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Abstract

Microplastics (MPs) and their associated chemical additives, such as bisphenol A (BPA), nonylphenol (NP),
nonylphenol ethoxylate (NEPO), and tetrabromobisphenol (TBBPA), are widely recognized as significant
environmental contaminants due to their widespread presence in ecosystems and their potential impact on human
health. This review evaluates advanced treatment technologies, such as membrane filtration and oxidation
processes, for mitigating these risks and highlights gaps in sustainability and efficiency. Actionable strategies for
improving the removal of MPs and MP additives were presented in the assessment of innovative hybrid treatment
tailored to different water matrices. The importance of anti-fouling technologies, comprehensive life cycle
assessments (LCAs), and standardizing treatment methods to enhance the sustainability and applicability of these
technologies were further highlighted. To further improve and optimize treatment processes and ensure
sustainability, existing knowledge gaps must be addressed by framing a comprehensive understanding of the long-
term ecological effects of MPs and their additives.

Keywords: Microplastics, MP additives, membrane filtration, advanced oxidation, environmental conservation

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 [=] 1--' g
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, LA T
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as =

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

OCKZ www.oaepublish.com/wecn



https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/wecn
https://orcid.org/0000-0002-3421-933X
https://orcid.org/0000-0003-2232-3591
https://dx.doi.org/10.20517/wecn.2024.36
https://dx.doi.org/10.20517/wecn.2024.36
http://crossmark.crossref.org/dialog/?doi=10.20517/wecn.2024.36&domain=pdf

Page 2 of 26 Sawma et al. Water Emerg Contam Nanoplastics 2024;3:21 | https://dx.doi.org/10.20517/wecn.2024.36

INTRODUCTION

Plastics began gaining popularity in the 1940s and have since diversified into many types. Recently, annual
global plastic production has increased to 359 million tons, with China accounting for 30% of this output'’.
The widespread use of plastics can be attributed to their convenience, affordability, light weight, and
durability". They are utilized in numerous sectors, including containers for food and beverages, thermal
insulation materials, furniture for homes and offices, electronic gadgets, vehicle interiors, children’s toys,
textiles, surface coatings, and medical equipment such as prosthetic joints, incubators, intravenous (IV)
fluid bags, and drug delivery mechanisms”. However, managing plastic waste is a growing concern, as only
about 15% of the plastics produced annually are recycled”. Thus, the main challenge with plastics is their
long-lasting nature, with some lasting hundreds of years before breaking down. This durability contributes
to plastic pollution in both land and water environments. Studies show that every year, between 1.15 and
2.41 million metric tons of plastic enter the ocean, leading to large areas of floating debris like the Great
Pacific Garbage Patch, which covers about 1.6 million square kilometers'. Haque et al. (2023) reported that
global plastic production increased from 1.3 million tons in 1950 to 359 million tons in 2018, expected to
reach 634 million tons by 2025, highlighting the massive global increase in plastic production. Among the
various forms of plastic pollution, microplastics (MPs), and MP additives such as bisphenol A (BPA),
nonylphenol (NP), and tetrabromobisphenol (TBBPA), have emerged as significant environmental
contaminants. These particles are widespread in many ecosystems and pose a serious risk to human health,
as well as terrestrial and aquatic environments, due to their persistence and ability to bioaccumulate'*.

Even though the treatment of MPs and MP additives is gaining momentum with new advancements and
processes, several significant knowledge gaps persist”. The long-term ecological effects of MPs and their
additives are not well understood™. Additionally, present treatment methods often fall short of complete
removal and health effect mitigation of these contaminants, particularly in diverse environmental settings.
Furthermore, the lack of standard operating procedures for the analysis and treatment of MPs in different
water matrices complicates the evaluation and comparison of treatment performance®.

In this study, a thorough review of the spread of MPs in the environment and their impacts on health,
aquatic systems, and terrestrial systems will be presented. This work also aims to address the current gaps by
providing a detailed assessment of advanced treatment technologies, including the innovative integration of
membrane filtration with advanced oxidation processes (AOPs). The paper is structured as follows: an
overview of the sources and types of MPs, followed by discussions on their environmental and health
impacts. The bulk of the review evaluates several treatment techniques, emphasizing advanced oxidation
and membrane filtration, with conclusions focusing on sustainability and the need for further research.

SOURCES AND TYPES OF MPS

MPs are small plastic particles, typically less than 5 mm in size, which can exist in various forms such as
fibers, films, fragments, beads, and foams"". These particles are widespread in the environment due to their
resistance to degradation and their persistent nature. MPs are classified into two primary types based on
their origin: primary MPs, which are intentionally manufactured for specific purposes, and secondary MPs,
which result from the breakdown of larger plastic materials""..

