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Abstract: The spread of micro- (MPs) and nanoplastics (NPs) in the environment has become a significant
environmental concern, necessitating effective removal strategies. In this comprehensive scientific review, we
examine the use of magnetic nanoparticles (MNPs) as a promising technology for the removal of MPs and NPs
from water.We first describe the issue of MPs and NPs and their impact on the environment and human health.
Then the fundamental principles of using MNPs for the removal of these pollutants will be presented,
emphasizing that MNDPs enable selective binding and separation of MPs and NPs from water
sources.Furthermore, we provide a short summary of various types of MNPs that have proven effective in the
removal of MPs and NPs. These include ferromagnetic nanoparticles, MNPs coated with organic polymers, as
well as nanocomposites and magnetic nanostructures. We also review their properties, such as magnetic
saturation, size, shape, surface functionalization and stability, and their influence on removal efficiency.Next,
we describe different methods of utilizing MNPs for the removal of MPs and NPs. We discuss their advantages,
limitations, and potential for further development in detail.In the final part of the review, we provide an
overview of existing studies and results demonstrating the effectiveness of using MNPs for the removal of MPs
and NPs from water. We also address challenges that need to be overcome, such as nanoparticle optimization,
process scalability, and the removal and recycling of nanoparticles after the completion of the process.This
comprehensive scientific review offers an extensive insight into the use of MNPs for the removal of MPs and
NPs from water. With improved understanding and the development of advanced materials and methods, this
technology can play a crucial role in addressing the issue of MPs and NPs and preserving a clean and healthy
environment.
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Introduction

Microplastics (MPs) and nanoplastics (NPs) in water represent a global environmental challenge
with numerous adverse effects on aquatic ecosystems and potentially on human health. MPs refer to
small plastic particles measuring less than 5 mm, while environmental breakdown of MPs lead to
NPs, which are even smaller particles that can be just a few nanometers in size (< 100 nm) [1]. NPs
are widespread pollutants, found in various environmental media such as soil, seas, freshwater, and
even frigid zones. Their small size and properties allow them to permeate biological membranes,
leading to significant toxicity in organisms through the food chain. Removing NPs from water is a
crucial challenge. Research has focused on understanding the effects of NPs on aquatic macrophytes,
including absorption, adsorption, and toxicological consequences. It is important to note that plants
and aquatic systems are essential for human diets and have implications for food security and safety.
Reported effects of NPs include reproductive toxicity, growth inhibition, oxidative damage,
inflammation, immunotoxicity, and behavioral changes. NPs particles pose significant concerns in
ecosystems due to their short-term and long-term effects on organisms, and they often escape
common elimination methods due to their small size. Therefore, a critical assessment of the source,
transport, impact, and removal technologies is necessary to address the research issues associated
with NPs pollution and remediation in aquatic ecosystems [2]. Various methods have been employed
for the removal of NPs from water, but some have limitations in terms of minimum particle size and
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suitability for laboratory analysis. Purification and isolation methods such as filtration, evaporation,
solvent extraction, density separation, and gravitational separation exist, but each method has
shortcomings due to the unique properties of NPs. Membrane filtration works for smaller volumes
but has a slow flow rate and can lead to clogging and particle adherence to filters, reducing detection.
Density separation using saturated salt solutions has been successful but is not widely used due to
challenges in collecting nanoparticles from the liquid-air interface. Previous reports may have
underestimated NPs abundance due to difficulties in detection and removal of smaller particles.
Adsorption methods are commonly used to remove various pollutants from water and offer benefits
such as cost-effectiveness, ease of incorporation, and simplicity [3]. Iron oxide nanoparticles (IONPs)
possess a large surface area per unit of mass, making them effective for adsorption. This characteristic
has led to their utilization in various applications, including the removal of environmental pollutants.
The magnetic properties of iron oxide enable rapid separation of pollutant particles, surpassing the
capabilities of centrifugation and filtration techniques. This magnetic feature also facilitates the
development of efficient strategies for preventing the entry of pollutants into the environment.
Moreover, iron oxide particles can be reused after magnetic separation and regeneration, making
them a promising adsorbent for the removal of environmental pollutants [4].

Figure 1 uses columns to show how the number of publications related to the topics under
investigation increases over the years. Publications linked to the search term "removing microplastics
from water AND magnetic nanoparticles" are shown with orange bars, while publications linked to
"removing nanoplastics from water AND magnetic nanoparticles" are shown with blue bars. In both
cases, it is clear that the number of publications has increased significantly in recent years,
demonstrating the pressing problem of water pollution by MPs and NPs in the world and also
showing how useful MNPs are in removing MPs and NPs from water.
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Figure 1. Research papers found using the keywords “removing microplastics from water AND
magnetic nanoparticles” (orange colour) and “removing nanoplastics from water AND magnetic
nanoparticles” (blue colour). The number of papers is shown according to the year of publication. The
data were obtained by searching the ScienceDirect search engine on 16 April 2024.

In this review article, we aim to highlight the usefulness and effectiveness of using MNPs to
remove MPs and NPs from water sources. Given the topic, we first wanted to highlight the problems
associated with MPs and NPs and their impact on the environment and human health. At the same
time, we highlighted MNPs and their important properties that affect the efficiency of MPs and NPs
removal from water. Based on existing studies, we focused on MNPs of different compositions and
emphasized their advantages, limitations and, of course, the potential for further developments
leading to better efficiency of MNPs in the removal of MPs and NPs from water. Due to promising
results obtained using this material, a detailed literature review in this field is provided.
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1.1. Sources of Plastic in the Environment

Water serves as a significant carrier of MPs and NPs, as plastic particles can be released into the
environment from various sources. Packaging materials, building materials, fishing gears,
automotive parts, electronic utilities, and agro-industry components make up the majority of plastic
waste, with household, medical waste, and sports equipment also contributing. The Covid-19
pandemic has led to increased consumption of single-use plastics, such as personal protective
equipment (PPE) kits, facemasks, and gloves, adding to the global solid waste fraction.
Approximately 400 million tonnes of plastics are dumped into oceans alone. MPs and NPs are
emerging as significant concerns, found in various commonly used products, or formed through the
fragmentation of larger plastic waste. Primary MPs are produced in large quantities for multiple
domestic applications, including facial scrubs, toothpaste, detergents, cleaning agents, plastic
powders, and synthetic clothing. NPs are released by paints, adhesives, electronics, and other
sources. Secondary MPs/NPs result from the breakdown of macroplastics and account for a
significant portion of plastic released into the environment. MPs and NPs can be found in terrestrial,
freshwater, and marine ecosystems worldwide [5].

MPs and NPs in water pose a threat to aquatic organisms as they can be ingested, causing
physical harm or toxic effects. Plastic particles can impact the food chain, as they can accumulate in
organisms consumed by fish and other aquatic animals, gradually moving up the food chain.

Furthermore, there is concern that MPs and NPs could enter drinking water sources, as evidence
of their presence has been found in water sources such as rivers, lakes, and groundwater. Although
the current scientific understanding of the impact of MPs and NPs on human health is still limited,
there are concerns regarding potential long-term effects on the human body, including potential
impacts on the digestive system, immune system, and hormonal balance.

Removing MPs and NPs from water is a complex challenge, as the particles can be extremely
small and difficult to detect and effectively remove with traditional purification methods. The
development and use of new technologies, such as the utilization of MNPs as mentioned earlier, show
promising potential for improving the removal of MPs and NPs from water sources.

Addressing the issue of MPs and NPs in water requires a comprehensive strategy that includes
source control, effective treatment of wastewater, promoting plastic recycling, and raising awareness
of the issue. In this review, we first provide a concise introduction of the topic, including the overview
of main sources of MPs and NPs in water, the major methods for their detection, and their adverse
effects on the environment and human health. The main aim of this review paper is to summarize
the current advances in the techniques for the removal of MPs and NPs from aqueous media, with
the primary focus being on methods utilizing iron-based MNPs, which offer multiple advantage due
to their inexpensiveness, biocompatibility, and excellent magnetic properties. Continued research
and collaborative efforts are essential to understand the extent of the problem, develop efficient
removal methods, and mitigate the environmental and health risks associated with MPs and NPs in
water.

Detection of MPs and NPs

When discussing the detection of MPs and NPs, it is essential to acknowledge a series of steps
and precautionary measures that must be taken into account for a comprehensive analysis. This
process extends from the sampling and processing of samples to detection and identification.
Although new methodologies are continuously evolving, the analysis of MPs and NPs typically
involves two main types of characterizations, e.g., physical, and chemical methods (Figure 2).
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Chemical characterization focuses on
analysing the chemical composition
of MPs and determing the type of
particles.

Encompass aspects such as
shape, size, colour and
concentration of MPs.

main types of
characterizatio

This is crucial for identifying the type
of plastic present in the environment
and assessing potential risks to the
environment and health.

Investigating these properties
allows for a better understanding
of how MPs impact the
environment and organisms.

Figure 2. Two main types of characterization involving the analysis of MPs and NPs.

In conducting these analyses, precision, standardized methods, and appropriate measures to
prevent sample contamination are of paramount importance. Researchers continuously strive to
enhance and develop techniques for improved detection and characterization of MPs and NPs in the
environment [1,6,7].

The net sampling method is one of the fundamental techniques for collecting MPs from water in
the natural environment, such as rivers, lakes, seas, and oceans. This method allows MPs to be
collected from water as it passes through a net, which acts as a filter. Due to their smaller size, NPs
cannot be sampled using nets [6,8]. The key factor in selecting the net is the mesh size, which
determines the sizes of MPs that are collected. The net is placed in the water where the sample is to
be collected and can be attached to a frame or used with a special sampling device. Water passes
through the net while MPs remain trapped in it. The sampling itself takes approximately a few
minutes to several hours, depending on the research objectives. The more time water passes through
the net, the more MPs will accumulate on the net itself. Subsequently, the net is removed from the
water, and gentle rinsing or the use of special solutions is employed to separate MPs from the mesh.
This is followed by drying and storing the MPs and further analysis of the sample, which assesses
their size, shape, and colour, with additional chemical analyses if needed [9,10]. The net sampling
method is straightforward and relatively cost-effective, but it requires careful planning and execution
to ensure the reliability of results. Moreover, it is crucial to consider factors such as water currents,
which can affect the collection of MPs. This is a key technique for examining the presence of MPs in
the natural environment and their potential impact on ecosystems [6].

Filtration methods are an effective way to collect MPs and NPs from water in the natural
environment, as they enable the selective separation of particles, including plastic, from the water
sample [2]. The choice of a filter with the appropriate pore size, tailored to the target size of MPs, is
crucial in these methods. This ensures that MPs are captured while larger particles are prefiltered.
Filtration can be conducted using a vacuum system or under pressure to expedite the process. After
filtration, the filter is removed and cut into smaller fractions to facilitate further analysis. Fractions
containing MPs and NPs are then transferred to the laboratory for subsequent analysis [6,11,12].

Sedimentation relies on the principle of gravity to allow MPs to separate and settle at the bottom
of a container [6,9]. The process begins with the collection of a water sample from the target
environment, ensuring that it represents the specific area of interest. The collected water sample is
then transferred to a container, typically a sedimentation chamber or cylinder with a conical bottom,
designed to facilitate the settling process. Once in the container, the sample is left undisturbed and
allowed to stand for a specified period, often several hours to overnight. During this time, gravity
causes the heavier MP particles to gradually sink to the bottom of the container. After the
sedimentation period, the upper portion of the water, which is now relatively clear, is carefully
decanted or siphoned off, leaving behind the sediment at the bottom of the container. The water can
be removed until only a small amount remains above the sediment layer. The sediment layer contains
the settled MP particles, as well as any other particulate matter that may have settled. The collected
sediment is then carefully transferred to a separate container for analysis. Analytical techniques may
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include visual inspection, microscopic examination, and chemical analysis to identify and
characterize the MPs found within the sediment [12-14].

Additional separation methods, including hydrophobic interactions, magnetic field extraction,
and electrophoresis, can also be employed for the purpose of separation. However, further progress
is required to ensure their efficient and dependable utilization in the analysis of MPs and NPs [15].

Froth flotation relies on hydrophobic interactions, where plastic particles attach themselves to
the surface of bubbles and are transported to the air-liquid interface. However, conventional froth
flotation often yields low particle recovery due to challenges in controlling bubble size [16]. Magnetic
extraction is another method under investigation for the separation of plastic particles. In this
approach, MNPs are rendered hydrophobic through silanization, enabling them to bind to plastics
and be separated from the matrix [17]. Modified separation techniques, such as magnetic field flow
fractionation (FFF), offer potential for separating plastic particles of different sizes [15]. FFF is an
active chromatographic technique widely used for the separation of MPs. In FFF, an external force,
such as gravity, thermal gradients [18], centrifugation [19], magnetism [20], or electricity [21], is
applied through an asymmetrical flow across a semi-permeable membrane [22]. This force acts
perpendicular to the flow direction, allowing for the separation of dispersed particles based on their
differential mobility [23]. Hydrodynamic chromatography (HDC) is another method under
investigation for separation purposes. HDC is considered a passive chromatographic technique that
relies on hydrodynamic and surface forces to separate particles within a liquid medium. HDC is
known for its ease of use and rapidity, offering analytical repeatability; however, it exhibits lower
selectivity in terms of pore size resolution when compared to FFF [24]. An overview of the commonly
used detection methods, including the references, is provided in Figure 3.

SEDIMENTATION

NET SAMPLING METHOD [6,9,12, 13, 14]

(6. 8,9,10] A: inexpensive and simple method
A: straightforward and D: ineffective in the case of MPs
relatively cost- effective and NPs
D: NPs cannot be sampled
using nets

[24])

ADDITIONAL SEPARATION
METHODS

FILTRATION METHODS
[2,6,11,12]
A: effective way, choice of
a filter- target size of MPs
D: clogging of filtration

b
membranes [15,18-23]

[1e]

[17]

Figure 3. Presentation of various methods for the detection of MPs and NPs, pointing out their main
advantages (A) and disadvantages (D). Some of them are already well researched, others are just
being developed.

If we want to obtain information about the shape, size and concentration of MP particles, various
techniques can be used. Among the most commonly used are microscopic techniques, including
Optical Microscopy, Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
and Atomic Force Microscopy (AFM). Optical microscopy is primarily used to obtain information
about the size, shape, and concentration of MP particles. Stereomicroscopic imaging provides better
discrimination compared to visual sorting, but is generally unsuitable for particles smaller than 100
um [25]. Meanwhile, fluorescent imaging is more selective and allows for the identification of
transparent and white plastic particles [26]. Using optical microscopy, plastic particles can be
categorized into groups based on their shape, size, and colour. For more precise identification, other
microscopy techniques are also available. Higher resolution compared to optical microscopy is
achieved by SEM, which was introduced to study the morphology of particles obtained from various
samples [27-29]. When SEM is used in combination with energy dispersive X-ray spectroscopy, we
not only obtain information about the size and shape of particles but also their elemental composition
or chemical identity. In the case of MPs, this analysis is complex, as MPs are non-conductive, and the
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sample preparation itself can be very time-consuming [30,31]. In general, TEM is employed for the
characterization of nanomaterials due to its ability to achieve spatial resolution down to the atomic
scale. However, when it comes to the analysis of MPs and NPs, TEM has limited applicability. Firstly,
NPs exhibit an amorphous structure, are non-conductive, and necessitate extensive metallic staining
for reasonable contrast, rendering TEM ineffective for visualizing NPs. Moreover, the high-energy
electron beam can potentially damage the particles. TEM requires complex instrumentation, is costly,
and lacks user-friendliness, thereby restricting its use in resource-constrained settings. Nevertheless,
TEM is still utilized in specific contexts, such as the examination of the impact of MPs on model
systems. For example, Sun et al. [32] employed TEM to investigate the toxic effects of polystyrene
(PS) MPs and NPs on the marine bacterium Halomonas alkaliphila, and Song et al. [33] utilized TEM
to assess potential effects of MPs on microalgae. The AFM technique offers significant advantages
when it comes to characterizing nanoscale particles, and it is not restricted to conductive samples.
AFM is capable of providing high-resolution three-dimensional images, with resolutions down to a
few nanometers (up to 0.3 nm). It involves straightforward sample preparation, making it suitable
for investigating the surfaces of non-conductive materials like MPs and NPs, all while avoiding
sample damage from radiation. However, there are certain limitations associated with AFM. For
instance, it is susceptible to external contaminations, and the AFM tip can potentially damage the
sample by releasing fragments to the tip, leading to inaccuracies in the image of the sample. While
AFM instrumentation is more complex compared to traditional optical microscopes, AFM imaging
has the potential to find numerous applications in the analysis of MPs in various matrices [34].

