that must be considered when
selecting a treatment system for a particular ship
or operating environment [46; 47, 51]. Further
improvement of these technologies requires a
more detailed study of the interaction of the
reagents used with the marine environment, as
well as the development of new materials and
methods that can minimize the negative impact on
the ecosystem [44, 48, 52, 55].

Despite the measures taken, the problem of
ballast water pollution remains relevant. The
introduction of traditional chemical treatment
methods faces challenges such as toxicity of the
reagents used, formation of by-products that
negatively affect marine ecosystems and water
quality. The effectiveness of cleaning systems also
depends on the physical characteristics of the
water, such as salinity and temperature, which
complicates the process of selecting appropriate
technologies for different vessels. In addition,
shipowners face financial difficulties associated
with installing ballast water treatment systems on
existing ships, as well as the need to maintain
these systems. Therefore, the search for
innovative, environmentally friendly and cost-
effective treatment methods 1is becoming
increasingly important.

The main objective of this research is to
improve ballast water treatment methods by
integrating nanotechnology to improve the
efficiency and sustainability of existing chemical
approaches. This includes evaluating the
efficiency and environmental impact of existing

methods such as chlorination, ozonation and
electrochemical processes, as well as exploring
the potential of nanomaterials such as carbon
nanotubes and titanium dioxide nanoparticles to
optimize filtration and sorption processes. The
aim of the research is to develop a predictive
mathematical model to evaluate the performance
of nanotechnology-based systems under different
environmental conditions, ensure compliance
with international regulations, minimize toxic by-
products and offer sustainable, cost-effective
solutions for ballast water management.

One of the main innovative aspects of study is
the use of nanomaterials (e.g., carbon nanotubes
and titanium dioxide nanoparticles) in ballast
water filtration and disinfection processes.
Nanomaterials have high sorption capacity and
catalytic activity, which can improve the removal
of microorganisms and pollutants even in
conditions where traditional filtration and
chemical treatment methods are less effective. A
literature review confirms the relevance of
research into the use of nanomaterials, such as
carbon nanotubes, for water treatment. Given the
limited empirical research in this area, this study
is based on theoretical modeling.

Experimental

Materials and methods

In this paper, a theoretical modeling strategy is
used to evaluate the effectiveness of carbon
nanotubes as a filter media in water purification
devices. The methodology is based on the
development of a mathematical representation of
adsorption and filtration of pollutants, which
describes the physicochemical behavior of
nanomaterials. The implemented model i) is
quantitative and consists in calculating filtration
coefficients for different contaminants, including
heavy metals and organic pollutants, and ii) takes
into account the evolution of contaminant levels
over time.

The focus is on identifying the relationship
between the parameters considered (e.g.
nanotube diameter, surface area, adsorption
coefficient and initial contaminant concentration).
These parameters allow the evaluation of the
filtration efficiency under different conditions.
The simulation results are also compared with
data obtained in the current literature to validate
the proposed computational approaches.

The research methodology also involves the
use of scenario analysis to evaluate the effect of
different operating conditions (temperature, pH of
the medium, contact time) on the nanomaterials'
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efficiency. Using this approach, a broad picture of
the applicability of nanodegradation for water
treatment can be drawn.

Conventional chemical methods of ballast water
treatment

Oxidizing agents such as chlorine and ozone are
used for ballast water disinfection due to their
ability to destroy the cell membranes of
microorganisms. These chemicals, with their

strong oxidizing properties, disrupt cell
structures, leading to the death of
microorganisms. This method combats a wide
range of contaminants including bacteria, viruses,
and plankton.