Primary MPs

Primary MPs, like glitter and microbeads, are intentionally manufactured particles found in personal care
products and industrial processes, contributing significantly to environmental contamination due to their
small size and persistence!'?’.
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Microbeads are another common form of MPs, and they are small spherical particles often found in
personal care products such as exfoliants, cleansers, and toothpaste. These microbeads are added for their
abrasive properties, aiding in the removal of dead skin cells or dirt. However, due to their tiny size and
inability to be captured by wastewater treatment plants, they easily enter aquatic systems, contributing to
widespread pollution"”. Despite increasing regulatory efforts to ban microbeads in many countries, they
remain a persistent problem in regions where regulations are not yet enforced or where existing products
containing microbeads are still in use.

Secondary MPs

Secondary MPs are those that result from the breakdown of larger plastics under environmental stressors
like UV radiation and mechanical abrasion into smaller particles over time"*"". This degradation occurs
when macroplastics are exposed to prolonged environmental factors such as sunlight, weather, and
moisture'”. Research by Bajt highlights UV sunlight as the primary factor in this degradation process"®. UV
light breaks chemical bonds in the macroplastics, producing plastic fragments, fibers, or films. This process,
known as photodegradation, increases the number of secondary MPs in the environment, contributing to
their growing presence in various ecosystems. Mechanical abrasion and chemical interactions further
accelerate plastic fragmentation. The continuous production of secondary MPs from plastic waste
contributes to their persistent accumulation in marine and terrestrial environments, posing significant
ecological challenges"”’. Figure 1 depicts the sources of MPs in the environment.

ENVIRONMENTAL IMPACT OF MPS

MPs have accumulated in significant quantities in both aquatic and terrestrial environments due to
inadequate plastic waste management™. They often carry various micropollutants that can be harmful to
the environment and human health, especially when they enter the food chain. The persistence of MPs in
the environment makes understanding their full environmental impact essential for developing effective
strategies to mitigate their consequences on both land and water ecosystems, as well as human health.

Impact on aquatic system

MPs in aquatic systems primarily originate from terrestrial environments due to industrial, agricultural, and
domestic activities. These insoluble particles enter water bodies through various routes, including
wastewater treatment plants, sewer floods, soil erosion, and precipitation”’. Once in water bodies, MPs
attract and accumulate organic and inorganic pollutants from their surroundings, facilitating the spread of
contaminants across ecosystems. This contamination not only deteriorates water quality but also disrupts
natural habitats and biodiversity. For instance, studies have shown that MPs can inhibit algae’s
photosynthetic activity, leading to reduced growth rates, which has cascading effects throughout aquatic
food webs™!. Canniff et al. deduced that MPs can inhibit the photosynthetic activity of algae. For instance,
the paper reports a 30% decline in the growth rate of the algae species Raphidocelis subcapitata due to
exposure to MPs™!. These findings illustrate that even at low concentrations, MPs can have cascading
effects on aquatic food webs, ultimately impacting higher trophic levels, including humans.

Impact on terrestrial system

MPs are transported to the soil through natural soil processes like biopores and cracking, as well as through
agricultural activities such as harvesting and plowing"". Their presence in the soil can significantly damage
I. Additionally, improper
disposal of plastic products and the accumulation of plastics in landfills pose major environmental

25-27

soil health by harming its microorganisms, as documented by various studies'

challenges. Additionally, MPs block water drainage systems, contributing to flooding and mosquito
breeding, which poses public health risks”**. Furthermore, biodegradable MPs contribute to increased
production of nitrous oxide (N,O), a strong greenhouse gas, thereby potentially intensifying global
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Figure 1. Sources of MPs in the environment. MPs: Microplastics.

warming™. The accumulation of MPs in terrestrial environments not only threatens ecosystem health but
also contributes to broader environmental issues such as climate change and water management
challenges®.

Impact on human health
MPs can enter the human body through inhalation, ingestion of contaminated food and water, or skin
contact™. Their small size allows them to accumulate in human tissues, leading to oxidative stress,

S[su,ss

inflammation, and immune system disruptions®**. Prolonged exposure has been linked to chronic

[36,37

conditions such as cardiovascular disease, respiratory issues, and even cancer””. MPs can also interfere
with the human microbiome***, potentially leading to metabolic disorders or immune dysfunction**".
The long-term presence of MPs in human tissues underscores their potential for causing cumulative
damage, raising serious concerns about public health implications, especially in highly exposed populations.

Figure 2 illustrates the environmental impact and sources of MPs.