Another important group of methods for the identification of MPs and NPs are also vibrational
spectroscopic techniques, among which Infrared and Raman Spectroscopy are included. Fourier
transform infrared spectroscopy (FTIR) is a widely employed technique for characterizing substances
based on their vibrational frequencies, specifically the bonds present in a molecule. The choice of
mode in FTIR analysis depends on the nature of the sample. The transmission mode is applicable to
thin samples that allow the infrared (IR) beam to pass through. The diffuse reflectance mode is
suitable for fine powder samples (<10 um), while thick or strong-IR-absorbent samples often require
attenuated total reflection (ATR) mode. In cases involving large, flat, and reflective surfaces, the true
specular reflectance/reflection-adsorption mode is preferred [7,25]. FTIR is utilized for identifying
and characterizing plastic polymers, as well as for obtaining information about the physicochemical
weathering of plastic particles. However, there are associated challenges. Surface-contact analysis,
such as ATR-FTIR, can potentially damage small and fragile plastic particles due to sample-tip
adhesion or electrostatic interactions. Additionally, sample drying is necessary before IR
spectroscopy since water strongly absorbs IR radiation. Traditional FTIR cannot provide
spectroscopic information at the single nano or small MP particle level. The smallest size that can be
studied at the single-particle level is approximately 250 um. To address these limitations, the
combination of IR spectroscopy with an IR microscope, collectively known as micro-FTIR (u-FTIR),
has become a highly utilized imaging technique in MP analysis. Unlike traditional IR spectroscopy,
micro-FTIR offers both morphological and chemical identification of MP particles larger than 10 um,
with a spatial resolution of approximately 5 um. However, it is worth noting that micro-FTIR imaging
requires longer acquisition times, making it challenging to access the entire filter area [35]. Raman
spectroscopy is a highly favored technique for identifying MP powders or particles (approximately
500 pm) within different environmental samples. In recent years, p-Raman imaging has gained
significant popularity for particle analysis because it can provide both spatial and chemical
information for particles as small as 10 um, with a remarkable spatial resolution of around 1 pm
[36,37]. Raman spectroscopy boasts several advantages over FTIR. It typically allows for non-
destructive analysis, is versatile in terms of sample thickness or whether the sample is in a solution,
gas, film, on a surface, in solid form, or single crystals. Moreover, Raman analysis can be conducted
at various temperatures. However, a notable challenge in obtaining high-quality Raman spectra is
the presence of fluorescence. To address this issue, it is recommended to include a sample purification
step before performing Raman spectroscopy. Additionally, the use of baseline removal algorithms or
more efficient detectors can effectively mitigate fluorescence-related problems [38].
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Additionally, there are thermo-analytical techniques, including Differential Scanning
Calorimetry (DSC), Thermogravimetry (TGA) and Gas Chromatography-Mass Spectrometry (GC-
MS), as well as other techniques such as Dynamic Light Scattering (DLS), Nanoparticle Tracking
Analysis (NTA), and others [1,5,7,9]. MP particles extracted from a processed sample can be
distinguished through a range of thermo-analytical methods. These techniques are valuable because
plastic polymers exhibit varying degrees of thermal stability. Thermo-analytical techniques enable
the detection of alterations in the physical and chemical characteristics of polymers following
degradation. Consequently, they facilitate the identification of MPs and NPs present in diverse
matrices [39]. DSC is a technique that assesses temperature changes and associated heat flux during
transitions in a sample. It provides insights into various characteristics of polymeric materials,
including melting enthalpies, glass transitions, and crystallization kinetics. DSC is particularly
effective in identifying primary MPs with well-defined properties, as it relies on reference materials
for comparison. However, when dealing with a mixture of MPs that share similar melting points,
DSC may lack specificity in its analysis [34].

TGA is a method that quantifies the mass loss from a sample at specific temperatures and
generates thermogravimetric profiles, illustrating mass changes concerning temperature. It is
commonly employed when studying polymeric materials, which frequently undergo degradation
accompanied by enthalpy alterations [34]. Combining TGA with DSC allows for the measurement of
enthalpy changes, making this combination advantageous for MP analysis [40]. While this approach
is effective for polyethylene (PE) and polypropylene (PP), it may not be suitable for identifying other
polymers like polyvinyl chloride (PVC), polyamide (PA), polyesters (PES), polyethylene
terephthalate (PET), and polyurethane (PU), due to the potential overlap of phase transition signals
[39]. In recent years, GC-MS has found applications in the chemical identification of MPs through
mass fragmentation patterns. Additionally, GC-MS serves as a valuable tool for examining adsorbed
organic substances and volatile plastic additives present on MPs. Moreover, the potential of GC-MS
can be further harnessed through its integration with other techniques such as pyrolysis and thermal
desorption, enhancing the characterization of MPs [41-43]. In recent years, there has been growing
interest in exploring emerging techniques for the identification and quantification of MPs and NPs,
particularly in environmental samples. Here, we provide a concise overview of these methods. DLS
is a commonly employed method for examining the size distribution of MPs and NPs, such as
polymeric colloidal MPs and NPs in solution phases. It is effective within a size range of 1 nm to 10
mm [24,44,45]. For instance, Gigault et al. utilized DLS with a photo-detector to investigate the photo-
degradation of marine MPs [46]. NTA represents another potential method for examining the
distribution of MPs and NPs in environmental samples. NTA has the capacity to detect individual
particles as small as 10 nm and provides information about individual particle sizes, as opposed to
offering average size data as seen in DLS. It's worth noting that the accuracy of NTA can be limited
by Brownian motion, so particles should not be too close or too polydisperse.

Properties of MPs and NPs

The transport of MPs/NPs is influenced by factors like size, shape, and aging, in addition to soil
properties. A study found that NPs (187 +22 nm) had a retention rate of 48.5+7.8 % in the column,
while MPs (about 30 um) had a higher retention rate of 94.4 + 6.1 %. This suggests that NPs are more
likely to move downwards and potentially reach the groundwater system compared to MPs.
Aggregation, whether between plastics or between plastics and other substances like organic matter
and soil particles, increases aggregate size and affects transport. Additionally, fibrous MPs are often
harder to transport than spherical or granular ones because of their thin, long shape, making them
prone to directional loss and entanglement with soil particles. Notably, aging NP surfaces become
more hydrophilic after oxidation, enhancing their mobility and ability to interact with both polar and
non-polar pollutants, thereby increasing their contaminant-mobilizing capacity [47].

The intricate nature of MPs encompasses at least five dimensions that must be taken into account
when analyzing these minuscule particles:

e A wide size range, ranging from 1 um to 1 mm (and up to 5 mm for larger MPs).
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e Diverse polymer types with varying chemical compositions, including both conventional and
biopolymers with different structures and densities.

e  Various shapes such as spheres, irregular particles, fibers, films, and foams.

¢ Incorporation of different additives (antioxidants, light stabilizers, plasticizers, flame
retardants, pigments, etc.), weathering byproducts, and adsorbed contaminants (persistent
organic pollutants, antibiotics, heavy metals, etc.).

o Different aging states (primary and secondary MPs), biofouling, surface charge, and
hydrophobicity [48].

Analyzing the distribution of MPs and NPs particles provides crucial insights into their potential
sources, transportation mechanisms, and interactions with living organisms [49]. The ecological
significance of particle size cannot be overstated, as it stands as arguably the foremost factor in
dictating the interaction of MPs with organisms and their ultimate environmental destiny and size
plays a pivotal role in determining the quantity of plastics consumed. Presently, the classification
includes only four size ranges: NPs (1-1000 nm; further divided into NPs 1-100 nm and sub-MPs
100-1000 nm), MPs (1-1000 pm), mesoplastics (1-10 mm), and macroplastics (>1 cm). [50] In the study
of plastic pollution in the north Atlantic ocean [51], PE was the most prevalent polymer, accounting
for 90.3 % of all plastics discovered. PP plastics made up 9.7 %, while polymethylmethacrylate
(PMMA) and PET were also detected but each contributed less than 0.1 %. The majority of both PE
and PP MPs were in fragment form (81 % and 68 % respectively), with only PE found in granulated
form (0.28 % of total PE fraction). Fibers constituted 15 % of PE and 20 % of PP MPs. Additionally,
3.5 % of the PE MPs were in film form, in contrast to 11.84 % for PP. Given that both PE and PP are
among the most commonly manufactured plastics and have densities lower than that of seawater,
this discovery is not surprising. Other researchers sampling the North Atlantic have reported similar
findings.

The concerns regarding the fate of the environment arise from the detection of plastic particles
on a small scale. However, the constantly changing charges, shapes, sizes, and densities of these
particles complicate the assessment of potential threats [2].

In recent years, research on NPs has primarily concentrated on refining methods for
quantification, detection, and identification, with a particular emphasis on categorizing them
according to their functional groups. Progress and innovation in this field may lead to the adoption
of thermoanalytical techniques and spectroscopic analysis. The latest improvements in analytical
methods for discerning the functional groups of NPs have leaned towards cost-effectiveness and
standardization [52].

Table 1 below summarizes, based on article [24], certain characteristics of some MPs in real
samples from various environments. The properties were determined using various characterization
methods.

Table 1. Certain characteristics of some MPs in real samples.

PLACE MPs TYPE MPs SIZE PROFUSION
50, 100, 200, 500,
Netherlands (tap and PS, PE 1000 nm (PS), 90- 260 mg/L
surface water)
106 ym
Denmark (fish 100 nm (PS), .
sample) PS, PE 200-9900 nm (PE) 1.3 mg/g fish
USA (seawater) PP, PE, PS, PA <5 mm 0.025 g/mL
South Korea expanded <1mm 0-0.3 items/L (seawater),
(seawater and beach) polystyrene (EPS) B 631 items/L (beach)
China (surface Rayon, PE, PP, PA, .
sediment) PET, PS, PMMA, PU 34.97-4983.73 pm 499.76 items/kg

Italy (shallow waters) PE, PP, PS <1 mm 672-2175 items/kg

do0i:10.20944/preprints202406.0682.v1
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High-density

China (sediment) polyethylene (HDPE), <5mm 5.1-87.1 items/g

PET, PE, PS sediment
China (sewage) PET, PS, PP 681.46+528.73 um 0.59-12 items/L
hi fresh PE PP, PA
China (freshwater  PES, rayon, PF, PA, 5 4 5000 um 0.9-2.4 items/L
bodies) nylon
Australia (shrimp) PS, rayon 0.190-4.214 mm 0.40+0.27 items/L
China (fishes) PE, PP, PES 20-500 pm 0.3-5.3 items per fish
Germany (bottled PET, PP 1-500 pm 0-253 items/L
water)
Mexico (milk) PES, lzggj;ﬂfone <5mm 3-11 items/L

Impact on the Environment and Human Healthy

More than 80 % of MPs are produced on land, with less than 20 % coming from the ocean.
Because MPs are particularly light and indestructible and can float, they can travel far around the
world [53,54]. Most of the plastics that pollutes the marine environment come from land-based
sources, fisheries and other aquaculture, and coastal tourism. It is estimated that there are over 800
million tons of land-based plastic in the ocean [55]. Because MPs and NPs are incredibly small, they
cannot be filtered in wastewater treatment, thus such plastic particles end up in rivers and oceans, as
well as freshwater supplies. In addition, MPs and NPs are found in the soil and also enter rivers and
oceans through natural erosion [56].

MPs and NPs are produced from primary and secondary sources [57,58]. Primary sources are
the intentionally produced MPs and NPs for consumers and industry, e.g., as exfoliants in detergents,
cosmetics, and as drug delivery particles in medicines, as well as in industrial air blasting.
Macroplastic products, which break down into micrometres and smaller particles, serve as secondary
sources of MPs and NPs; they occur both on land and in aquatic environments [54,59].

Plastics can undergo degradation in the environment through six distinct processes: thermal
degradation, thermo-oxidative degradation, biodegradation, photodegradation, mechanical
degradation, and hydrolysis [57,60]. Thermal degradation takes place when plastics are exposed to
elevated temperatures generated in industrial processes. Consequently, this form of degradation
does not occur spontaneously in the natural environment [60-62]. On the other hand, thermo-
oxidative degradation pertains to the gradual oxidative breakdown of plastic transpiring at
comparatively lower temperatures. Plastics can also undergo decomposition due to microbial
activity, including bacteria, leading to biodegradation [60,63,64]. Sunlight radiation provides another
mechanism for breaking down plastics into smaller particles, a process known as photodegradation.
Additionally, the mechanical wear and tear of plastics in the environment can result in the creation
of even smaller particles. Plastics encountered in marine settings typically undergo hydrolysis, a
chemical degradation caused by water [65,66]. NPs are regarded as highly dynamic within the
environment, primarily due to their substantial surface area-to-volume ratio. This extensive surface
area allows them to interact with their surroundings, influencing their bioavailability and mobility
[64,67]. These particles have the ability to aggregate with each other or with other nano-sized
materials nearby, resulting in changes to their surface area and chemical properties. When they come
into contact with naturally occurring organic materials on a larger molecular scale, they develop a
bimolecular corona, creating a new surface layer around the particle. NPs or the altered particles can
also interact with living tissues, both extracellular and intracellular, influencing their bioavailability,
transport, and toxicity. Additionally, chemical reactions like oxidation and reduction can impact
these characteristics. These transformations can occur over an extended period, spanning several
months to a few years.

The presence of MPs and NPs in various ecosystems, including water, air, and land, has
garnered significant attention from the scientific community. Their persistent existence can lead to
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serious detrimental impacts on the environment and human health, both directly and indirectly
[5,65].

MPs and NPs, along with associated chemical additives, heavy metals, and organic pollutants,
collectively constitute a complex pollutant system in urban waters. These pollutants have exhibited
ecotoxicological effects on aquatic organisms and even humans [68,69]. Compared to MPs, NPs have
an exceptionally higher proportion of adsorbed additives/molecules/contaminants on their surface,
leading to significantly greater surface reactivity and biological availability. More importantly, the
size of NPs is close to that of natural proteins, making it easier for NPs to traverse biological
membranes through passive diffusion and endocytic pathways [47,70]. At the water's surface, MPs
and NPs can serve as environments for viruses and bacteria because of their low density, easy
suspension, and pronounced hydrophobic properties. As microbial populations accumulate on MPs
and NPs, they give rise to microbial films that subsequently migrate to the deep ocean. Numerous
studies examine the ecological toxicity of MPs and NPs, which are commonly ingested by marine
organisms [1,71]. Figure 4 shows the different sources of MPs/NPs and their harmful effects on the

human health.
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Figure 4. Schematic representation on the harmful effects of MPs and NPs on the human health.

Bivalves such as oysters, clams, shellfish, and mussels have been employed as research models
due to their status as a primary human food source, with the food they consume directly entering
their digestive system [71]. MPs and NPs can accumulate through the food chain, posing a risk to the
health of animals. Large quantities of MPs have been found in the digestive systems of stranded or
deceased seabirds on beaches [65,72]. Accumulated MPs and NPs can damage the digestive system
at tissue, cellular, molecular, and organic levels, leading to swelling of the affected tissues and
triggering an allergic immune response. This plastic can block and harm the digestive tract of birds,
ultimately leading to their demise [73-75]. Previous studies have also shown that the ingestion of
MPs and NPs can hinder the reproduction of migratory seabirds and affect the reproduction of
mammals [76]. MP and NP fingerprints have been discovered in the intestines of fish, deep-sea
species, large mammals, and benthic invertebrates at various trophic levels. It has been found that
surface water contaminated with MPs can impede the respiration and photosynthesis of marine
plankton [77,78]. NPs and MPs exert varying effects on plants, such as plankton and macrophytes,
within urban water systems. According to reports, almost 90 % of studies examining the impact of
NPs on phytoplankton indicated that NPs had toxic effects, whereas approximately 90 % of relevant
studies suggested that MPs (1-10 um) displayed no toxicity [79]. In general, MPs primarily affect
plants by obstructing nutrient transport channels. In contrast, NPs, which can be absorbed and
traverse plants, exhibit more intricate phytotoxicity. Furthermore, NPs can internalize within plant
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tissues, leading to damage through the regulation of cell membranes and endomolecules, as well as
reactive oxygen species (ROS)-induced genotoxicity and cytotoxicity [80,81]. MPs and NPs are
introduced into the atmosphere through various sources, including synthetic textiles (such as
clothing, furnishings, and carpeting), the wear and tear of materials, and the re-suspension of MPs
and NPs from waste, landfills, and emissions [82,83]. Given their small size and low density, plastic
particles can readily become airborne, serving as effective carriers of diverse organic pollutants in the
atmosphere. These airborne MPs and NPs can be transported over substantial distances, eventually
undergoing wet or dry deposition onto oceans, freshwater systems, and land. When comparing the
migration process of MPs and NPs through the air to their aquatic transportation counterparts,
airborne transport faces fewer topographic constraints. Airborne MNPs can be easily dispersed in
multiple directions and exhibit prolonged persistence [71,84].

MPs and NPs, resulting from plastic fragmentation caused by temperature and photo-oxidation,
contaminate soil by infiltrating soil layers and originate from various sources, including sludge
recycling, wastewater irrigation, fertilizers, landfill disposal, biosolids, and others.