The Table 1 provides a concise overview of the
benefits and challenges of using chemical agents
like chlorine and ozone for ballast water

treatment.
Table 1

Advantages and disadvantages of traditional chemical methods for ballast water treatment

Advantages

Disadvantages

High efficacy against most aquatic organisms, making them
versatile solutions for vessels requiring rapid water
treatment

The generation of toxic by-products such as
trihalomethanes and chlorinated compounds that can harm
marine life

Ease of use and the ability to generate reagents on board
without storing hazardous substances in large quantities

The need for additional measures to neutralize chemicals
before water discharge to reduce environmental risks

The potential for damage to vessel equipment
due to aggressive oxidizing agents such as ozone

and chlorine, which may require regular
maintenance and replacement of system
components.

Peroxides and other disinfectants

Peroxides, such as hydrogen peroxide, are
actively used in Dballast systems to Kkill
microorganisms through oxidative processes.
Hydrogen peroxide, due to its high reactivity,
interacts with organic contaminants and destroys
them at the cellular level.

The main advantages of this method are that it
does not generate significant amounts of toxic by-
products, making it safer for the environment than
chlorine and ozone. In addition, peroxides are easy
to store and use on board ships, as they are safe to
transport and do not require complex systems to
generate reagents.

However, there are limitations to the use of
peroxides. First, longer exposure times are
required to completely inactivate all organisms,
which can slow down the treatment of ballast
water. Secondly, when treating large volumes of
water, the cost of using peroxides is quite high,
making this method less cost-effective for large
ships with large volumes of ballast water.

Electrochemical treatment and electrolysis

Electrochemical treatment and electrolysis are
very modern approaches to ballast water
treatment. These technologies are strategies
based on the creation of active molecules, such as
chlorine, simply in water by electrolytic reaction,
followed by the destruction of microorganisms
and neutralization of organic pollutants.

Electrolysis is highly effective against various
types of microorganisms because its mechanism
involves the destruction of their cell wall and
membranes. Unlike the traditional chlorine

approach, electrolysis does not require
transportation of hazardous chemicals because
the reagents are generated on site from seawater.

There is no need to introduce external
chemicals, thus avoiding environmental pollution.
In addition, this method is known for its high
efficiency and speed of water purification.
However, there are also disadvantages. For one,
the electrolysis process requires a large amount of
electricity and thus may be inefficient on ships
with limited energy reserves. Secondly, there is
the possibility of the formation of by-products,
which would require separate water treatment to
dispose of overboard.

These traditional chemical methods are the
main ballast water treatment technologies that
have been successfully used in the maritime
industry, but require further improvement in
terms of reducing their environmental impact.

Combination of physical, chemical
electrochemical treatment methods

In the field of ballast water management, many
methods have been developed to ensure that
ballast water is treated in a safe and
environmentally responsible manner. In this
aspect, physical, chemical and electrochemical
treatment are some of the main methods used on
ships. The combination of physical filtration and
chemical sterilization provides a higher level of
cleaning that meets international standards such
as those of the International Maritime
Organization (IMO).

A combination of physical and chemical
processes are typically used to provide effective
ballast water treatment. First, a physical filtration
system is used to remove large organisms and
contaminants, typically 50 microns or more in
size. Some systems also utilize cavitation devices
to enhance the physical treatment by creating

and
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shock waves that help disrupt or destroy
organisms. After physical filtration, the ballast
water is chemically sterilized to neutralize any
remaining microorganisms. Various methods can
be used to do this, such as applying ultraviolet
(UV) radiation, which damages the DNA of
harmful organisms, or reducing oxygen levels in
the water, which creates an unfavorable
environment for aerobic life. In addition, active
ingredients such as ozone or chlorine can be
introduced into the water, which, using their
strong oxidizing properties, disinfect and sterilize
the ballast water. Once the treatment process is
complete, the treated water is either stored in
ballast tanks or discharged overboard. In systems

requiring additional pretreatment or
neutralization steps, the water undergoes
additional treatment to ensure compliance with
environmental regulations before being released
back into the marine environment. In contrast to
conventional UV systems that lose efficiency at
high turbidity [12], the integration of
nanomaterials provides stable performance under
varying water conditions.