MP ADDITIVES

MP Additives are chemicals incorporated during the manufacturing process to enhance the physical and
chemical properties of the plastics. These additives improve color, transparency, and resistance to
temperature, light radiation, moisture, and humidity. Despite their utility in enhancing plastic properties,
they pose significant environmental contamination risks, affecting soil, water, air, and human health, similar
to what was discussed earlier*". Life cycle assessments (LCAs) of these additives have shown that current
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Figure 2. Environmental impact, sources, and pathways of MPs. MPs: Microplastics.

plastic recycling processes are not capable of effectively removing these harmful substances. Common
chemical additives used in the production of MPs include BPA, NP, nonylphenol ethoxylate (NEPO), and
tetrabromobisphenol A (TTBA). Given their persistence in the environment, these additives continue to
accumulate in ecosystems, compounding the challenges associated with plastic pollution and requiring
comprehensive strategies for mitigation.

BPA

BPA, also known as 4,4’-(propane-2,2-diyl) diphenol, is a synthetic organic compound widely used in the
manufacture of certain plastics and epoxy resins. Its properties enhance the transparency, durability, and
heat resistance of these materials, making it a fundamental ingredient in various consumer products. BPA is
primarily found in polycarbonate (PC) plastics, which are used to produce items such as water bottles, food
storage containers, eyeglass lenses, and dental sealants. It is also used in epoxy resins, which coat food and
beverage cans and line water pipes to prevent corrosion. The European Union Water Framework Directive
has classified BPA as a priority pollutant due to its environmental impact. It enters the environment
through sources such as wastewater treatment plants, runoff, landfill leachate, and industrial discharges.
| Santoro et al. argued that
BPA possesses estrogen-like and anti-androgenic properties, leading to damage in various tissues and

46,47

BPA is also classified as one of the endocrine-disrupting compounds (EDCs)!

organs, including those of the reproductive, immune, and neuroendocrine systems"". Similarly, research
conducted by Seachrist et al. concluded that early-life exposure to BPA is a risk factor for breast and
prostate cancer”. The widespread use of BPA in consumer products and its presence in various
environmental mediums underscores the need for more stringent regulations and safer alternatives™".

NP

NP encompasses a group of isomeric compounds, including 4-NP, phenol, p-nonyl-, 4-p-NP, and 4-nonyl-,
para nonyl. NP, known as a major environmental contaminant, is present in different environmental
mediums, including soil, air, bodies of water, and potable water systems. It is mainly utilized in producing
antioxidants, lubricant oil additives, and NEPOs surfactants. As an endocrine disruptor, NP has been
extensively studied for its effects on the growth, development, reproduction, and behavior of organisms,
including impacts on future generations®. NP mimics the natural hormone 17p-estradiol, binding
competitively to estrogen receptors and disrupting the endocrine systems of higher organisms"*>*".
Additionally, studies have shown that NP can induce the proliferation of breast tumor cells®. The
ubiquitous presence, persistence, and resistance to degradation of NP in the environment pose serious
concerns™**), highlighting the urgent need for rigorous monitoring and effective mitigation strategies to
remove NP from water and wastewater systems. Failure to address NP contamination may lead to long-
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term ecological and human health risks, emphasizing the importance of identifying alternative chemicals
and developing more efficient removal technologies™. The potential for long-term environmental and
public health harm due to NP contamination highlights the need for developing more potent removal
techniques and alternative chemical sources.

TBBPA

TBBPA is commonly used as a reagent in the production of epoxy and PC resins, which are commonly
found in electronic devices, furniture, and various types of equipment!”**. It is extensively present in both
abiotic and biotic environments, including air, water, soil, indoor dust, sediments, sewage sludge, and the
food chain. Human exposure to TBBPA primarily occurs through dietary intake, ingestion of dust, and
dermal contact™. Notably, TBBPA has been detected in human breast milk and maternal/cord serum'*”,

indicating its presence in the blood serum of infants and cord blood"'. Research has shown that TBBPA can
significantly impact growth and development, induce oxidative stress, generate reactive oxygen species
(ROS), and affect antioxidant defense systems™. Furthermore, TBBPA acts as a thyroid hormone
antagonist'”*!, impacting the hypothalamic-pituitary-thyroid axis and related gene expression>*. TBBPA
is widely used, and its discovery in human biological fluids raises major concerns about the substance’s
long-term health impacts, particularly for vulnerable groups, including expecting mothers and newborns'*'.