Notably, the quantity of MPs and NPs transferred to soil has recently surpassed the amount
found in the ocean. The presence of MPs and NPs alters the physicochemical properties of the soil,
affecting factors such as porosity, soil structure, water retention capacity, soil bulk density, and more.
Furthermore, MPs and NPs influence the physiological activities of soil-dwelling organisms,
resulting in growth inhibition and harm to intestinal and immune systems, among other adverse
effects. Researchers have discovered that nematodes readily ingest MPs and NPs, accumulating them
first in the middle and subsequently in other parts of the gut. In addition, MPs and NPs impact plant
growth and germination, disrupting the ability of plant roots to absorb water and nutrients [71,82].
To gain a more comprehensive understanding of the impact of MPs and NPs pollution, it is crucial
to consider certain key parameters. MPs and NPs with smaller sizes tend to have a more pronounced
biological impact compared to larger ones. Additionally, particle shape is a significant factor, with
irregular particles appearing to cause greater physical effects when compared to round particles.
Concentration is also of substantial importance in toxicological studies. Both in vivo and in vitro
research often employ higher concentrations of MPs and NPs than those found in the environment.
Nevertheless, a thorough investigation is needed to precisely assess the distribution of MPs and NPs
across all components of the environment and the detrimental effects on living organisms in order to
accurately estimate the impact of MPs and NPs pollution [5,84].

The fact is that plastic has become an integral part of human needs and is used worldwide. Due
to its fragmented forms (MPs and NPs), the question of the origin of plastics arises in many respects.
As a result, MPs and NPs have become a significant threat to the environment, as these materials can
easily become contaminated with various other hazardous substances, creating harmful conditions
for living organisms. As plastic waste continues to increase, the presence of MPs and NPs in the food
chain also poses a threat to human health. Due to their broad biological benefits and ubiquity in the
aquatic and terrestrial environment, it is very likely that MPs and NPs are present in numerous food
products [59,65,85]. Human exposure to MPs and NPs can occur through various means, including
the consumption of contaminated food and water, inhalation of indoor and outdoor air, and contact
with fabrics, personal care products, or indoor dust. These minute particles can enter the human body
through the digestive system, respiratory system, and skin contact [60,86,87]. Inhaled MPs come from
urban dust and contain synthetic textiles and rubber [86]. Nowadays, it's very difficult to avoid
ingesting MPs as they're widespread in the food chain and water supply [59,88]. If the skin membrane
is impermeable to MPs or NPs, it can penetrate through wounds, sweat glands or hair follicles
[60,69,89]. All three routes of entry contribute to the total amount of MPs and NPs in the human body,
but particles in seafood and the environment pose the highest risk of absolute exposure. This is due
to prolonged degradation of polymers, leaching of chemical polymer additives, residual monomers,
exposure to pollutants and pathogenic microorganisms active in these environments [68,90]. Of all
three routes by which MPs or NPs enter the human body, studies have shown that most particles are
ingested directly, which has attracted considerable scientific and public attention to this area
[57,68,91]. The studies carried out indicate that MPs are mainly ingested through food and drink,
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which is confirmed by the analysis of human stool samples [92,93]. The numbers clearly show that
humans ingest exceptionally large quantities of MPs or NPs. However, what exactly happens to MPs
or NPs when they enter the gastrointestinal tract is not yet known [91]. Most studies used models
with PS nanoparticles and neglected other polymers found in the environment (PP, PE and PET) [59].
However, the most concerning fact is that the absorption of MPs or NPs gives rise to numerous health
concerns related to particle toxicity, chemical toxicity, and the introduction of pathogens and various
parasites [60,65]. The second most probable pathway of human exposure to NPs is through
inhalation. Airborne plastic particles, mainly derived from synthetic textiles, are present in indoor
environments, resulting in inadvertent inhalation or occupational exposure. In outdoor settings,
exposure may occur through the inhalation of contaminated aerosols generated by ocean waves or
airborne fertilizer particles emanating from dried wastewater treatments [68,87,94]. The absorption
of plastic particles, particularly MPs and NPs, raises various health concerns, including particle
toxicity, chemical toxicity, and the introduction of pathogens and parasite vectors. Particles within
this size range have the potential to penetrate deep into the lungs, remaining on the alveolar surface
or translocating to other parts of the body. Inhalation-induced absorption of plastic particles may
result in lung damage [94-96]. Health and beauty products represent a significant source of NPs,
especially in body and facial scrubs applied topically to the skin [97]. Another crucial exposure route
is through nanocarriers used for drug delivery via dermal application. While conclusive data on the
effects of nanocarriers are lacking, the small particle size and compromised skin conditions are critical
factors influencing skin penetration [89]. The stratum corneum is the outermost layer of the epidermis
and serves as a protective barrier against injuries, chemicals and microbial influences [98]. As MPs
and NPs are hydrophobic, the absorption of contaminated water through the stratum corneum is not
expected. If the skin is damaged by UV rays or small tears, MPs and NPs can penetrate the skin
barrier. Researchers have shown that medical devices implanted in the human body, such as PE joint
spacers, cosmetic and dental implants, facilitate the production of MPs and NPs and their subsequent
translocation to other parts of the body [60,99]. It is important to emphasise that there is still a lack of
data on the direct effects of MPs and NPs on human health and that further research should be
conducted in the future to comprehensively assess the effects of MPs and NPs on the human body
and human healthy.

The Techniques for Removing MPs and NPs from Water

The development of methods for removing MPs and NPs from aquatic environments has been
significantly increasing in recent times, primarily due to the risk of NP presence in drinking water
and its potential health hazards for humans [100,101]. The task of treating drinking water involves
the removal of physical, chemical, and biological pollutants such as solid particles, heavy metals,
microorganisms, as well as the removal of NPs/MPs from water. Several different techniques and
methods have been employed for the removal of MPs from drinking water [2]. Traditional methods
for drinking water treatment include processes such as coagulation, sedimentation and sand
filtration. These procedures hold promise for the removal of MP particles from water too. However,
to improve the removal of MPs and NPs from water, it is necessary to thoroughly study the size
distribution of MP particles and their interaction with other pollutants [102].

In Table 2, some traditional methods for removing MPs and NPs from water including filtration,
ultrafiltration, centrifugation, flocculation, photocatalytic degradation and membrane bioreactor
filtration are summarized [2].

Table 2. Comparison of some mentioned methods with their parameters, efficiency and limitations
(summarized by [2]).

THE SIZE OF REMOVAL
METHOD REMOVED NP [nm]  EFFICIENCY [%] LIMITS

Not suitable for larger
Filtration 217-333 32-92 particles, as they may
remain in the fraction.
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Particles can evade
treatment; the process

Ultrafiltration <150 74 .
can be time-
consuming.
More studies are
Flocculation 217 77 needed to dgtermme
the optimal
parameters.
Time- .
Centrifugation 206 98 fme-consurming
process.
The
phototransformation
Photocatal.ytlc <100 171 of NPs can vary .and
degradation the photo-reactive
activity in water can
be high.
Membrane .
bioreactor >2 99 Proper h ydl.'auhc
. . retention time.
filtration

Below, in the Figure 5, is the graphical representation of the efficiency of nanoplastic removal
with various methods (summarized by [2]).
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Figure 5. Efficiency of nanoplastic removal with various methods.

5.1. Membrane Filtration

There are several types of membrane filtration used to remove MPs and NPs from water, which
are distinguished by the size of the membrane. These include ultrafiltration, nanofiltration, and
reverse osmosis (RO) [2]. Filtration of MPs using a membrane is the most basic method for separating
MPs from liquid. The advantage of this method is the stability of the effluent quality and easy
operation [103]. The particles being separated come from various substances and have different
forms. This is reason why we utilize membranes with different pore sizes, through which water
passes under pressure; the pressure that allows for the most efficient removal of MPs is between 100
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and 400 kPa. Membranes can be made of polycarbonate, cellulose acetate, polytetrafluoroethylene,
and many other materials. The main problem, which also reduces the efficiency of this method, is
membrane fouling. Shen and colleagues found that MP particles are negatively charged. Therefore,
it makes sense to choose a membrane material with a negatively charged surface, as it will repel
negatively charged particles, resulting in less fouling. The lifespan of membranes greatly increases
when in-line membrane flushing is used. Membrane filtration can achieve unsatisfactory efficiency
in removing MPs and NPs due to the incorrect choice of pore size in the membrane. If the pores of
the membrane are slightly larger, some plastic particles remain unremoved [102]. In Figure 6 is also
a schematic representation of membrane filtration.
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Figure 6. Schematic representation of membrane filtration.

5.1.1. Ultrafiltration

Ultrafiltration is an important method for removing NP particles from water. Due to the action
of hydrostatic force on the membrane with nano-sized pores, particles are separated from the carrier
medium [2]. Enfrin and colleagues achieved the removal of more than 25 % of previously present MP
and NP particles using ultrafiltration, with an operating time of 48 hours [104]. A limitation of
filtration in removing particles from water is the potential leakage of particles smaller than the pore
size of the membrane into the water, which can have a significant negative impact on aquatic life
[105].

Ultrafiltration, combined with two or more processes, can be a promising method for removing
NP particles from drinking water. Arenas and others reported that by filtering drinking water with
sand and granular activated carbon, they removed 88.1 % of NP particles without coagulation.
Meanwhile, when using coagulation filtration, they removed more than 99 % of NP particles from
water [106].

5.1.2. Reverse Osmosis

RO is one of the most recognizable and important processes in the water treatment industry. In
addition to removing nitrates from water, RO also allows for the removal of pesticides or other
organic materials that may be present in the water. Water treatment with RO produces water with
low levels of organic impurities, but it requires a significant amount of energy for its operation [107].
Commercially used RO membranes are typically made of two polymers (cellulose acetate and PA).
The use of these materials provides the best current selectivity and permeability [108]. RO is
commonly employed to achieve high efficiencies in removing MPs from water.

Ziajahromi and colleagues investigated the removal of MP particles larger than 25 um from
water using RO. They found that RO effectively stopped various types of MP particles, including PE,
PS, PET, and PP. The stopped particles were mostly in the size range of 100 um to 190 pm. The
achieved efficiency of the process was 90 %. The liquid that passed through the membrane containing
only PET. The researchers attributed this to the size of the membrane pores and the membrane
material [109].
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5.2. Centrifugation

The key variables for optimal centrifugation results are time and speed; which vary depending
on the size of the targeted removed NPs. The primary idea of the methodology is to eliminate
separated particles from the solution to prevent their re-entry into the removal process [2]. Nguyen
and colleagues investigated various centrifugation times and speeds for removing NPs from water
[15]. A study by Lya and others demonstrated that increasing the speed enhances the efficiency of
removing MPs and NPs from water, achieving a successful removal rate of 50 % [110]. Bannick and
co-workers, employing high-speed centrifugation (10.000 rpm), achieved an almost 90 % successful
removal of the MP particles from water [111].

5.3. Flocculation

Flocculation (Figure 7) is suitable for the removal of certain multivalent metal cations, such as
magnesium and aluminium cations, in the treatment of water. At high pH values, lime is commonly
used in water treatment, acting as a precipitant to remove heavy metal ions, phosphates, and bacteria,
or for the coagulation of suspended and colloidal material. With lime or NaOH acting as a pH
regulator, both calcium carbonate (CaCOs) and magnesium hydroxide (Mg(OH)2) form at pH >10.5.
CaCO:s is negatively charged and captures larger particles during its formation. Meanwhile, Mg(OH)2
can capture negatively charged colloidal particles and even CaCOs due to its positive charge and
large adsorption surface. Metal cations suitable for use in the flocculation method are rarely unbound
in the natural environment [112].

Researchers have found that the described method does not achieve high efficiency in removing
small NP particles from water [113]. Batool and Valiyaveettil reported about 77-87 % efficiency in
removing NPs from water using flocculation with aluminium sulfate and some other salts [114].
However, the flocculation method does not reach the same level of efficiency as ultrafiltration and
centrifugation. [115]

Figure 7. Flocculation scheme.

5.4. Photocatalytic Degradation

The method of photocatalytic degradation is employed for the breakdown of plastic material
into low molecular weight components. In this method, a photocatalyst, such as titanium oxide, is
utilized along with solar radiation to convert the plastic material into significant intermediate
products [116]. The method is economical as it harnesses renewable energy. In the initial stage of
degradation (oxidation), the compounds formed are initially unstable. The second stage of
degradation occurs in the environment, but the previously formed unstable compounds do not
negatively impact human health and pose no risk to the aquatic environment [2].

Castelvetro and colleagues investigated the photocatalytic degradation of NPs and confirmed
the potential of this method in removing them from water. The degradation of NPs is believed to be
associated with a semiconductor material exhibiting photocatalytic activity [117]. Studies have
demonstrated that this method can remove NPs such as PS from water [118,119].
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5.5. Bioreactors

Among bioreactors, membrane bioreactors are utilized for the removal of NPs. These reactors
operate with biological catalysts such as enzymes and bacteria, employing a vapor separation process
through a membrane system [120]. This technology has been increasingly used recently, particularly
in the removal of NPs from drinking water and wastewater [2]. The key process of this technique
must have high efficiency with an optimal retention time in hydraulic separation. Aeration is the
main source for mechanical and enzymatic action, while chemical degradation can be electrically
stimulated for NP removal based on the membrane [100]. The main advantage of this process, in
addition to improving removal efficiency, is the quality of the effluent, which has undergone a
minimal number of treatment stages.

The use of bioreactors in water treatment processes has expanded significantly worldwide. In
China, there is a high-tech hydroelectric plant named Beijing Wenyu, equipped with numerous
membrane bioreactors [121]. In Europe, specifically in Sweden, a water treatment process based on
bioreactors has been implemented, achieving high efficiency by removing up to 99 % of NPs from
water [122].

5.6. Improved Adsorption

Adsorption can be enhanced by employing a suitable adsorbent for NPs in aqueous media. The
most extensively researched area of this method is the removal of PS NPs. The mechanism of NP
adsorption is associated with a reduction in surface charge and agglomeration [2].

Ramirez Arenas and colleagues, in their investigation of removing PS NPs from drinking water,
using granular activated carbon as an adsorbent, found that the surface of granular activated carbon
and NPs becomes charged. The study also revealed that the adsorption capacity of NPs depends on
the concentration of PS, reaching a maximum of 6.33+0.20 mg/g. By combining coagulation and
filtration processes with granular activated carbon as an adsorbent, the previously described method
was improved to an efficiency of 99.2 % [106]. Zhou and others achieved a 75 % effective removal of
PS NPs from water using adsorption; where a Cu-Ni carbon material served as the adsorbent. They
argue that PS adsorption with coagulation using magnetic materials is possible due to electrostatic
attraction, complexity, and van der Waals interactions [123].

5.7. Utilizing Nanomaterials

Currently, the most promising technique for removing NPs from wastewater and drinking water
involves the use of various nanomaterials such as chitosan, metallic, polymeric, zeolitic, bimetallic,
carbonate, magnetic, ferritic, and metallic oxides [2]. Magnetic separation of nanoparticles is faster
than centrifugation and filtration. MNPs are suitable for use because, in addition to typical
nanomaterial properties such as small particle size and large specific surface area, they also exhibit
superparamagnetic characteristics, making them suitable for various analytical applications [124]. In
Figure 8 is a schematic diagram of removing NPs / MPs from wastewater by MNPs.

Shi and colleagues investigated the removal of PS from water using biochar modified with
cetyltrimethylammonium bromide. Due to the strong electrostatic charge among nanoparticles, PS
retained high stability in alkaline conditions. The removal efficiency was 67.4 % at pH 11. With an
increase in NaCl concentration, the inhibitory effects of NaCl on the removal efficiency of PS
decreased [125].
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Figure 8. Removing NPs / MPs from wastewater by MNPs.

MNPs (Properties, Synthesis Methods, Functionalization)

Nanoscience and nanotechnology are disciplines that deal with particles in the nanometer range
and emphasize that these particles differ significantly in their properties from coarse-grained
materials. This distinction is the main reason for the revolutionary developments of recent years.
Nowadays, nanotechnology is making rapid progress in various directions, especially in the sectors
with the highest financial investment, such as information technology, biopharmaceuticals and
biomedical engineering. One of the materials that has become particularly important in recent years
is undoubtedly MNPs. They are the subject of research interest and are technically and biomedically
useful due to their distinct specific magnetic, magnetoresistive and magneto-optical properties,
which are not observed in coarse-grained materials. MNPs exhibit extraordinary properties and
associated phenomena due to their small dimensions (finite size effects) and consequently to the
surface efficiency of these particles (influence of particle shape and surface) [126-128]. The chemical
materials that give nanoparticle magnetic properties include iron, cobalt or nickel, their oxides and
various other elements that combine several metals, such as copper, zinc, manganese, strontium and
barium [129]. Among these elements, superparamagnetic iron oxide nanoparticles (SPIONSs),
especially magnetite (FesOs), maghemite (y-Fe2Os) and metal-substituted ferrites (MFe2Os (M= Co,
Cu, Ni, Mn, Mg, etc.), have attracted overwhelming attention in the last decade due to their
biocompatibility, chemical stability, cost-effectiveness and unique magnetic properties [130,131]. Of
all morphologies, spherical nanoparticles have been the most intensively researched. The most
common applications of MNPs (e.g. magnetic resonance imaging (MRI), hyperthermia or tissue
regeneration) are traditionally based on this geometry [131-133]. Furthermore, in MNP systems with
multiple components, the magnetic properties of the nanoparticles can be adjusted by their
composition, which influences the saturation magnetization and the coercivity of the resulting
multicomponent systems.