Fig.1 illustrates the process starting with the
water supply through the pump, physical and
chemical treatment in the ballast tanks, re-
treatment and quality control before the water is
discharged overboard. (Fig.1).

FPUMPF QUT

PUMP IN BALLAST TANKS
Sea Water L |
———— > Ballast pump
BALLAST WATER
TREATMENT
SYSTEM

Y

Ballast pump

v

RE-TREATMENT
AND
NEITRALIZATION

l Forg !

Overboard

PHYSICAL
TREATMENT

CHEMICAL

Y

TREATMENT

WATER QUALITY Discharge

CONTROL

Fig. 1. Ballast water treatment system with physical and chemical treatment method (Authors)

The following ballast water treatment methods
are the most widely used:

— UV method uses ultraviolet radiation to
kill microorganisms, which is a physical method;

—  Electrolysis involves the process of
electrically decomposing water to release
disinfectant agents such as chlorine, but the
method itself is based on an electrochemical
principle;

— Magnetic separation is also a physical
method where magnetic fields are used to remove
metal particles and contaminants;

—  Gas Treatment Method.

Among the methods listed above, the Gas
Treatment Method is the chemical method which
uses chemicals, such as ozone (03) or chlorine,
which are introduced into the ballast water to
disinfect and remove microorganisms. These
chemicals react with organic pollutants and
pathogens, Kkilling them or destroying their
cellular structures. This makes the gas method an
example of chemical treatment, as chemicals are
used to disinfect water.

Figure 2 shows the ballast water treatment
system using chemical treatment methods on a

ship. The water enters through the ballast pump
and is treated with biocide before entering the
ballast tank. The biocide is stored in a special tank
and is supplied by a biocide injection pump. After
treatment, the water is pumped into the ballast
tank. When the ship is ready to discharge the
ballast water, neutralizer from another tank is
pumped into the system using a neutralizer
injection pump. The neutralizer is needed to
neutralize the remaining biocide before the water
is discharged overboard to avoid environmental
contamination. The mixer helps to evenly
distribute the chemicals in the ballast water. Thus,
the system includes the steps of biocide injection
to kill microorganisms and neutralizer injection to
safely discharge the water into the sea.

Innovative approaches to chemical ballast
water treatment

Modern ballast water treatment technologies
strive to minimize negative environmental impact

while maintaining high water treatment
efficiency. The most promising innovative
methods include ultraviolet disinfection and

electro-chemical oxidation, which offer
environmentally friendly and technologically
advanced solutions.
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Ultraviolet disinfection is considered one of the
most environmentally friendly methods with
minimal impact on the marine environment.
Ultraviolet (UV) disinfection is a physical method
of water sterilization that eliminates the use of

ecosystem. UV systems irradiate ballast water
with ultraviolet light, which destroys the DNA of
microorganisms and renders them unable to
reproduce. This method effectively tackles a wide
range of microorganisms, including bacteria,
viruses and small aquatic life.

chemicals, minimizing risk to the marine
PUMP IN
Sea Water o
——> Ballast pump — Mixer eutralizer

injection pump

l PR

Y

BALLAST WATER
TREATMENT —)‘—-} BALLAST TANKS
SYSTEM

A

| WATER QUALITY
CONTROL

+' Overboard

BIOCIDE TANK

Y

Biocide
injection pump

Discharge

Ballast pump F—>»

PUMP OUT

Fig. 2. Ballast water treatment system using biocides and neutralizers (Authors)

This process produces no cytotoxic by-
products (including toxic chemicals) and does not
require the use of any active ingredients. UV
disinfection systems are relatively easy to install
and operate, and do not require complex
maintenance or chemical adjustments. In addition,
modern UV systems use much less energy than
older chemical water treatment technologies.