ADVANCED TREATMENT METHODS FOR MPS AND ADDITIVES

The presence of MPs and additives in both terrestrial and aquatic ecosystems has raised significant concerns
regarding their potential impacts on environmental and human health. Addressing these emerging concerns
necessitates the implementation of advanced treatment methods that can effectively remove MPs and
additives from water. Membrane filtration is a technique used for removing many types of MPs, as it filters
out particles larger than its pore size. However, it is not capable of removing dissolved additives associated
with MPs. To overcome this limitation, AOPs have been developed to degrade these chemical additives'*”..

Membrane filtration

Membrane filtration is a commonly used technology in water treatment because it physically blocks
particles larger than the membrane’s pore size, successfully removing MPs from water. Membranes are
comprised of a variety of polymers that offer durability and chemical resistance, making them suitable for
use in a wide range of municipal, industrial, and residential water treatment systems.

Microfiltration

Microfiltration (MF) consists of a semipermeable membrane with pore sizes typically ranging from 0.1 to 10
micrometers'*”. They are made from various polymers, including polyvinylidene fluoride (PVDEF), cellulose
acetate (CA), polytetrafluoroethylene (PTFE), olefins, and PC. These polymers are characterized by their
excellent film-forming capabilities, mechanical strength, and thermal stability. Additionally, they maintain
physical and chemical stability across a broad range of pH levels'”. The required pressure to force the
contaminated water through the membrane is relatively low due to the large pore sizes, allowing for high
water flux with minimal resistance™.

Yahyanezhad et al. conducted a study exploring the use of a PVDF membrane with a 0.1 pm pore size for
ME"", The study utilized an aeration system to prevent membrane fouling and examined three samples with
varying concentrations of MPs in wastewater. The MP concentrations in the samples were 220 + 23, 216 +
19, and 184 + 26 MPs/L, with corresponding removal efficiencies of 98%, 100%, and 98.9%, respectively. The
results indicated that even at higher concentrations of MPs and their additives, a removal efficiency of 98%
can be obtained.
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While the study reports a high removal efficiency in removing MPs and their additives, several critical
aspects are inadequately addressed, diminishing the robustness of the findings. The paper emphasizes the
removal efficiency without sufficiently exploring the long-term sustainability of the MF process, particularly
the significant issue of membrane fouling, which can degrade performance over time and increase
operational costs. The brief mention of post-treatment needs is insufficient, as the paper does not specify
viable methods to address the MPs that still pass through the system, which would have strengthened their
conclusions. The experimental design also has limitations, particularly regarding the seasonal variability of
samples, yet the study fails to conduct a robust statistical analysis to determine whether these differences are
statistically significant. Moreover, the results are based on a specific wastewater treatment plant and the
paper does not adequately discuss the limitations of generalizing these findings to other regions with
different wastewater compositions or treatment processes.

Expanding on the examination of different membrane materials and their effectiveness, Pizzichetti et al.
investigated the effectiveness of three different MF PC, CA, and PTFE for removing MPs from tap water'*”.
All membranes showed high mass removal efficiencies above 94% for polyamide and polystyrene MPs.
Among these, the study found that CA membranes provided an optimal balance between water flux,
transmembrane pressure (TMP), and MP removal efficiency, making them suitable for household water
filtration. While the authors report high removal efficiencies of above 94% for all tested membranes, they do
not adequately address how different membrane materials interact with MPs and their additives, which
could affect the generalizability of the findings. The paper also discusses the issue of MPs breaking down
into smaller particles during filtration but does not sufficiently explore the implications of this
phenomenon, particularly the potential formation of nanoplastics, which could pose even greater
environmental risks. Overall, the discussion could be strengthened by addressing these limitations and
providing a more critical and comprehensive analysis of the experimental results and their implications. The
materials used in MF membranes contribute to the durability and reliability of the system under various
operating conditions, maintaining consistent performance over time, thus resulting in reduced maintenance
costs and an extended lifespan of the filtration system!”.

Nevertheless, MF encounters several notable challenges in the removal of MPs from water. MF is less
effective for removing smaller particles, necessitating supplementary treatment processes for comprehensive
removal, leading to increased time and operational costs and increased energy consumption”. The
efficiency of MF in removing MPs is significantly affected by the density of the particles. High-density MPs,
such as polyethylene terephthalate (PET) (1.37 g/cm®), are more effectively captured by sedimentation and
MF processes compared to lower-density MPs like polyethylene (PE) and polypropylene (PP) (0.91-
0.97 g/cm®), which tend to remain buoyant or suspended in the water column. This disparity in density
necessitates the implementation of supplementary treatment processes to ensure the comprehensive
removal of all MP particles”. MF has proven to be a reliable method for removing MPs from water, and its
continued application in water treatment systems is crucial for mitigating plastic pollution. However,
addressing challenges such as membrane fouling and supplementing MF with other treatment processes will
be necessary to achieve long-term sustainability and optimal performance.