The properties of magnetic multicomponent nanoparticles are highly dependent on their
dimensions, composition, size and structures, leading to extensive efforts to precisely control these
parameters. Various methods such as co-precipitation, microemulsion, sol-gel and
hydrothermal/solvothermal techniques have been used to synthesize nanoparticles with magnetic
properties. In particular, the synthesis of MNPs in organic phase offers significant advantages over
conventional hydrolytic methods as it allows better control over uniformity and structure [127,134].
In addition, magnetic nanomaterials often tend to agglomerate due to their large surface area, surface
energy and magnetic dipolar interactions, which requires stabilization by an organic or inorganic
layer. This stabilization layer also helps to impart multifunctionality to the nanoparticles [135-137].

Various methods are available for the synthesis of MNPs (Figure 9), each of which has its own
advantages and special features [138]. There are several factors to consider when synthesizing MNPs,
such as particle size and shape, chemical purity, particle stabilization, property tailoring, etc. The
synthesis methods can influence the size, shape and distribution of the particles, which in turn affects
their final properties [127]. To achieve the desired magnetic properties, a pure synthesis is crucial.
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Since the particles tend to aggregate, stabilization of the particles by a layer of organic or inorganic
materials is essential. By changing the composition or by introducing surface coatings (e.g. polymers,
biological molecules), the properties of nanoparticles can be adapted to the respective applications
[126,133,138].

Co-precipitation is one of the most widely used methods, along with thermal decomposition, for
the synthesis of MNPs, both in industry and in the laboratory. In this technique, aqueous solutions
containing Fe?* and Fe®* ions are precipitated using alkaline solutions in an inert atmosphere, usually
at room temperature or higher.

Typical bases used in coprecipitation are NaOH, N(CHs3)«OH and NHiOH. In addition,
surfactants, polymers or other organic compounds are usually added. These substances act as
capping ligands that facilitate the achievement of the desired particle size and promote the dispersion
of the particles by creating steric barriers between them [126,127,139].

A microemulsion represents a thermodynamically stable and isotropic dispersion comprising
two normally immiscible phases: water and oil. This phenomenon occurs in the presence of a
surfactant that aids in forming micelles, encapsulating nanoscale domains of one liquid within the
other. In the synthesis of nanoparticles, this method involves co-precipitation within a reverse
micelle, specifically the water-in-oil type. Here, surfactant molecules assemble into a monolayer at
the interface, creating a confinement effect that restricts particle nucleation, growth, and
agglomeration. The process of preparing IONPs in a microemulsion involves combining a
microemulsion containing iron salts with another emulsion comprising precipitating agents. Reactant
exchange occurs via diffusion when microdroplets collide. The microemulsion technique boasts
various advantages, including its thermodynamic stability and straightforward preparation process
[127,140-142].

Another possible pathway for the preparation of MNPs is the controlled thermal decomposition
of suitable organometallic precursors. In this approach, organometallic compounds such as M(acac)
(where acac stands for acetylacetonate), M(oleate)) M(cup) (where cup stands for N-
nitrosophenylhydroxylamine) or M(carbonyl), which contain metal elements (often transition
metals), are thermally decomposed at elevated temperatures. This occurs in the presence of
surfactants and organic solvents such as fatty acids, oleic acid (OA), oleylamine (OAm) and
hexadecylamine (HDA). In contrast to co-precipitation, thermal decomposition allows precise control
of particle size, distribution and shape. However, the use of toxic and expensive precursors and
organic solvents at high temperatures, which require a higher energy input, makes this process less
environmentally friendly [143]. A key aspect of this method is to achieve a greater separation between
nucleation and growth, which is in line with the LaMer theory of nucleation growth. In addition,
there are two different methods for producing monodisperse nanoparticles: 'heating' and 'hot
injection'. In the heating method, a solution containing all reagents is gradually heated to a certain
temperature. In the hot injection method, on the other hand, the reagents are introduced into an
already hot surfactant solution, which promotes rapid and homogeneous nucleation [144]. While this
method necessitates relatively high-temperature conditions, typically completing the reaction in
under 2 hours, the nanoparticles produced through thermal decomposition exhibit promising
potential for creating MNPs. These nanoparticles can be customized to possess specific component
sizes and shapes with a narrow size distribution. Moreover, the resulting nanoparticles commonly
feature an organic coating, ensuring colloidal stability in various organic solvents and mitigating
oxidation and aggregation tendencies [145,146].

The sol-gel method is based on the hydroxylation and condensation of molecular precursors in
a solution, resulting in a 'sol' with nanoscale particles. Subsequent condensation and inorganic
polymerization steps lead to the formation of a three-dimensional metal oxide network known as a
wet gel. The reaction usually takes place at room temperature, so additional heat treatments are
required to achieve the final crystalline state. The process involves several successive steps. First, a
stable solution of the precursors (the so-called 'sol') is formed, followed by gelation triggered by
polycondensation or polyesterification reactions that form an oxide- or alcohol-bridged network (the
gel). The gel is then aged by further polycondensation reactions, which transform the gel into a solid
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mass. In this phase, the gel network contracts and displaces the solvent from its pores until the gel is
dried, which can lead to the formation of either an aerogel (by supercritical drying) or a xerogel (by
thermal evaporation of the solvent). Dehydration of the methanol (MeOH) groups on the surface is
usually carried out by calcination at temperatures of up to 800 °C. This final annealing step leads to
the aggregation of the nanoparticles [127,143,147].

The solvothermal method, also known as the hydrothermal method when water is used as a
solvent, is one of the oldest techniques in 'green chemistry' for the effective growth of crystals from
various materials. The synthesis process takes place at relatively low temperatures (130-250 °C) so
that no additional annealing steps are required. Operation in a closed system prevents the emission
of toxic gasses, while the recyclability of unused components and the use of water as a solvent
increase the efficiency and environmental friendliness of the process [127,143,148,149].

With this method, large quantities of highly crystalline nanocrystals with well-controlled
dimensions can be produced at low cost. The introduction of microwaves as a heating system has
significantly improved the applicability of this synthesis method. Key benefits include fast and
uniform heating rates that reduce the process time from several hours to just 30 minutes, thus
reducing the risk of contamination of the nanoparticles by heating elements and reactor walls. In
addition, the precise control of reaction time makes the method more feasible for large-scale
production. Essentially, the process involves a heterogeneous chemical reaction under supercritical
or near supercritical conditions in the presence of a solvent maintained above room temperature and
high pressure. The reactants and solvents used for hydro/solvothermal synthesis vary, including iron
complex precursors in high boiling point organic solvents and fatty acids or amines as stabilizing
agents. Inorganic salts are generally used in aqueous media, while organometallic compounds are
preferred in organic solvents. Effective control of reaction time, temperature, surfactants,
concentrations of starting reagents and solvents used are crucial parameters to achieve the desired
crystal structures and sizes of MNPs. This method is particularly versatile in terms of the size and
shape of the nanoparticles and allows fine tuning of particle sizes within a wide range. In general,
longer reaction times lead to larger nanoparticles [138,150].

The functionalization of MNPs is extremely important, as it plays a crucial role in adapting and
improving the properties of these nanoparticles for various applications. This process allows precise
control over their physical, chemical, and biological properties so that the nanoparticles can be
customised for specific needs in different fields [127,138,150].

The functionalization of MNPs plays a crucial role in medicine as well as in industry and
research. In medicine, functionalized MNPs can be used for targeted drug delivery [151,152],
magnetic resonance theranostics [133,141], imaging [153,154] and disease detection [136,137]. They
are also essential for bioanalysis, isolation, and manipulation of biomolecules.

There are two general methods of surface functionalization of MNPs [155]. The first is in situ
surface functionalization, which involves one-pot synthesis. In the in situ surface functionalization,
functional groups or molecules are added during the synthesis process in which the MNPs are
formed. This method allows control over the properties of the nanoparticles during their formation,
which can lead to a more homogeneous and uniform distribution of functional groups on the surface
of the nanoparticles. In situ functionalization also provides better binding of the functional groups to
the surface of the nanoparticles as they are incorporated during synthesis [156,157]. The second
method is post-synthetic surface functionalization. In post-synthesis surface functionalization, the
MNPs are first synthesized without functional groups on their surface. Later, functional groups or
molecules are applied to the surface of the existing nanoparticles. This approach allows better control
over the specificity of the added functional groups so that the surface of the nanoparticles can be
customized according to the desired application or function. This method is useful when previously
synthesized nanoparticles are to be adapted for a specific application or when it is necessary to
functionalize nanoparticles with different types of functional groups [156-160]. Both methods have
their advantages and can be used depending on the desired properties and applications of MNPs. In
situ functionalization allows for a more uniform distribution of functional groups, while surface
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functionalization after synthesis offers greater flexibility in the selection of functional groups for a
particular application.

Functionalizing MNPs enables diverse nano-bio applications, facilitating precise targeting,
stabilization, and identification of biochemical entities. A range of materials can be employed to meet
the necessary standards for MNP-based nano-biological applications, effectively customizing the
surface of MNPs [136]. Organic compounds serve as valuable means for functionalizing MNPs,
whether during their synthesis or post-synthesis. These nanoparticles exhibit excellent
biodegradability and compatibility due to the coated organic compounds, while retaining
fundamental magnetic properties. They are extensively applied in electromagnetic shielding, MRI,
magnetic recording, and notably in the biological realm for targeted drug delivery and magnetic cell
separation. Moreover, organic compounds offer reactive functional groups like carboxyl, amine,
hydroxyl and aldehyde groups [161]. These groups can bind to active sites on biological materials
such as DNA, antibodies, proteins, enzymes, etc., broadening the spectrum of biological applications.
Furthermore, for enhanced stability and prevention of MNP agglomeration, various organic
compounds such as starch, dextran, poly(ethylene glycol) (PEG), polyethylenimine (PEI), and poly
(D, l-lactide) (PLA) are utilized, especially for hydrophilic organic substances [156,159,162].

Inorganic compounds exhibit a variety of properties, such as strong optical absorption
(especially in precious metals such as Au and Ag), high electron density, photoluminescence (as in
quantum dots such as CdTe or CdSe), magnetic moment or phosphorescence (in doped oxide
materials such as Y20s). These coatings play a crucial role in the stabilization of nanoparticles and are
widely used to improve the efficiency of semiconductors, optoelectronics, data storage, quantum
dots, catalysis, biological labeling, optical bio-imaging and various other fields.

Certain inorganic materials, including silica, metal oxides, Au, carbon, and others, are
particularly suitable for binding a range of biological ligands to the surface of FesOs nanoparticles
[163-166]. However, the identification of a universally suitable ligand for uniform coating or capping
of MNPs remains a major challenge. In addition, precise control over the biocompatibility, shape,
structure, stability, and magnetic properties of MNPs using organic materials remains problematic,
limiting their use in biological applications. Conversely, capping MNPs with inorganic materials can
improve their antioxidant properties compared to bare MNPs, further expanding the scope of nano-
biological applications.

The methods of functionalization are extremely diverse. For instance, chemical functionalization
of MNPs involves binding organic molecules such as silanes or other ligands to the nanoparticle
surface. These ligands can ensure dispersion stability, prevent agglomeration, and enable further
particle modifications [155,156,167].

Moreover, polymer coatings are also utilized. This approach allows control over particle size,
dispersion, and stability, potentially leading to enhanced biocompatibility and functionality of
nanoparticles.

Biological functionalization is yet another crucial method that facilitates the binding of
biomolecules such as proteins, enzymes, or DNA to the nanoparticle surface. This approach is highly
significant for medical applications, enabling targeted drug delivery, diagnostic use, as well as the
development of biological sensors and detection systems [128,166,168,169].

The ability to control and adjust the properties of MNPs through functionalization is
fundamental for their successful implementation in numerous applications. It enables their
customization to meet specific needs in various fields and applications.
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Figure 9. Synthesis methods for the MNPs preparation.

Published Scientific Articles on the Removal of MPs and NPs Using MNPs

MPs and NPs have been extensively identified in aquatic environments and have emerged as
contaminants of increasing concern. There is an urgent need to investigate effective methods for
removing MPs and NPs from water. In this section, we have focused on research from this field over
the past 5 years.

Recently, magnetic separation technologies have attracted considerable attention as a highly
efficient method for capturing and removing nanoscale MPs and NPs. These technologies utilize the
advantageous combination of a significant active surface area and the ability for rapid and
straightforward magnetic recovery from water. They are also inexpensive and available in large
quantities [170,171].

Previous research has shown that magnetite-studded technologies play a critical role in
promoting the formation of large aggregates of MPs. These aggregates can be efficiently captured
and removed from the water through the use of magnetic filtration systems.

When MPs bind to MNPs, either through electrostatic interaction or through specific binding
groups, the magnetized MPs can be directly captured under the influence of an external magnetic
field [172]. Consequently, magnetic nanotechnologies are considered a highly effective approach for
the removal of MP contaminants in water.

Table 3 provides a summary of recent research in removal of MPs and NPs from water samples
using MNPs. A multitude of characterization methods have been used during these investigations,
including X-ray diffraction (XRD), superconducting quantum interference device (SQUID),
attenuated total reflectance Fourier-transformed infrared spectroscopy (ATR-FTIR), X-ray
photoelectron spectroscopy (XPS), vibrating sample magnetometer (VSM), ultraviolet — visible
spectroscopy (UV-Vis), Brunauer-Emmet-Teller surface area analysis (BET), field emission scanning
electron microscopy (FESEM), and energy dispersive X-ray analysis (EDX). The meaning of further
abbreviations used in Table 3 has already been explained in the previous chapters.

Table 3. A summary of sampling, processing, characterization methods, removal efficiency and
adsorption capacity of MPs and NPs using MNPs.

Sample MNPs chare?cterl method Pa.rtlcles Refn.wval Main findings Ref.
types zation size of efficiency/



https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWE

D | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

22
MPs, adsorption
NPs capacity
Electrostatic
attraction
between
electropositive
solutions XRD, magnetic 0. 500 83.1% - FeelSe(z:rlc\)/ilI\eIPjti?j [173
of MP  FesO:  FTIR, DLS, separatio | " “92.9%inal % " togchar e
(PS) SEM, TEM h period [0 Clarg
neutralization-
induced
aggregation and
efficient removal
MP performance.
. Physicochemical
solutions roperties of MPs
of MPs prop such as
(PE, PP, e as
PS, PET) surface crystallinity,
in’pure absorptio 62.83 % -  hydrophobicity,
7 . - ) . .
artificial, magnetic FTIR, SEM n, ' 200-900 86.87 % ina and density, as [174
and nano-FesOs magnetic um max. 240 well as ]
. separatio min background
environ .
mental n solutions
influence the
water
removal
samples -
efficiency.
Hydrophobic
interactions are
20%
93.7 % . .
) involved in the
depending aggregation of
microPS magnetic adsorptio  0.08, on the 881¢8 ]
articles iron oxide n process, 0.43, 0.7 concentratio FesOs with PS
P TEM, FTIR " PTOCess B9, & particles. The  [4]
from the  (FesOs) desorptio and 1 n, total .
| FesOusparticles
water nanoparticles nprocess um surface area
could be
and number
of S recovered from
. the FesOs-PS
particles
complexes by
desorption
process.
They removed
100 % of particles
n;;(z)n Z:tiiifes SEM, sigeas r?rrﬁ ; f5
Salt and withpseveral TEM, 2-5 mm; mm e,md nearly
freshwat , SQUID, absorptio "~ 90.0 % - ’
lydimeth 100-1000 80 % of NP 3
er ~POYAIMERY DLS, XRD, n process 100 % . Po ) 5]
Isiloxane nm particles with a
samples . zeta .
hydrophobic otential size range from
coatings P 100 nm to 1000

nm using a
sample 2-inch



https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024

solution modified

permanent
NdFeB magnet.
polymer
types of 2.5
-5 um for
the
maximum
removal
yield in
:S;H;ichl If the size of the
MPs and MPs is further
NPs mass increased,

number as well as

ATR-FTIR, . 100 to 5.38
of PS, superparama, - A, DLS; magnetic 18(1;1 g(/ljgpSISI ON); mass relate.d [175
PMMA, gneticy- removal efficiency is ]
SEM, MPs and
ME Fe20s3, 9.6 nm reduced as the
NPs of 100 o
specific surface
nm -1 pum
. area decreases
in terms of rapidl
highest Py
numbers
(up to 10
trillion MP
and NP
fragments
per gram
SPIONSs)
As a result of the
long-range
electrophoretic
attraction
established by
recyclable ion-
SMR consists exchange resin,
nonmari of an ion- the magnetorobot
SEM, EDX, shows
ne exchange magnetic dynamic sustainable
watersin  resin meagsrllrem aci,sor tio >90 % over removal
a  microsphere PH 0240 100 e [176
. . ents, DLS, n process; efficiency of >
recyclabl functionalize um  treatment

a confocal magnetic

e and .
microscop removal

d by
scalable superparama
way  gnetic FesOs

nanoparticles

90 % over 100 ]

treatment cycles,
with verified
broad

applicability to

varying plastic

compositions,
sizes, and shapes

cycles

as well as
nonmarine water
samples.