One of the disadvantages of UV disinfection is
low efficiency at high levels of water turbidity. In

such an environment, PM can shield

microorganisms from UV radiation, thereby

reducing the antibiotic effect of the drug.
Electrochemical oxidation as the Ilatest

technological approaches to enhance chemical
interactions. Electrochemical oxidation is one of
the most effective and technologically advanced
devices for ballast water treatment. This approach
is based on the electrochemical production of
active oxidizing agents by seawater electrolysis,
namely hydroxide radicals *OH) and hypochlorite
(C10-). These active agents lysze the cell wall of
microorganisms and remove organic pollutants,
thereby making the water safe for subsequent
discharge.

This method successfully destroys
microorganisms and organic pollutants, so it is
also versatile. In addition, there is no need to use
chemicals as the water purifies itself, without the
need to carry and transport hazardous chemicals
on board. Economically, electrochemical oxidation
systems are cheaper to operate than traditional
systems because they do not require the constant
addition of chemicals.

However, electrochemical oxidation is energy
intensive and typically produces secondary

oxidants (e.g., hypobromites) that require further
neutralization before discharge into the
environment.

Integration of nanotechnology into ballast
water treatment process

Modern ballast water treatment methods are
actively evolving towards the wuse of
nanotechnology to provide enhanced filtration
and chemical water treatment efficiencies.
Nanomaterials exhibit unique physical and
chemical properties that make them ideal
candidates for integration into ballast water
treatment systems to address the challenges
associated with conventional methods. Among the

existing solutions, carbon nanotubes show
significant advantages due to their high
adsorption capacity, chemical stability, and

flexibility in application, making them promising
for water filtration and reducing environmental
impact.

Applications of nanomaterials for filtration

Nanofiltration is an innovative method of
physical water purification based on the use of
nanomaterials with exceptional filtering abilities.
The principle behind nanofilters is the use of
membranes or materials with nanometer-sized
pores that trap even the smallest particles and
microorganisms, significantly improving the
quality of the treated water.

Examples of nanomaterials for filtration:

Carbon nanotubes: Have high mechanical
strength and the ability to trap microorganisms
and contaminants. These materials effectively
remove bacteria, viruses and other pathogens and
pollutants from water.
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Titanium dioxide nanoparticles (Ti0O2): Used in
nanofilters to enhance photocatalysis processes.
These nanoparticles are activated by ultraviolet
light, which helps to oxidize organic pollutants
and kill microorganisms.

Nanotechnology in chemical processing

Nanomaterials can also be used to improve the
efficiency of chemical treatment of ballast water.
One of the key areas is to enhance the sorption
properties of nanoparticles, which facilitates
faster and more complete removal of pollutants
and microorganisms.

Enhancing sorption properties: Nanomaterials
such as graphene oxides and metal nanoparticles
have a large specific surface area, which allows
them to more effectively bind and remove

pollutants such as heavy metals, toxins and
organic pollutants.

Impact on chemical treatment efficiency: The
use of nanomaterials in combination with
conventional chemical methods (e.g. ozone or
chlorine) can significantly improve the efficiency
of oxidation processes. Nanoparticles catalyze
reactions, which contributes to faster degradation
of microbial cell nembranes and a reduction in the
required dosage of chemical reagents. The
integration of nanotechnology into the ballast
water treatment process has a number of
advantages, both in terms of increased treatment
efficiency and reduced environmental impact
(Table 2).

Table 2
The properties and applications of carbon nanotubes and titanium dioxide nanoparticles in filtration
processes
Nanomaterial Properties Applications

Carbon Nanotubes

and pathogens

High mechanical strength, ability to trap microorganisms
and contaminants, effective removal of bacteria, viruses,

Water filtration, removal of bacteria,
viruses, pathogens, and pollutants

Titanium Dioxide
Nanoparticles (Ti02)
microorganisms

Used in nanofilters, enhance photocatalysis, activated by
UV light, oxidizes organic pollutants, kills

Water filtration, photocatalysis,
disinfection of microorganisms in
water

Carbon nanotubes (CNTs) have unique
physical and chemical properties that make them
extremely effective for pollutant filtration. One of
the key advantages of CNTs is their high specific
surface area, which provides significant
adsorption capacity. This allows for the effective
removal of both organic and inorganic
contaminants, including heavy metals and
microplastics.