d0i:10.20944/preprints202406.0682.v1

23


https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024

do0i:10.20944/preprints202406.0682.v1

24

Kinetic and

. thermodynamic
Magnetic . .
Janus studies confirmed
. us the remarkable
microparticle rate and capaci
s (MJMs) pacity
synthesized  FTIR of the MjMs
yaH ’ 92.08 % for (0.759 min" and
solutions viaa TGA, PS and 2.72 mg/mg for
of MPs g::lf;ﬂid Cii\:ct idsf;f‘:;cs’ 10um  60.67% for DS, 0539 min1 17
(PS, PE) 6 P PE injust 20 and 2.42 mg/mg
emulsion angle .
. . min for PE),
method with analysis . .
. underlining their
aminated tential as a
Fe:04@SiO p;romising
as the raw method for the
material .
rapid removal of
MPs from water.
o it
Fes0i@Cn (n=  AFM, SHmpTe metho
for the adsorption
. 12, 14, 16, FTIR, .
MPs in . nitrogen FesOs@C12  and removal of
. 18), modified XRD, XPS, . . .
five . adsorptio exhibited MPs from various
. by different VSM, BET, L. [178
liquid 100nm  92.89 %  liquid samples,
saturated TGA, . ]
food ) measure adsorption where FesOs@C12
fatty acids  contact ..
systems ments efficiency showed the
(C1z, Cig, Cis, angle .
desired
Cis) measurem .
adsorption
ents . .
efficiency.
FTIR, BET, . The PEG/FesOx
FesOs; zeta magnetis exhibited a high
PE MPs PEG/FesOs; otential m 13-149  2202.55 maenetic ca tgre [179
in water PEI/FesOs; P . adsorptio um mg/g & P ]
CA/FesOs analysis, efficiency of PE
XRD, MPs in water.
After 4 cycles, the
efficiency of the
magnetic adsorbent
activated decreased by
biochar- 7:2 drr;%/gg 2.3 % and 2 % for
zeolite  SEM, EDX, adsorptio 2 and 15 me/e for PMACZ and [180
PSMPs composite BET, XRD, S(;p © - PMi(gZZ()on MACZ, |
(MACZ) TGA, VSM K respectively,
X 2 um and 15 ;
coated with m MP demonstrating
PEG and PEI K the efficiency and
(PMACZ) high cycling
capacity of these
adsorbents.
UV-Vis, The mechanism
magnetic VSM, analyses clearly
PE, PET, carbon XRD, magnetic 48 um 100 % suggested.that [181
PA nanotubes SEM, force the adsorption of ]
(M-CNTs) FTIR, XPS, M-CNTs by PE
zeta

was caused by



https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024

d0i:10.20944/preprints202406.0682.v1

25

potential,
TGA

the strong
hydrophobicity of
MPs, the
adsorption of M-
CNTs by PET was
caused by
hydrophobic
interaction and 7t-
7 electron
conjugation, and
-7t electron
interaction,
complexation,
electrostatic
interaction, and
hydrogen
bonding
interaction on the
PA surface all
contributed to the
adsorption of M-
CNTs.

CuNi carbon SEM,
material FTIR, XPS,

(CuNi@C) XRD, BET

adsorptio
n process

PS NPs
in water

100 nm

After 4 times
1 .
cyc e's, CuNie@C [123
can still remove ~ |
75 % of total PS
NPs from water.

99.18 %

PE, PP
and PS

in Ag
aquatic nanoparticles

UV-Vis,
DLS, TEM, adsorptio 0.2-0.25
XRD, nprocess mm

environ SEM, EDX

ments

Results revealed
that Ag
nanoparticles
could be captured [182
on the surface of
PS MPs but |
coexisted with PE
and PP MPs in
water solutions.

94.52 %

magnetic
magnesium
hydroxide
coagulant
(MMHC)
through the
combination
of Mg(OH):
and FesOs

SEM,

FTIR, adsorptio
XRD, zeta n process
potential

PE in
wastewa
ter

<270
pum

Among the three

kinds of MMHC s,

the removal is the

highest when the
ratio of Mg to [183
OH: reaches 1:1, ]
due to the dense

bubble-like
structure on its
surface.

73.4 % -
92.6 %

remove

XRD, ,
veM, BET, MES with
different

FTIR,
SEM, ED
XPS,

PS MPs 0.96 -

in water

CuFe204

ng
degrees

X photoagi 1.59 um

Hydrogen
bonding played a
key role in the [184
removal of ]
pristine PS MPs
and the

98.02 %



https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024

d0i:10.20944/preprints202406.0682.v1

26

destruction of
C=0 by Fe-OOH

also played an
important role in

the removal of

aged PS MPs.
The adsorption-
desorption
experiments
UV-Vis, show that the fly
PSiII\lIPs fly ash FTIR, adsorptio ash modified [185
aqueous modified SEM-EDX, n process 94.1 % with Fe ions
solutions with Fe ions XRD, XPS, adsorbents have
VSM excellent
reusability for PS
NPs; they can be
used 4 times.
The results
2 zeolitic illustrafe the
imidazolate  SEM, synthe51ls ofa
framework  XRD, envirscl)rr?xzeerlltally
n(j;l:l_ei)ic F]é%?t/[' friendlfy anc'i high
. . erformin
pSMps  POTOUS . nltroge.n magnetic 11um  298% mlzzterial for i’?he [186
nanocomposiadsorption removal
te modulated h fast removal of
withn-  desorption both 5011.1b1e
butylamine measurem OTgaAMic
(nano- ents }.)ollutan.ts and
Fe@ZIF-8) mlcropartlc'ulated
organic
pollutants.
metal-
doped
PS NPs
in
ultrapur MNPs in
e water, combination with
synthetic a flow-through
freshwat hydrophobic magnetic system is a
er, ally EDX, DLS, separatio promising [187
synthetic functionalize = SEM, 1 flow 229 nm 56.1-84.9 % technique to |
freshwat d magnetic =~ XRD, cell extract NPs
er with ananoparticles aqueous
model suspensions with
natural various
organic compositions.
matter
isolate
and

synthetic



https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

27
marine
water
The results
demonstrated
magnetic that using
NPI/)I\S/IPS bismuth XRD, zeta phot(})lcastiaCst "
/ ferrite  potential 70-11000 =955 % in P2 188
in . ) adsorption is a
. (BiFeO) measurem nm 90 minutes .
drinking . . feasible strategy
microparticle  ents, .
water s to quickly remove
MPs
contaminants
from the water.
PE PET MP
Polyethy and M °
can be effectively
lene (PE) eparated from
and PET __ DLS, SEM, oep o
MPs Composite optical Magnetic water by adding
magnetic Fe- | P & o Fe-C-NH2 MNPs [189
from microscop sediment 5-30 um  >99 % .
C-NH2 ) and performing ]
model y, XRD, ation
MNPs . subsequent
aqueous UV-Vis . Lo
. sedimentation in
suspensi .
a gradient
ons o
magnetic field.
SEM, EDX, i
XRD, zeta Ma‘gnetlc field
otential driven algae-
Amino - Magnetic P ’ mased

o magnetic Removal .
modified algae robots &n microrobots can
measurem under 50 nm

PSin (algae cells be used for 190
( 5 ents, rotating and1.5 70-92% . [
aqueous with FesOu4 i effective capture ]
, ., fluorescen magnetic ~pm
suspensi bound on its and removal of

ce field _ .
on surface) . . micro/nanoplastic
intensity .
s from the aquatic
measurem _
environment.
ents.

For example, Yan et al. [173] investigated the influence of particle aggregation behaviour in
nanoscale removal of MPs by Fe:Os nanoparticles by monitoring the DLS parameters and analysing
the microstructures of particle aggregates. The FesOs nanoparticles were synthesised by
coprecipitation and their performance in the removal of MPs with particle sizes ranging from 100 to
1000 nm was investigated. The aggregation behaviour of the particles was determined under
different pH and salinity conditions to determine the subsequent effects on MPs removal efficiency.
The results showed that 83.1 % to 92.9 % of MPs could be removed by FesOs nanoparticles within one
hour. The results of this study suggest that nanomagnetic separation technologies have good
potential for the efficient removal of MPs from water, which is a critical global problem that threatens
both human and ecosystem health.

Shi et al. [174] developed an alternative method for the removal of MP by magnetic FesOs
nanoparticles. They used FesOs nanoparticles to magnetize four types of common MP, including PE,
PP, PS and PET with a size of about 200-900 pm, and achieved more than 80 %. The removal rate
varied depending on the polymer and size of the MP and was positively related to the density of
FesO4 NP absorbed on the MP surfaces. In addition, the removal rate of MP in artificial scawater was
relatively high compared to pure water.
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Heo et al. [4] investigated the ability to use magnetic IONPs (FesOs) for adsorptive removal of
micron-sized PS particles. They mixed an aqueous sample of PS particles and IONPs and 1 minute
was sufficient to effectively remove the PS particles from the water using a magnet. They found that
the PS particles were adsorbed on the IONPs and FesOs-PS complexes were formed. It was concluded
that the aggregation of iron oxide with PS particles was mainly due to hydrophobic interactions
between them. In a real water sample from a river, the adsorption of PS particles on iron oxide
particles was inhibited by coexisting ions and suspended solids, but the adsorption efficiency could
be improved by higher concentrations of the adsorbent IONPs. The IONPs were released from the
Fe3Os-PS complexes by subjecting the complexes to a simple ultrasonic treatment. They found that
the IONPs exhibited good adsorption properties and were effective in removing MPs from the
environment.

Martin et al. [3] investigated IONPs with hydrophobic coatings to magnetize plastic particles for
removal. They produced and tested IONPs synthesized under airless conditions and in atmospheric
air with different hydrophobic coatings based on polydimethylsiloxane (PDMS). They tested the
binding and recovery of NP and MP particles from saltwater and freshwater samples. They removed
100 % of the particles in a size range of 2-5 mm and almost 90 % of the NP particles in a size range of
100 to 1000 nm using a simple permanent magnet (NdFeB). They concluded that IONPs are ideal
candidates for water remediation and the removal of a range of compounds of interest, including
NPs, via adsorption. IONPs are an environmentally friendly, cost-effective option. They concluded
that IONPs are ideal candidates for water remediation and the removal of a number of compounds
of interest, including NP, by adsorption.

Gaf et al. [175] investigated the size-dependent water treatment of MPs and NPs with modified
SPIONSs. They systematically investigated the size of MPs and NPs along three orders of magnitude
for three different polymers (PS, PMMA and melamine resin (MR)) and three differently
functionalized SPIONs. The SPIONs were functionalized with either n-octadecylphosphonic acid
(PACss), (12-dodecylphosphonic acid)-N,N-dimethyl-N-octadecyl ammonium chloride (PAC12NCis)
or 1-methyl-3-(dodecylphosphonic acid) imidazolium bromide (PACi2Imida). The remediation
efficiency for different sizes (100 nm to 100 um) of PS, PMMA and MR was investigated. They found
that NPs were collected most efficiently in terms of the number of MPs and NPs collected due to their
large specific surface area. In terms of mass of MP and NPs removed, MPs between 1 and 5 um
showed the best efficiency in SPION remediation. They also developed a semi-empirical goodness-
of-fit model to represent the general trend that emerged for all polymers tested.

Li et al. [176] reported the design and demonstration of a self-driven magnetorobot (SMR)
capable of removing and separating MPs/NPs from non-marine waters in a recyclable and scalable
manner. SMR consists of an ion-exchange resin microsphere functionalized with SPIONs. They
demonstrated the usefulness of SMRs for efficient MP/NP removal, magnetic separation, and
controlled release of MPs/NPs. The broad adaptability of these SMRs was confirmed for plastics with
different compositions (PMMA, PA, PS, PVC and poly(1,1-difluoroethylene) (PVDEF)), sizes (200 nm
to 40 um) and surface charge states (positive or negative zeta potential). After ion exchange, the SMRs
showed a removal efficiency of over 90 % for MPs/NPs in lake water, river and wastewater and can
maintain their performance over 100 treatment cycles.

Li et al. [177] presented a novel approach using magnetic Janus microparticles (MJMs)
synthesized via a modified Pickering emulsion method with aminated Fe:04@SiO: as the raw
material. They investigated the effectiveness of the MJMs in removing PS and PE MPs from water.
They used paraffin as a masking agent and PACis as a grafting material for MJM preparation. The
resulting particles exhibited a characteristic asymmetric flower-shaped structure on the surface. The
MJMs showed exceptional efficiency in the adsorption of MPs. At a MP suspension concentration of
2 mg/mL and an adsorbent dose of 1 mg/mL, the MJMs can achieve a removal efficiency of 92.08 %
for PS and 60.67 % for PE in just 20 minutes of contact time. They found that the effectiveness of the
adsorption process is due to several factors, including hydrophobic interactions, cation-mt
interactions, electrostatic attraction and the efficient dispersion of the particles in water, as shown by
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analyzing the size distribution and zeta potential. Kinetic and isothermal modeling underpinned the
excellent adsorption rate and capacity of the MJMs for MPs.

Wang et al. [178] prepared FesOs superhydrophobic magnetic adsorbents (FesOs@Cn, n=12, 14,
16, 18) modified with various saturated fatty acids (Ciz, Cis, Cis, Cis) by liquid phase deposition. It
was shown that FesO4@Cn has the properties of magnetic materials with superhydrophobic properties
and thus has the ability to separate oil and water. In the removal of MPs in five liquid food systems,
Fes04@Ci2 exhibited an adsorption efficiency of 92.89 %, which was attributed to the electrostatic and
chemical bonding interactions between MPs and Fes04@Cx, as suggested by density functional theory
(DFT) calculations. Analysis of the Langmuir model with monolayer adsorption revealed that PS has
a maximum adsorption capacity of up to 809.29 mg/g and the PS removal process involves both
exotermic reactions and chemisorption.

Zhang et al. [179] prepared three surface-modified nano-iron oxide materials (PEI/FesOs, citric
acid- CA/FesOs and polyethylene glycol- PEG/FesOs) and attempted to determine and compare their
adsorption efficiency on PE with different sizes. The results showed that all materials had good
adsorption efficiency on PE, ranging from 68.67 % to 96.67 %. Nano-sized PEG-modified FesOx
showed better PE removal capacity for small-sized MPs. This could be related to the amphipathic
properties of high molecular weight PEG. PEG is also rich in hydroxyl groups and easily forms
hydrogen bonds with PE. PEG/FesOs retained a high adsorption capacity even at low temperatures,
while a neutral pH was favourable for the adsorption of MPs. The presence of anions (Cl,, SO+, HCOs
, NOs) and humic acids inhibited the adsorption of MPs. They concluded that the adsorption process
is mainly driven by intermolecular hydrogen bonds and that PEG/FesOs is an effective means of
combating MPs.

Babalar et al. [180] synthesized a magentically activated biochar-zeolite composite coated with
PEG and PEI and improved its electrostatic properties for the adsorption of 2 um and 15 um MPs.
They used various characterization techniques to verify that the materials had been successfully
synthesized. Applying FesOs and zeolite to the biochar surface increased the equilibrium adsorption
of MPs from 72.9 and 84.3 mg/g in activated biochar to 96 and 100 mg/g in magnetically activated
biochar zeolite. To evaluate the effects of pH and temperature on adsorption, response surface
analysis (RSM) was performed using a centralized composite design. The optimization results
showed a pH of 4 and temperature of 28 and 24 for maximum adsorption of 2 um and 15 pm MPs,
respectively. They found that the produced material can be regenerated for at least 4 cycles.

Tang et al. [181] were the first to investigate the removal of MPs using magnetic carbon
nanotubes (M-CNTs) as adsorbents. Their study aimed to synthesize efficient and recyclable M-CNTs
for MP removal, optimize the operating conditions for recycling and reuse of M-CNTs, and
investigate the mechanism of the M-CNTs-based MP removal process. Absorption with M-CNTs was
effective for PE, PET and PA, and all MP/M-CNTs composites were separated from aqueous solutions
by magnetic force within 300 minutes. The mechanism analysis clearly indicated that the adsorption
of M-CNTs by PE was caused by the strong hydrophobicity of MP, the adsorption of M-CNTs by PET
was caused by hydrophobic interaction and m-m-electron conjugation, and the m-mt-electron
interaction, complexation, electrostatic interaction, and hydrogen bonding interaction on the PA
surface contributed to the adsorption of M-CNTs. They showed that the used M-CNTs can be
recycled by thermal treatment at 600 °C and the recycled ones (up to four times) can still be used to
remove < 80 % of the MP.

Zhou et al. [123] prepared a CuNi carbon material (CuNi@C) by a hydrothermal method to
remove PS NPs from water. They investigated the adsorption performance, kinetics, isotherms,
thermodynamics, and electrostatic attraction during the adsorption process. The main objectives
were to synthesize efficient and reusable CuNi@C for the removal of PS NPs, to explore the
adsorption performance of CuNi@C and the mechanism of PS NPs removal, and to study the effects
of ions on the removal efficiency. The results showed that when the CuNi@C dosage was increased
from 0.1 to 0.3 g/L, the removal efficiency of PS NPs (10 mg/L) increased from 32.72 % to 99.18 %. The
thermodynamic analysis showed that the adsorption of PS NPs on CuNi@C was a spontaneous and
endothermic process. The electrostatic attraction occurred during adsorption, and the removal
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efficiency of PS NPs in the acidic system was generally higher than that in the alkaline system.
CuNi@C can be recycled by washing and drying, and after four cycles, CuNi@C can still remove
about 75 % of the total PS NPs from the water.

Li et al. [182] investigated for the first time the interactions between Ag nanoparticles (AgNPs)
and the MPs PE, PP and PS in aquatic environments. Their main aim was to investigate the
interactions between AgNPs and PE, PP and PS MPs, to evaluate the colloidal stability of AgNPs
when encountering MPs and to explain the interaction mechanisms between the pollutants. Their
results showed no significant interactions between AgNPs and PE or PP MPs, but AgNPs were
efficiently removed by PS MPs. They attributed these differences to the presence of -7 interactions.
AgNPs were significantly trapped on the surface of PS MPs in the form of Ag?® rather than Ag*. They
found that the trapping process is a monolayer adsorption and is strongly influenced by the mass
ratio of AgNPs and PS MPs. These results demonstrate the complexity of the adsorption of AgNPs
on MPs and improve the current understanding of the interactions between nanoparticles and MPs
in the aquatic environment.

Zhang et al. [183] prepared a magnetic magnesium hydroxide coagulant (MMHC) by adding
magnetic FesOs particles during the formation of Mg(OH): to remove PE from wastewater, which
floats easily on the water surface and is a major component of MPs. They compared the efficiency of
MP removal after coagulation with the conventional magnesium hydroxide coagulant (MHC). They
prepared three MMHCs by changing the ratio of Mg? to OH- in the formation of magnesium
hydroxide. The results showed that among the three types of MMHC, when the ratio of Mg?:OH-
was 1:1, the highest MP removal efficiency of 87.1 % was achieved, which was 14.7 % higher than
that of MHC alone. They found that the removal efficiency of MPs did not change significantly in the
PH 5-9 range and charge neutralization occurred during the coagulation process. The particle size of
the two types of coagulants shifted from large to small with aging, while the flocs produced by the
two coagulants showed an opposite trend.

Zhang et al. [184] synthesized a magnetic material CuFe20s for the removal of MPs with different
degrees of photoaging. CuFe2Os had an excellent property in removing PS MPs and its
superparamagnetic nature ensured its magnetic recovery. They aimed to find an efficient and rapid
method to quantify PS microspheres (PSMP), investigated the removal performance of PSMP with
different photoaging degrees on CuFe:0s, discussed the effect of environmental factors on PSMP
removal, and clarified the mechanism of FeCu204 on the removal of PSMP. At a CuFe20s dosage of
0.2 g/L, a removal efficiency of 98.02, 94.07 and 96.93 % was achieved for the original, 36 h and 84 h
aged PSMP with an initial concentration of 0.04 g/L, respectively. In addition, the high removal
efficiency was also achieved in current water. The effects of different environmental factors on
removal efficiency were in order of dissolved organic pollutants > pH > salt ion concentration.
Hydrogen bonding played a key role in the removal of pristine PSMP, and the destruction of C=O by
Fe-OOH also played an important role in the removal of aged PSMP. Pyrolysis at 500 °C for 4 hours
can generate it, and the removal efficiency for PSMP can still reach 83.88 % after four times of reuse.

Zhao et al. [185] used PSU (FA) as a substrate to synthesize a new magnetized material (NMA)
by the one-step coprecipitation method, which is a simple preparation method, and the synthesized
material has a high adsorption capacity. They aimed to explore the removal capacity of Fe-modified
FA on PS NPs (PSNPs), investigate the interfering effect of different environmental factors on the
removal of PSNPs in aquatic environments, and study the possible interaction mechanisms between
Fe-modified FA and PSNPs through different characterization methods. The different
characterization analyses revealed the strong interaction between NMA adsorbents and PSNPs and
showed that the PSNPs were successfully bound to the surface and pores of the material. The pH
range between weak acidity and neutrality is favourable for the adsorption of PSNPs, and the
adsorption amounts of PSNPs were 82.8 — 89.9 mg/g at pH 5-7, confirming that the electrostatic
attraction, complexation and m-7 interactions were involved in the adsorption process. The
adsorption/desorption experiment showed that the NMA adsorbents have excellent reusability for
PSNPs; they can be used four times.
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Pasanen et al. [186] synthesized a zeolitic imidazolate framework (ZIF-8), a magnetic porous
nanocomposite modulated with n-butylamine (nano-Fe@ZIF-8) in water at room temperature. Their
aim was to develop the first magnetic porous nanomaterial based on a previously unknown
combination of an organic (n-butylamine) and an inorganic modulator (Fe?*) through an aqueous
synthesis of ZIF-8 (nano-Fe@ZIF-8) at room temperature. The performance of the resulting magnetic
porous nanocomposite is evaluated for the removal of MPs and endocrine disrupting phenols from
aqueous samples. The prepared nano-Fe@ZIF-8 enabled the rapid and simultaneous removal of both
PS microspheres (1.1 um diameter) and endocrine disrupting phenols (bisphenol A and 4-tert-
butylphenol). Nano-Fe@ZIF-8 showed higher removal efficiency compared to unmodulated Fe@ZIF-
8. Under optimal conditions, nano-Fe@ZIF-8 (20 mg) could remove > 98% of PS microspheres at high
concentration (25 mg/L) within 5 min, and > 94 % of bisphenol A (1 mg/L) and 4-tert-butylphenol (1
mg/L) within the same time frame. Nano-Fe@ZIF-8 showed comparable PS microsphere removal
efficiency and greatly improved extraction performance for two selected endocrine disrupting
phenols compared to FesOs MNPs functionalized with OA and azelaic acid. They concluded that the
results show that the synthesis is simple and environmentally friendly and that they have synthesized
a high-performance material for the rapid removal of soluble organic pollutants and
microparticulated organic pollutants.

Surette et al. [187] utilized NP particles consisting of a polyacrylonitrile (PAN) core with a trace
metal label (palladium [Pd]) and a PS shell (PAN-Pd@PS NPs). Hydrophobically functionalized
MNPs (HDTMS-FeNPs) were used as part of a method for separating and concentrating NPs from
environmentally relevant matrices PAN-Pd@NPs to enable low-level detection and validation of the
separation technique. PAN-Pd@NPs were recovered from ultrapure water, synthetic freshwater with
a model isolate of natural organic matter and from synthetic seawater, with recovery rates for PAN-
Pd@NPs of 84.9 %, 78.9 % and 56.1 %, respectively. In the initial tests of the method, they found that
the addition of NaCl in ultrapure water, synthetic freshwater, and synthetic freshwater with a natural
organic matter (NOM) model was required to cause the aggregation and attachment of the particles.
They concluded that MNPs in combination with a flow-through system are a promising technique
for the extraction of NPs from aqueous suspensions with different compositions.

Oliva et al. [188] synthesized magnetic bismuth ferrite (BiFO) microparticles for the removal of
PS NP/MPs from drinking water. BiFO consisted of porous agglomerates with a size of 5-11 pm, while
the PS NP/MPs had sizes in the range of 70-11000 nm. The PS NP/MPs were dispersed in water, then
BiFO microparticles were added to the contaminated water, and later the mixture of BiFO and PS
particles was irradiated with near infrared (NIR) light (980 nm). Subsequently, the BiFO particles
covered with PS NP/MPs were separated from the water using a neodymium magnet. After applying
this last procedure, the PS NP/MPs were removed from the drinking water at pH= 7 with an efficiency
of 100 %. When no NIR light was used, the removal efficiency dropped to 4.7 %. It was found that
the BiFO microparticles with NIR light had two main advantages: it melted the PS NP/MPs on the
BiFO surface and it induced the formation of oxidizing species, which in turn strongly degraded the
by-products formed in the water, so that a very high value for total organic carbon (TOC) removal of
95.5 % was achieved. The PS NP/MPs were removed by electrostatic attraction, which contributed to
the removal of PS from the drinking water. They concluded that the results show for the first time
that porous BiFO microparticles can be used for the magnetic removal of PS from water, and that the
technique demonstrated here could also be applied to the removal of other plastic contaminants.

Bakhteeva et al. [189] prepared composite magnetic Fe-C-NH2 MNPs with a core-shell structure
by the gas condensation method, followed by reaction with the reaction with the diazonium salt. The
as-prepared MNPs were used for the removal of PE and PET MPs from model aqueous suspensions
by magnetic sedimentation of the formed heteroaggregates in a magnetic field produced by
permanent magnets. Considerably different results were obtained for both types of MPs: while the
magnetic sedimentation efficiency for PET was close to 100 % after 15 min of sedimentation, it was
only 88 % for PE at the same reaction conditions. I order to increase the efficiency of PE removal,
longer sedimentation times or an increase in the concentration of MNPs had to be used. The
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difference can be at least partly attributed to a higher hydrophilicity of PET NPs allowing for a more
active attachment of MNPs when compared to PE.

Peng and coworkers [190] used the naturally occurring algae C. Vulgaris to prepare low-cost
biohybrid microrobots decorated with FesOs NPs on the surface. The surface decoration allows
precise actuation and manipulation of the microrobots, instead of the uncontrollable Brownian
motion exhibited by bare algae cells. The active motion of as-prepared microrobots allows for a
considerable efficiency increase (up to 92 %) in the removal of amino-modified polystyrene MPs and
NPs from model suspension, when compared to static conditions (41 %). The microrobots also
showed considerable promise in removing MPs and NPs when tested in real aquatic environments.

Conclusions

The widespread use of plastic in today's world, covering all aspects of our lives - from packaging
our food to constructing our vehicles, is causing significant environmental and health consequences.
The widespread presence of MPs and NPs in the air, soil and — arguably most pressing — in aquatic
environments like rivers, oceans, and marine sediments has become a subject of intense investigations
during the last decades. At the beginning of the review, we summarized the sources of plastics in the
environment and discussed various methods for the detection of MPs and NPs. Further on, we
provided an account of properties of MPs and NPs in marine environments and their impact on the
environment and human health. A major part of the review is oriented towards a thorough overview
of techniques, which are either already used or under intense investigation for removing MPs and
NPs from water. Many traditional methods for drinking water treatment achieve satisfactory results
for removal of MPs, while finding suitable methods for efficient removal of NPs remains a challenge.

Iron - based magnetic nanoparticles (MNPs), especially magnetite, maghemite, and ferrites,
could provide the ideal platform for an effective removal of MPs and NPs from water due to their
biocompatibility, low cost, and sustainability [191]. We provide a thorough summary of different
methods used for MNPs synthesis, each of them offering its own advantages and disadvantages. The
most widely used among them seem to be co-precipitation, microemulsion synthesis, thermal
decomposition of organometallic precursors, sol-gel method, and solvothermal/hydrothermal
preparation. Since the functionalization of as-prepared MNPs plays a crucial role in ensuring stability
and preventing oxidation and aggregation, we presented both major surface functionalization
methods (in-situ and post-synthetic approach) and summarized materials employed for
functionalization. A summary of recent papers, reporting removal of MPs and NPs using MNPs, is
provided in the final part of the review, summarizing their removal efficiency, and pointing out the
main findings. The review should inspire researchers to further studies, leading to more efficient and
sustainable water treatment systems, enabling an upgrade of existing wastewater treatment plants,
with the ultimate goal of responsible plastics use while minimizing its effect on the environment
[192,193].

Acknowledgments: The authors acknowledge support from the grant number P2-0006 of the Slovenian Research
and Innovation Agency (ARIS).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Singh, S., et al., Micro (nano) plastics in wastewater: A critical review on toxicity risk assessment, behaviour,
environmental impact and challenges. Chemosphere, 2022. 290: p. 133169.

2. Keerthana Devi, M., et al., Removal of nanoplastics in water treatment processes: A review. Science of The Total
Environment, 2022. 845: p. 157168.

3. Martin, LM.A,, et al.,, Testing an Iron Oxide Nanoparticle-Based Method for Magnetic Separation of Nanoplastics
and Microplastics from Water. Nanomaterials, 2022. 12.

4.  Heo, Y, E.-H. Lee, and S.-W. Lee, Adsorptive remouval of micron-sized polystyrene particles using magnetic iron
oxide nanoparticles. Chemosphere, 2022. 307: p. 135672.


https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

33

5. Kiran, B.R., H. Kopperi, and S. Venkata Mohan, Micro/nano-plastics occurrence, identification, risk analysis and
mitigation: challenges and perspectives. Re/Views in Environmental Science and Bio/Technology, 2022. 21: p.
169 - 203.

6.  Man Thaiba, B., et al., A review on analytical performance of micro- and nanoplastics analysis methods. Arabian
Journal of Chemistry, 2023. 16(5): p. 104686.

7. Asamoah, B.O,, et al., Towards the Development of Portable and In Situ Optical Devices for Detection of Micro and
Nanoplastics in Water: A Review on the Current Status. Polymers (Basel), 2021. 13(5).

8. Razeghi, N, et al., Microplastic sampling techniques in freshwaters and sediments: a review. Environ Chem Lett,
2021. 19(6): p. 4225-4252.

9.  Park, H. and B. Park, Review of Microplastic Distribution, Toxicity, Analysis Methods, and Removal Technologies.
Water, 2021. 13(19): p. 2736.

10. Campanale, C., et al., A Practical Overview of Methodologies for Sampling and Analysis of Microplastics in
Riverine Environments. Sustainability, 2020. 12: p. 6755.

11. Zhang, Y., et al., Removal efficiency of micro- and nanoplastics (180 nm-125 um) during drinking water treatment.
Sci Total Environ, 2020. 720: p. 137383.

12. Kundu, A,, et al., Identification and removal of micro- and nano-plastics: Efficient and cost-effective methods. Chem
Eng J, 2021. 421(1).

13. Prata, J.C,, et al., Methods for sampling and detection of microplastics in water and sediment: A critical review.
TrAC Trends in Analytical Chemistry, 2019. 110: p. 150-159.

14. Castelvetro, V., et al., New methodologies for the detection, identification, and quantification of microplastics and
their environmental degradation by-products. Environ Sci Pollut Res Int, 2021. 28(34): p. 46764-46780.

15. Nguyen, B,, et al., Separation and Analysis of Microplastics and Nanoplastics in Complex Environmental Samples.
Accounts of Chemical Research, 2019. 52(4): p. 858-866.

16. Crichton, EM.,, et al., A novel, density-independent and FTIR-compatible approach for the rapid extraction of
microplastics from aquatic sediments. Analytical Methods, 2017. 9(9): p. 1419-1428.

17.  Grbic, J., et al., Magnetic Extraction of Microplastics from Environmental Samples. Environmental Science &
Technology Letters, 2019. 6(2): p. 68-72.

18. Greyling, G. and H. Pasch, Multidetector Thermal Field-Flow Fractionation for the Characterization of Vinyl
Polymers in Binary Solvent Systems. Macromolecules, 2017. 50(2): p. 569-579.

19. Tadjiki, S., et al., Measurement of the Density of Engineered Silver Nanoparticles Using Centrifugal FFF-TEM and
Single Particle ICP-MS. Analytical Chemistry, 2017. 89(11): p. 6056-6064.

20. Samanta, A., et al., Operating regimes of a magnetic split-flow thin (SPLITT) fractionation microfluidic device for
immunomagnetic separation. Microfluidics and Nanofluidics, 2016. 20(6): p. 87.

21.  Ornthai, M., A. Siripinyanond, and B.K. Gale, Biased cyclical electrical field-flow fractionation for separation of
submicron particles. Analytical and Bioanalytical Chemistry, 2016. 408(3): p. 855-863.

22. Podzimek, S., Asymmetric Flow Field Flow Fractionation, in Encyclopedia of Analytical Chemistry.

23. Contado, C., Field flow fractionation techniques to explore the “nano-world”. Analytical and Bioanalytical
Chemistry, 2017. 409(10): p. 2501-2518.