Another important aspect is their nanoscale
structure, which ensures mechanical filtration of
even the smallest particles that cannot be
removed by conventional methods. In addition,
the high chemical stability of CNTs makes them
suitable for harsh environments such as high
temperatures, wide pH range and high
concentration of contaminants.

Experimental studies reported in the current
literature show that CNTs have significantly
higher filtration efficiency compared to other
materials such as activated carbon or zeolites. For
example, studies such as [53] have shown that the
use of CNTs reduces the concentration of heavy
metals in water by more than 90%, which is a
significant improvement over conventional
methods.

Adding nanotechnology to the ballast water
treatment process has a number of advantages,
not only in terms of further improving treatment
efficiency, but also in terms of minimizing

environmental impact. One of the main benefits is
the reduction of toxicity of by-products.
Nanomaterials cause more complete cleavage of
chemicals for which toxicity is less likely to occur,
with the formation of toxic by-products such as
trihalomethanes or hypobromites - especially
cleavage resulting from the oxidative cleavage
step. Another important advantage is the
minimization of reagent costs. Because
nanomaterials are highly efficient, relatively fewer
chemicals are required to achieve the desired
amount of water treatment. This not only reduces
the operational costs of maintaining the systems,
but also reduces the burden on the environment in
the form of residual chemicals released into the
marine environment after water discharge.

Results and discussion

Mathematical model for
nanomaterials

This study is theoretical and computational in
nature and uses mathematical modeling and
numerical simulation to evaluate the effectiveness
of nanomaterials in ballast water treatment. The
results obtained are predictive in nature and are
intended to provide a basis for future empirical
validation.

In this section, a mathematical model is
proposed to describe the ballast water filtration
process using nanomaterials. The aim is to
accurately predict the reduction of pollutants,

filtration using
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microorganisms and contaminants when water
passes through a nanomaterial-based filtration
system. This model allows to simulate how
various parameters such as filter surface area,
flow rate and interactions between nanomaterials
and microorganisms affect filtration efficiency and
optimize the design and operating parameters of
the filtration system, ensuring maximum
efficiency with minimum environmental impact.

Key parameters of the model:

Co - initial concentration of microorganisms
and contaminants in the water (e.g., micrograms
per liter);

C(t) - concentration of microorganisms in the
water after filtration with nanomaterials at time ¢;

ks _ filtration coefficient for nanomaterials
(characterizes the efficiency of capturing
contaminants by nanoparticles);

A - filter surface area (m?);

V' - volume of water passing through the filter
per unit of time (m?3/s);

A - binding coefficient of nanoparticles with
microorganisms (based on chemical interactions
or sorption properties);

t - filtration time (seconds).

Differential equation for filtration

The reduction in contaminant concentration in
water can be described as a sorption or particle
capture process:

(1)
O __x ACO_sce
dt Y ’

c()

where the first term k,AT describes the

filtration process through nanomaterials,
proportional to the filter area and flow rate. The
second term A(t) represents the interaction
between nanoparticles and microorganisms and
their chemical degradation.

We solve the differential equation with the
initial condition (0)=Cy (the initial concentration):

{98 (2)
C(t)=C,e [ v ]

This solution shows that the concentration of
contaminants decreases exponentially over time.
The coefficients kf and A can be determined
experimentally for different nanomaterials.

Sorption model using nanomaterials

When nanomaterials like carbon nanotubes or
titanium dioxide nanoparticles are used for
contaminant sorption, the Langmuir model can
describe the sorption process:

_ GuxKC
~1+KC’ (3)

where: q - the amount of contaminant adsorbed
per unit mass of nanomaterials, gmax — maximum
sorption capacity of nanomaterials, K - adsorption
equilibrium constant, C - concentration of
contaminants in the solution.