24. Fu, W, et al,, Separation, characterization and identification of microplastics and nanoplastics in the environment.
Science of The Total Environment, 2020. 721: p. 137561.

25. Shim, W.J., SH. Hong, and S.E. Eo, Identification methods in microplastic analysis: a review. Analytical
Methods, 2017. 9(9): p. 1384-1391.

26. Lee, YK, K.R. Murphy, and ]. Hur, Fluorescence Signatures of Dissolved Organic Matter Leached from
Microplastics: Polymers and Additives. Environmental Science & Technology, 2020. 54(19): p. 11905-11914.

27. Auta, HS, et al., Growth kinetics and biodeterioration of polypropylene microplastics by Bacillus sp. and
Rhodococcus sp. isolated from mangrove sediment. Marine Pollution Bulletin, 2018. 127: p. 15-21.

28. ter Halle, A,, et al., To what extent are microplastics from the open ocean weathered? Environmental Pollution,
2017. 227: p. 167-174.

29. Zbyszewski, M., P.L. Corcoran, and A. Hockin, Comparison of the distribution and degradation of plastic debris
along shorelines of the Great Lakes, North America. Journal of Great Lakes Research, 2014. 40(2): p. 288-299.

30. Ding, J., et al., Detection of microplastics in local marine organisms using a multi-technology system. Analytical
Methods, 2019. 11(1): p. 78-87.

31. Wang, Z.-M.,, etal., SEM/EDS and optical microscopy analyses of microplastics in ocean trawl and fish guts. Science
of The Total Environment, 2017. 603-604: p. 616-626.

32. Sun, X,, et al., Toxicities of polystyrene nano- and microplastics toward marine bacterium Halomonas alkaliphila.
Science of The Total Environment, 2018. 642: p. 1378-1385.

33. Song, C., et al., Different interaction performance between microplastics and microalgae: The bio-elimination
potential of Chlorella sp. L38 and Phaeodactylum tricornutum MASCC-0025. Science of The Total Environment,
2020. 723: p. 138146.

34. Mariano, S,, et al., Micro and Nanoplastics Identification: Classic Methods and Innovative Detection Techniques.
Frontiers in Toxicology, 2021. 3.


https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

34

35. Loder, M.G.],, et al., Focal plane array detector-based micro-Fourier-transform infrared imaging for the analysis of
microplastics in environmental samples. Environmental Chemistry, 2015. 12(5): p. 563-581.

36. Cole, M,, et al., Microplastic Ingestion by Zooplankton. Environmental Science & Technology, 2013. 47(12): p.
6646-6655.

37. Kaéppler, A, etal., Analysis of environmental microplastics by vibrational microspectroscopy: FTIR, Raman or both?
Analytical and Bioanalytical Chemistry, 2016. 408(29): p. 8377-8391.

38. Araujo, C.F, et al., Identification of microplastics using Raman spectroscopy: Latest developments and future
prospects. Water Research, 2018. 142: p. 426-440.

39. Majewsky, M., et al., Determination of microplastic polyethylene (PE) and polypropylene (PP) in environmental
samples using thermal analysis (TGA-DSC). Science of The Total Environment, 2016. 568: p. 507-511.

40. Golebiewski, J. and A. Galeski, Thermal stability of nanoclay polypropylene composites by simultaneous DSC and
TGA. Composites Science and Technology, 2007. 67(15): p. 3442-3447.

41. Fischer, M. and B.M. Scholz-Béttcher, Simultaneous Trace Identification and Quantification of Common Types of
Microplastics in Environmental Samples by Pyrolysis-Gas Chromatography—Mass Spectrometry. Environmental
Science & Technology, 2017. 51(9): p. 5052-5060.

42. Fries, E,, et al., Identification of polymer types and additives in marine microplastic particles using pyrolysis-GC/MS
and scanning electron microscopy. Environmental Science: Processes & Impacts, 2013. 15(10): p. 1949-1956.

43. Nuelle, M.-T., et al., A new analytical approach for monitoring microplastics in marine sediments. Environmental
Pollution, 2014. 184: p. 161-169.

44. Gambardella, C,, et al., Effects of polystyrene microbeads in marine planktonic crustaceans. Ecotoxicology and
Environmental Safety, 2017. 145: p. 250-257.

45. Summers, S., T. Henry, and T. Gutierrez, Agglomeration of nano- and microplastic particles in seawater by
autochthonous and de novo-produced sources of exopolymeric substances. Marine Pollution Bulletin, 2018. 130: p.
258-267.

46. Gigault, ], et al., Marine plastic litter: the unanalyzed nano-fraction. Environmental Science: Nano, 2016. 3(2):
p- 346-350.

47. Huang, D., et al., Microplastics and nanoplastics in the environment: Macroscopic transport and effects on creatures.
Journal of Hazardous Materials, 2021. 407: p. 124399.

48. Ivleva, N.P.,, Chemical Analysis of Microplastics and Nanoplastics: Challenges, Advanced Methods, and
Perspectives. Chemical Reviews, 2021. 121(19): p. 11886-11936.

49. Iyangbe, M.D., Critical Properties of Micro- and Nanoplastics for Potential Health Impact. 2023, North Carolina
Central University: United States -- North Carolina. p. 101.

50. Bermudez, J.R. and P.W. Swarzenski, A microplastic size classification scheme aligned with universal plankton
survey methods. MethodsX, 2021. 8: p. 101516.

51. Syberg, K., et al., Sorption of PCBs to environmental plastic pollution in the North Atlantic Ocean: Importance of
size and polymer type. Case Studies in Chemical and Environmental Engineering, 2020. 2: p. 100062.

52.  Alimi, O.S., ].M. Farner, and N. Tufenkji, Exposure of nanoplastics to freeze-thaw leads to aggregation and reduced
transport in model groundwater environments. Water Research, 2021. 189: p. 116533.

53. Browne, M.A,, et al., Accumulation of Microplastic on Shorelines Woldwide: Sources and Sinks. Environmental
Science & Technology, 2011. 45(21): p. 9175-9179.

54. Karbalaei, S., et al., Occurrence, sources, human health impacts and mitigation of microplastic pollution.
Environmental Science and Pollution Research, 2018. 25(36): p. 36046-36063.

55. Jambeck, J.R,, et al., Plastic waste inputs from land into the ocean. Science, 2015. 347(6223): p. 768-771.

56. Horton, A.A,, etal., Microplastics in freshwater and terrestrial environments: Evaluating the current understanding
to identify the knowledge gaps and future research priorities. Science of The Total Environment, 2017. 586: p. 127-
141.

57. Amobonye, A, et al., Environmental Impacts of Microplastics and Nanoplastics: A Current Overview. Frontiers
in Microbiology, 2021. 12.

58. Cole, M, et al., Microplastics as contaminants in the marine environment: A review. Marine Pollution Bulletin,
2011. 62(12): p. 2588-2597.

59. Caérdenas-Alcaide, M.F., et al., Environmental impact and mitigation of micro(nano)plastics pollution using green
catalytic tools and green analytical methods. Green Analytical Chemistry, 2022. 3: p. 100031.

60. Yee, M.S,, et al., Impact of Microplastics and Nanoplastics on Human Health. Nanomaterials (Basel), 2021. 11(2).

61. Lucas, N, et al., Polymer biodegradation: Mechanisms and estimation techniques — A review. Chemosphere, 2008.
73(4): p. 429-442.

62. Mattsson, K., et al., Nanofragmentation of Expanded Polystyrene Under Simulated Environmental Weathering
(Thermooxidative Degradation and Hydrodynamic Turbulence). Frontiers in Marine Science, 2021. 7.

63. Chamas, A., et al., Degradation Rates of Plastics in the Environment. ACS Sustainable Chemistry &
Engineering, 2020. 8(9): p. 3494-3511.

64. Roy, R, etal,, Isolation of a soil bacterium for remediation of polyurethane and low-density polyethylene: a promising
tool towards sustainable cleanup of the environment. 3 Biotech, 2021. 11(1): p. 29.


https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

35

65. Chen, Z,, et al., Nanoplastics are significantly different from microplastics in urban waters. Water Research X,
2023. 19: p. 100169.

66. Zettler, E.R., T.J. Mincer, and L.A. Amaral-Zettler, Life in the “Plastisphere”: Microbial Communities on Plastic
Marine Debris. Environmental Science & Technology, 2013. 47(13): p. 7137-7146.

67. Mattsson, K., et al., Chapter 13 - Nanoplastics in the Aquatic Environment, in Microplastic Contamination in
Aquatic Environments, E.Y. Zeng, Editor. 2018, Elsevier. p. 379-399.

68. Lehner, R., et al., Emergence of Nanoplastic in the Environment and Possible Impact on Human Health.
Environmental Science & Technology, 2019. 53(4): p. 1748-1765.

69. Ma, Y.-B,, et al., Recent advances in micro (nano) plastics in the environment: Distribution, health risks, challenges
and future prospects. Aquatic Toxicology, 2023. 261: p. 106597.

70. Liu, L., et al., Cellular internalization and release of polystyrene microplastics and nanoplastics. Science of The
Total Environment, 2021. 779: p. 146523.

71. Zhang, Y., et al., The life cycle of micro-nano plastics in domestic sewage. Science of The Total Environment,
2022. 802: p. 149658.

72.  Wang, P, et al., Nanotechnology: A New Opportunity in Plant Sciences. Trends in Plant Science, 2016. 21(8): p.
699-712.

73. Terepocki, A.K,, et al.,, Size and dynamics of microplastic in gastrointestinal tracts of Northern Fulmars (Fulmarus
glacialis) and Sooty Shearwaters (Ardenna grisea). Marine Pollution Bulletin, 2017. 116(1): p. 143-150.

74. Lei, L., et al., Microplastic particles cause intestinal damage and other adverse effects in zebrafish Danio rerio and
nematode Caenorhabditis elegans. Science of The Total Environment, 2018. 619-620: p. 1-8.

75. Santillo, D., K. Miller, and P. Johnston, Microplastics as contaminants in commercially important seafood species.
Integrated Environmental Assessment and Management, 2017. 13(3): p. 516-521.

76. Dobson, E.S., et al., Plasticity results in delayed breeding in a long-distant migrant seabird. Ecology and
Evolution, 2017. 7(9): p. 3100-3109.

77. Md Amin, R,, et al., Microplastic ingestion by zooplankton in Terengganu coastal waters, southern South China
Sea. Marine Pollution Bulletin, 2020. 150: p. 110616.

78. Courtene-Jones, W., et al., Microplastic pollution identified in deep-sea water and ingested by benthic invertebrates
in the Rockall Trough, North Atlantic Ocean. Environmental Pollution, 2017. 231: p. 271-280.

79. Larue, C, et al,, A Critical Review on the Impacts of Nanoplastics and Microplastics on Aquatic and Terrestrial
Photosynthetic Organisms. Small, 2021. 17(20): p. 2005834.

80. Maity, S. and K. Pramanick, Perspectives and challenges of micro/nanoplastics-induced toxicity with special
reference to phytotoxicity. Global Change Biology, 2020. 26(6): p. 3241-3250.

81. Yin, L., etal., Interactions between microplastics/nanoplastics and vascular plants. Environmental Pollution, 2021.
290: p. 117999.

82. Ali, S.S., et al., Degradation of conventional plastic wastes in the environment: A review on current status of
knowledge and future perspectives of disposal. Science of The Total Environment, 2021. 771: p. 144719.

83. Stapleton, P.A., Microplastic and nanoplastic transfer, accumulation, and toxicity in humans. Current Opinion in
Toxicology, 2021. 28: p. 62-69.

84. Kumar, M,, et al., Current research trends on micro- and nano-plastics as an emerging threat to global environment:
A review. Journal of Hazardous Materials, 2021. 409: p. 124967.

85. Wang, Y.-L., et al., Potent Impact of Plastic Nanomaterials and Micromaterials on the Food Chain and Human
Health. International Journal of Molecular Sciences, 2020. 21(5): p. 1727.

86. Rahman, A, et al.,, Potential human health risks due to environmental exposure to nano- and microplastics and
knowledge gaps: A scoping review. Science of The Total Environment, 2021. 757: p. 143872.

87. Prata, ].C,, et al., Environmental exposure to microplastics: An overview on possible human health effects. Science
of The Total Environment, 2020. 702: p. 134455.

88. Carbery, M., W. O'Connor, and T. Palanisami, Trophic transfer of microplastics and mixed contaminants in the
marine food web and implications for human health. Environment International, 2018. 115: p. 400-409.

89. Schneider, M., et al., Nanoparticles and their interactions with the dermal barrier. Dermato-Endocrinology, 2009.
1(4): p. 197-206.

90. Brennecke, D., et al.,, Microplastics as vector for heavy metal contamination from the marine environment.
Estuarine, Coastal and Shelf Science, 2016. 178: p. 189-195.

91. Blackburn, K. and D. Green, The potential effects of microplastics on human health: What is known and what is
unknown. Ambio, 2022. 51(3): p. 518-530.

92. Mason, S.A., V.G. Welch, and J. Neratko, Synthetic Polymer Contamination in Bottled Water. Front Chem, 2018.
6: p. 407.

93. Ge, H,, et al., Potential role of LINC00996 in colorectal cancer: a study based on data mining and bioinformatics.
Onco Targets Ther, 2018. 11: p. 4845-4855.

94. Stapleton, P.A., Toxicological considerations of nano-sized plastics. AIMS Environ Sci, 2019. 6(5): p. 367-378.

95. Porter, D.W., et al., Mouse pulmonary dose- and time course-responses induced by exposure to multi-walled carbon
nanotubes. Toxicology, 2010. 269(2): p. 136-147.


https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

36

96. Ohlwein, S., et al., Health effects of ultrafine particles: a systematic literature review update of epidemiological
evidence. Int ] Public Health, 2019. 64(4): p. 547-559.

97. Hernandez, L.M., N. Yousefi, and N. Tufenkji, Are There Nanoplastics in Your Personal Care Products?
Environmental Science & Technology Letters, 2017. 4(7): p. 280-285.

98. Bouwstra, J., et al.,, New Aspects of the Skin Barrier Organization. Skin Pharmacology and Applied Skin
Physiology, 2004. 14(Suppl. 1): p. 52-62.

99. Vogt, A, et al., 40nm, but not 750 or 1,500nm, Nanoparticles Enter Epidermal CD1a+ Cells after Transcutaneous
Application on Human Skin. Journal of Investigative Dermatology, 2006. 126(6): p. 1316-1322.

100. Shen, M., et al., Recent advances in toxicological research of nanoplastics in the environment: A review.
Environmental Pollution, 2019. 252: p. 511-521.

101. Lv, L., et al., In situ surface-enhanced Raman spectroscopy for detecting microplastics and nanoplastics in aquatic
environments. Science of the Total Environment, 2020. 728: p. 138449.

102. Shen, M., et al., Remouval of microplastics via drinking water treatment: Current knowledge and future directions.
Chemosphere, 2020. 251: p. 126612.

103. Park, H.B., et al., Maximizing the right stuff: The trade-off between membrane permeability and selectivity. Science,
2017. 356(6343).

104. Enfrin, M., et al., Kinetic and mechanistic aspects of ultrafiltration membrane fouling by nano- and microplastics.
Journal of Membrane Science, 2020. 601: p. 117890.

105. Enders, K., et al., Abundance, size and polymer composition of marine microplastics >10um in the Atlantic Ocean
and their modelled vertical distribution. Mar Pollut Bull, 2015. 100(1): p. 70-81.

106. Ramirez Arenas, L., et al., Fate and removal efficiency of polystyrene nanoplastics in a pilot drinking water
treatment plant. Science of The Total Environment, 2022. 813: p. 152623.

107. McMullen, L.D., Chapter 20 - Remediation at the Water Treatment Plant, in Nitrogen in the Environment (Second
Edition), ].L. Hatfield and R.F. Follett, Editors. 2008, Academic Press: San Diego. p. 623-629.

108. Yang, Y., et al., Thermal treated amidoxime modified polymer of intrinsic microporosity (AOPIM-1) membranes for
high permselectivity reverse osmosis desalination. Desalination, 2023. 551: p. 116413.

109. Ziajahromi, S., et al., Wastewater treatment plants as a pathway for microplastics: Development of a new approach
to sample wastewater-based microplastics. Water Res, 2017. 112: p. 93-99.

110. Ly, Q.V.,, et al., Characterization of dissolved organic matter for understanding the adsorption on nanomaterials in
aquatic environment: A review. Chemosphere, 2021. 269: p. 128690.

111. Bannick, C.G,, et al., Development and testing of a fractionated filtration for sampling of microplastics in water.
Water Res, 2019. 149: p. 650-658.

112. Chen, Z., et al., Phase transition of Mg/Al-flocs to Mg/Al-layered double hydroxides during flocculation and
polystyrene nanoplastics removal. Journal of Hazardous Materials, 2021. 406: p. 124697.

113. Azoulay, A., P. Garzon, and M.]. Eisenberg, Comparison of the mineral content of tap water and bottled waters. |
Gen Intern Med, 2001. 16(3): p. 168-75.

114. Batool, A. and S. Valiyaveettil, Surface functionalized cellulose fibers — A renewable adsorbent for removal of plastic
nanoparticles from water. Journal of Hazardous Materials, 2021. 413: p. 125301.

115. Hu, E,, et al., Cotransport of naphthalene with polystyrene nanoplastics (PSNP) in saturated porous media: Effects
of PSNP/naphthalene ratio and ionic strength. Chemosphere, 2020. 245: p. 125602.

116. Nakata, K. and A. Fujishima, TiO2 photocatalysis: Design and applications. Journal of Photochemistry and
Photobiology C: Photochemistry Reviews, 2012. 13(3): p. 169-189.

117. Castelvetro, V., et al,, Nylon 6 and nylon 6,6 micro- and nanoplastics: A first example of their accurate
quantification, along with polyester (PET), in wastewater treatment plant sludges. Journal of Hazardous
Materials, 2021. 407: p. 124364.

118. Kamrannejad, M.M., et al., Photocatalytic degradation of polypropylene/TiO2 nano-composites. Materials
Research, 2014. 17: p. 1039-1046.

119. Déria, AR, et al., Ultra-fast synthesis of Ti/Ru0.3Ti0.702 anodes with superior electrochemical properties using
an ionic liquid and laser calcination. Chemical Engineering Journal, 2021. 416: p. 129011.

120. Alj, 1, et al., Micro- and nanoplastics in wastewater treatment plants: Occurrence, removal, fate, impacts and
remediation technologies — A critical review. Chemical Engineering Journal, 2021. 423: p. 130205.

121. Yang, X., et al., Nanoplastics Disturb Nitrogen Remouval in Constructed Wetlands: Responses of Microbes and
Macrophytes. Environ Sci Technol, 2020. 54(21): p. 14007-14016.

122. Jeong, C.B., et al.,, Nanoplastic Ingestion Enhances Toxicity of Persistent Organic Pollutants (POPs) in the
Monogonont Rotifer Brachionus koreanus via Multixenobiotic Resistance (MXR) Disruption. Environ Sci Technol,
2018. 52(19): p. 11411-11418.

123. Zhou, G,, et al., Remouval of polystyrene nanoplastics from water by CuNi carbon material: the role of adsorption.
Science of The Total Environment, 2022. 820: p. 153190.

124. Qu, Y., et al., Magnetic effervescent tablets containing deep eutectic solvent as a green microextraction for removal
of polystyrene nanoplastics from water. Chemical Engineering Research and Design, 2022. 188: p. 736-745.


https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

37

125. Shi, Y., et al., Remouval of nanoplastics from aqueous solution by aggregation using reusable magnetic biochar
modified with cetyltrimethylammonium bromide. Environ Pollut, 2023. 318: p. 120897.

126. Binandeh, M., Performance of unique magnetic nanoparticles in biomedicine. European Journal of Medicinal
Chemistry Reports, 2022. 6: p. 100072.

127. Lu, A.-H., E.L. Salabas, and F. Schiith, Magnetic Nanoparticles: Synthesis, Protection, Functionalization, and
Application. Angewandte Chemie International Edition, 2007. 46(8): p. 1222-1244.

128. Issa, B., et al., Magnetic nanoparticles: surface effects and properties related to biomedicine applications. Int ] Mol
Sci, 2013. 14(11): p. 21266-305.

129. Farinha, P., et al., A Comprehensive Updated Review on Magnetic Nanoparticles in Diagnostics. Nanomaterials
(Basel), 2021. 11(12).

130. Safatik, I. and M. Safafikovd, Magnetic Nanoparticles and Biosciences. Monatshefte fiir Chemie / Chemical
Monthly, 2002. 133(6): p. 737-759.

131. Kudr, J., et al.,, Magnetic Nanoparticles: From Design and Synthesis to Real World Applications. Nanomaterials
(Basel, Switzerland), 2017. 7(9): p. 243.

132. Materdn, EM.,, et al., Magnetic nanoparticles in biomedical applications: A review. Applied Surface Science
Advances, 2021. 6: p. 100163.

133. Anderson, S.D., V.V. Gwenin, and C.D. Gwenin, Magnetic Functionalized Nanoparticles for Biomedical, Drug
Delivery and Imaging Applications. Nanoscale Research Letters, 2019. 14(1): p. 188.

134. Wu, L., et al., Organic Phase Syntheses of Magnetic Nanoparticles and Their Applications. Chemical Reviews,
2016. 116(18): p. 10473-10512.

135. Zhu, N,, et al., Surface Modification of Magnetic Iron Oxide Nanoparticles. Nanomaterials, 2018. 8(10): p. 810.

136. Gambhir, R.P., S.S. Rohiwal, and A.P. Tiwari, Multifunctional surface functionalized magnetic iron oxide
nanoparticles for biomedical applications: A review. Applied Surface Science Advances, 2022. 11: p. 100303.

137. Nikzamir, M., A. Akbarzadeh, and Y. Panahi, An overview on nanoparticles used in biomedicine and their
cytotoxicity. Journal of Drug Delivery Science and Technology, 2021. 61: p. 102316.

138. Diez, A.G,, et al., Multicomponent magnetic nanoparticle engineering: the role of structure-property relationship in
advanced applications. Materials Today Chemistry, 2022. 26: p. 101220.

139. Nkurikiyimfura, I, et al., Temperature-dependent magnetic properties of magnetite nanoparticles synthesized via
coprecipitation method. Journal of Alloys and Compounds, 2020. 846: p. 156344.

140. Ban, I, M. Drofenik, and D. Makovec, The synthesis of iron—nickel alloy nanoparticles using a reverse micelle
technique. Journal of Magnetism and Magnetic Materials, 2006. 307(2): p. 250-256.

141. Setia, A., et al., Theranostic magnetic nanoparticles: Synthesis, properties, toxicity, and emerging trends for
biomedical applications. Journal of Drug Delivery Science and Technology, 2023. 81: p. 104295.

142. Stergar, J., et al., The synthesis and characterization of copper—nickel alloy nanoparticles with a therapeutic Curie
point using the microemulsion method. Journal of Alloys and Compounds, 2013. 576: p. 220-226.

143. Majidi, S., et al., Current methods for synthesis of magnetic nanoparticles. Artificial Cells, Nanomedicine, and
Biotechnology, 2016. 44(2): p. 722-734.

144. Kwon, S.G,, et al., Kinetics of Monodisperse Iron Oxide Nanocrystal Formation by “Heating-Up” Process. Journal
of the American Chemical Society, 2007. 129(41): p. 12571-12584.

145. Dixit, S. and P. Jeevanandam, Synthesis of Iron Oxide Nanoparticles by Thermal Decomposition Approach.
Advanced Materials Research, 2009. 67: p. 221-226.

146. Unni, M., et al., Thermal Decomposition Synthesis of Iron Oxide Nanoparticles with Diminished Magnetic Dead
Layer by Controlled Addition of Oxygen. ACS Nano, 2017. 11(2): p. 2284-2303.

147. Laurent, S., et al., Magnetic Iron Oxide Nanoparticles: Synthesis, Stabilization, Vectorization, Physicochemical
Characterizations, and Biological Applications. Chemical Reviews, 2010. 110(4): p. 2574-2574.

148. Byrappa, K. and T. Adschiri, Hydrothermal technology for nanotechnology. Progress in Crystal Growth and
Characterization of Materials, 2007. 53(2): p. 117-166.

149. Chen, G,, et al., A Facile Solvothermal Synthesis and Magnetic Properties of MnFe204 Spheres with Tunable Sizes.
Journal of the American Ceramic Society, 2012. 95(11): p. 3569-3576.

150. Adewunmi, A.A., M.S. Kamal, and T.I. Solling, Application of magnetic nanoparticles in demulsification: A
review on synthesis, performance, recyclability, and challenges. Journal of Petroleum Science and Engineering,
2021. 196: p. 107680.

151. Arruebo, M, et al., Magnetic nanoparticles for drug delivery. Nano Today, 2007. 2(3): p. 22-32.

152. Chomoucka, J., et al., Magnetic nanoparticles and targeted drug delivering. Pharmacol Res, 2010. 62(2): p. 144-
9.

153. Peng, X.H., et al., Targeted magnetic iron oxide nanoparticles for tumor imaging and therapy. Int ] Nanomedicine,
2008. 3(3): p. 311-21.

154. Qiao, R, et al., Magnetic iron oxide nanoparticles for brain imaging and drug delivery. Advanced Drug Delivery
Reviews, 2023. 197: p. 114822.

155. Gupta, I, S. Sirohi, and K. Roy, Strategies for functionalization of magnetic nanoparticles for biomedical
applications. Materials Today: Proceedings, 2023. 72: p. 2757-2767.


https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

38

156. Bohara, R.A., N.D. Thorat, and S.H. Pawar, Role of functionalization: strategies to explore potential nano-bio
applications of magnetic nanoparticles. RSC Advances, 2016. 6(50): p. 43989-44012.

157. Nguyen, D.T. and K.-S. Kim, Functionalization of magnetic nanoparticles for biomedical applications. Korean
Journal of Chemical Engineering, 2014. 31(8): p. 1289-1305.

158. Stergar, J., et al., Synthesis and Characterization of Silica-Coated Cul-xNix Nanoparticles. IEEE Transactions on
Magnetics - IEEE TRANS MAGN, 2012. 48: p. 1344-1347.

159. Da, X,, et al., Synthesis and characterization of PEG coated hollow Fe304 magnetic nanoparticles as a drug carrier.
Materials Letters, 2022. 309: p. 131357.

160. Ban, L, et al., Synthesis of Poly-Sodium-Acrylate (PSA) Coated Magnetic Nanoparticles for Use in Forward Osmosis
Draw Solutions. 2019.

161. Hao, R., et al.,, Synthesis, Functionalization, and Biomedical Applications of Multifunctional Magnetic
Nanoparticles. Advanced Materials, 2010. 22(25): p. 2729-2742.

162. Chen, F,, et al., Synthesis of magnetite core—shell nanoparticles by surface-initiated ring-opening polymerization of
I-lactide. Journal of Magnetism and Magnetic Materials, 2008. 320(13): p. 1921-1927.

163. Kaman, O., et al., Preparation of Mn-Zn ferrite nanoparticles and their silica-coated clusters: Magnetic properties
and transverse relaxivity. Journal of Magnetism and Magnetic Materials, 2017. 427: p. 251-257.

164. Villa, S., et al., Functionalization of FesOy NPs by Silanization: Use of Amine (APTES) and Thiol (MPTMS) Silanes
and Their Physical Characterization. Materials (Basel, Switzerland), 2016. 9(10): p. 826.

165. Umut, E., et al., Magnetic, optical and relaxometric properties of organically coated gold—magnetite (Au—Fe304)
hybrid nanoparticles for potential use in biomedical applications. Journal of Magnetism and Magnetic Materials,
2012. 324(15): p. 2373-2379.

166. Fakurpur Shirejini, S., S.M. Dehnavi, and M. Jahanfar, Potential of superparamagnetic iron oxide nanoparticles
coated with carbon dots as a magnetic nanoadsorbent for DNA isolation. Chemical Engineering Research and
Design, 2023. 190: p. 580-589.

167. Kaymaz, S.V,, et al., Nanomaterial surface modification toolkit: Principles, components, recipes, and applications.
Advances in Colloid and Interface Science, 2023. 322: p. 103035.

168. AngadiV,]. and M. K, 21 - Present and future applications of magnetic nanoparticles in the field of medicine and
biosensors, in Fundamentals and Industrial Applications of Magnetic Nanoparticles, C.M. Hussain and K.K.
Patankar, Editors. 2022, Woodhead Publishing. p. 655-663.

169. Diaz-Hernandez, A., et al., Characterization of Magnetic Nanoparticles Coated with Chitosan: A Potential
Approach for Enzyme Immobilization. Journal of Nanomaterials, 2018. 2018: p. 9468574.

170. de Las Nieves Pifia, M., et al., Adsorption and Quantification of Volatile Organic Compounds (VOCs) by using
Hybrid Magnetic Nanoparticles. Chemistry, 2018. 24(49): p. 12820-12826.

171. Li, T,, et al., Modified Fe304 magnetic nanoparticles for COD removal in oil field produced water and regeneration.
Environmental Technology & Innovation, 2021. 23: p. 101630.

172. Yeap, S.P., et al., Electrosteric stabilization and its role in cooperative magnetophoresis of colloidal magnetic
nanoparticles. Langmuir, 2012. 28(42): p. 14878-91.

173. Yan, R., et al., Effect of aggregation behavior on microplastic removal by magnetic Fe304 nanoparticles. Science of
The Total Environment, 2023. 898: p. 165431.

174. Shi, X,, et al., Remouval of microplastics from water by magnetic nano-Fe(3)O(4). Sci Total Environ, 2022. 802: p.
149838.

175. Gaf, H., et al., Magnetic Removal of Micro- and Nanoplastics from Water —from 100 nm to 100 um Debris Size.
Small. n/a(n/a): p. 2305467.

176. Li, W., et al., Self-driven magnetorobots for recyclable and scalable micro/nanoplastic removal from nonmarine
waters. Science Advances, 2022. 8(45): p. eadel731.

177. Li, W., et al., Preparation of magnetic Janus microparticles for the rapid removal of microplastics from water. Sci
Total Environ, 2023. 903: p. 166627.

178. Wang, H.-P., et al., Modified superhydrophobic magnetic Fe304 nanoparticles for removal of microplastics in liquid
foods. Chemical Engineering Journal, 2023. 476: p. 146562.

179. Zhang, Y., et al., Efficient magnetic capture of PE microplastic from water by PEG modified Fe304 nanoparticles:
Performance, kinetics, isotherms and influence factors. Journal of Environmental Sciences, 2025. 147: p. 677-687.

180. Babalar, M., S. Siddiqua, and M.A. Sakr, A novel polymer coated magnetic activated biochar-zeolite composite for
adsorption of polystyrene microplastics: Synthesis, characterization, adsorption and regeneration performance.
Separation and Purification Technology, 2024. 331: p. 125582.

181. Tang, Y., et al., Removal of microplastics from aqueous solutions by magnetic carbon nanotubes. Chemical
Engineering Journal, 2021. 406: p. 126804.

182. Li, P, et al., A preliminary study of the interactions between microplastics and citrate-coated silver nanoparticles in
aquatic environments. ] Hazard Mater, 2020. 385: p. 121601.

183. Zhang, Y., et al., Coagulation removal of microplastics from wastewater by magnetic magnesium hydroxide and
PAM. Journal of Water Process Engineering, 2021. 43: p. 102250.


https://doi.org/10.20944/preprints202406.0682.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0682.v1

39

184. Zhang, X., et al., The removal characteristics and mechanisms of polystyrene microplastics with various induced
photoaging degrees by CuFe204. Separation and Purification Technology, 2023. 322: p. 124245.

185. Zhao, H., et al., Removal of polystyrene nanoplastics from aqueous solutions using a novel magnetic material:
Adsorbability, mechanism, and reusability. Chemical Engineering Journal, 2022. 430: p. 133122.

186. Pasanen, F., R.O. Fuller, and F. Maya, Fast and simultaneous remouval of microplastics and plastic-derived
endocrine disruptors using a magnetic ZIF-8 nanocomposite. Chemical Engineering Journal, 2023. 455: p. 140405.

187. Surette, M.C., D.M. Mitrano, and K.R. Rogers, Extraction and concentration of nanoplastic particles from aqueous
suspensions using functionalized magnetic nanoparticles and a magnetic flow cell. Microplastics and
Nanoplastics, 2023. 3(1): p. 2.

188. Oliva, J., et al., Using NIR irradiation and magnetic bismuth ferrite microparticles to accelerate the removal of
polystyrene microparticles from the drinking water. Journal of Environmental Management, 2023. 345: p.
118784.

189. Bakhteeva, Y., et al., Remouval of microplastics from water by using magnetic sedimentation. International Journal
of Environmental Science and Technology, 2023. 20.

190. Peng, X., et al., Biohybrid Magnetically Driven Microrobots for Sustainable Removal of Micro/Nanoplastics from
the Aquatic Environment. Advanced Functional Materials, 2024. 34(3): p. 2307477.

191. Cao, Y., et al., Advances in magnetic materials for microplastic separation and degradation. ] Hazard Mater, 2024.
461: p. 132537.

192. Munir, N., et al., The potential of zeolite nanocomposites in removing microplastics, ammonia, and trace metals from
wastewater and their role in phytoremediation. Environ Sci Pollut Res Int, 2024. 31(2): p. 1695-1718.

193. Mahendran, R. and S. Ramaswamy, Nanoplastics as Trojan Horses: Deciphering Complex Connections and
Environmental Ramifications: A Review. Chemistry Africa, 2024.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202406.0682.v1