This model calculates how much contaminant
will be retained by the nanomaterials at a given
concentration, helping to optimize the amount of
nanomaterial needed for purification.

Filtration efficiency evaluation

The efficiency of the filtration process can be
defined by the following equation:

n= G -CMH %x100%. (4)

0

This equation shows the percentage reduction
in contaminant concentration after filtration.

Optimization of the system

1. Filtration Capacity. The surface area of the
filter and the flow rate V can be optimized to
minimize filtration time while maintaining
maximum efficiency;

2. Variation of ks For each type of
nanomaterial, kf may depend on the particle size
and chemical structure. Numerical simulations
can assess how particle size affects the filtration
coefficient.

Numerical simulation

We perform numerical simulations to evaluate
how different parameters, such as filtration
coefficients and sorption characteristics, affect the
ballast water treatment efficiency. Thus by
simulating the process under different conditions,
it is possible to analyze how different
nanomaterials and system configurations affect
pollutant reduction and sorption efficiency. The
results are presented as two key graphs: one
depicts the decrease in  contaminant
concentration over time and the other shows the
relationship between sorption capacity and
contaminant concentration based on the
Langmuir model.

The Fig. 3 shows the change in concentration of
methylene blue and phenol, which were selected
as typical organic pollutants frequently found in
wastewater. These substances were used in the
modeling to evaluate the filtration efficiency with
carbon nanotubes. As it can be seen from the
graph, the concentration of pollutants decreases
with time depending on the filtration coefficients,
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which confirms the effectiveness of the proposed
method.

Contaminant Concentration Reduction Over Time for Different kf Values
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Fig. 3. Decrease in methylene blue and phenol concentration over time for different filtration factors

The filtration process is modeled to account for
both the physical removal of contaminants and the
interaction  between  nanomaterials and
microorganisms. The simulation shows that as the
filtration coefficient increases, the contaminant
concentration decreases more rapidly
highlighting the efficiency of different filtration

configurations and provides insight into the
optimal selection of filtration materials and flow
rates to maximize the removal of contaminants.
The graph on Fig. 4 shows the sorption capacity
of nanomaterials as a function of contaminant
concentration using the Langmuir sorption model.

Sorption Dependence on Contaminant Concentration (Langmuir Model)
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Fig. 4. Sorption dependence on contaminant concentration based on Langmuir model

This model helps describe the process by which
contaminants are absorbed by nanomaterials,
reaching saturation at higher concentrations. By
comparing the behavior of different materials
(each with distinct maximum sorption capacities
and equilibrium constants), this graph
demonstrates how nanomaterials can be
optimized for effective contaminant removal. The
graph provides crucial insights into the selection
of materials that offer high efficiency in sorbing
pollutants from ballast water. The observed
reduction in toxic by-products is in line with IMO
standards for sustainable marine practices,
ensuring compliance with the BWMC [6, 22].

In combination, this simulation provides a
complete picture of how various parameters affect
the efficiency of ballast water treatment using
nanotechnology and serves as a basis for
optimization of real systems where the process of
integration of nanomaterials can significantly
improve the efficiency of filtration and ballast
water treatment. The development of a
mathematical model based on the above equations
allows to optimize the process and minimize the
use of chemical reagents, providing increased
environmental safety.
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Conclusion

Incorporating nanotechnology into ballast
water treatment offers a cutting-edge method to
lower the environmental risks linked to ballast
water discharge. This work primarily emphasizes
the application of nanomaterials, like carbon
nanotubes and titanium dioxide nanoparticles,
which markedly enhance the filtration process
while reducing reliance on traditional chemical
treatments. These nanomaterials not only
improve the physical removal of contaminants,
but also promote environmentally beneficial
processes by reducing the formation of toxic by-
products that are the norm for many traditional
chemical treatments such as chlorination and
ozonation. The creation of a mathematical model
of nanomaterial filtration/sorption Kinetics,
together with numerical simulations, allows
optimization of design parameters including
filtration/sorption surface area, flow rate, and
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