Ultrafiltration

Ultrafiltration (UF) is an effective membrane filtration technique that utilizes small pore sizes, typically
ranging from 0.001 to 0.1 microns, to selectively retain MPs"". The process of filtration begins by applying
TMP, which forces water through the membrane and ensures that contaminants, including MPs, are
retained on the membrane surface”. UF typically operates under a TMP range of 1 to 10 bar (14.5 to 145
psi)””. During the UF process, viscosity and total resistance are monitored as they are critical factors
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affecting water flux. Increased viscosity and resistance decrease the flow rate, thereby reducing flux. While
viscosity can be improved by selecting low-resistance membranes and implementing anti-fouling strategies

such as regular cleaning, it can also be managed by pre-treating the feed water'*”!.

Tadsuwan and Babel evaluated a pilot-scale UF system within conventional wastewater treatment plants””.
The goal was to assess the potential of UF as a tertiary treatment stage for removing MPs. The study found
that traditional treatment systems removed 86.14% of MPs from the influent. When UF was introduced, the
removal efficiency increased significantly to 96.97%. Similarly, a study conducted by Magni et al. examined
the effectiveness of UF membranes in removing MPs from coastal waters™. The study utilized UF
membranes with a pore size of 0.04 microns to filter water samples collected from various coastal locations
known for high levels of MP pollution. The findings revealed that the UF membranes were highly efficient,
achieving a removal efficiency of up to 98% for MPs and additives. It also highlighted that UF could
effectively capture a wide range of MP sizes, including those as small as 0.1 microns.

However, the discussion does not sufficiently address the limitations and potential challenges associated
with this approach. For instance, while the UF system significantly enhances MP removal, the study does
not delve into the operational challenges such as membrane fouling, which could impair long-term
efficiency and increase maintenance costs. Additionally, the study’s reliance on grab sampling may
introduce variability and limit the generalizability of the findings, as this method may not capture the full
range of MP sizes in the wastewater. Moreover, the study overlooks the broader environmental implications
of the retained MPs in the sludge, which, if not properly managed, could contribute to secondary pollution
when the sludge is used in agriculture or disposed of in the environment.

To examine the efficiency of the UF technique under different conditions, UF was evaluated in various
applications: wastewater treatment, industrial processes, and drinking water purification. In drinking water
purification, UF reaches up to 99% removal efficiency, as the feed water typically has lower concentrations
of contaminants, allowing more effective removal of MPs. Pre-treatment processes such as coagulation and
sedimentation, which often precede UF in drinking water systems, further reduce the burden on the
membranes™’. In wastewater treatment, UF achieves up to 97% removal efficiency. In industrial processes,
UF achieves up to 98% removal efficiency, maintaining product purity and ensuring compliance with
regulatory standards. Although UF is a highly effective filtration technology, its performance is heavily
influenced by the quality of the feed water, the presence and effectiveness of pre-treatment processes, and
the operational conditions in each specific application. A comprehensive evaluation of these factors is
essential for optimizing UF performance and ensuring consistent, long-term efficiency across different
applications.

UF presents high removal efficiency for MPs and additives, which can be attributed to the ultrafine pore
sizes of UF membranes that enable them to effectively capture and eliminate contaminants. Its slightly lower
removal efficiency in wastewater treatment compared to drinking water treatment is due to the higher and
more varied contaminant loads, including organic matter and oils, which can interfere with the filtration
process™. Similarly, variations in the efficiency of industrial effluent treatment are attributed to the specific
contaminants and MPs"®. Despite these challenges, UF demonstrates superior performance over MF by
effectively handling high densities of contaminants.

In summary, UF demonstrates high removal efficiency for a wide range of MP sizes, making it a valuable
tool in water treatment. However, the technique requires further optimization to address issues related to
membrane fouling and the handling of MP-laden sludge to ensure long-term sustainability.
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Nanofiltration

Nanofiltration (NF) is a membrane filtration process that operates between UF and RO. NF membranes
typically have pore sizes ranging from 1 to 10 nanometers and operate at pressures between 4 and 10
bars™!. As water passes through the NF membrane, MPs and other larger contaminants are retained on the
membrane surface, reducing their concentration in the treated water. The shape of MPs can significantly
influence their interaction with NF membranes, potentially affecting removal efficiency. A study conducted
by Jang et al. shows that fibrous MPs can form a dense network on the membrane, leading to more
significant fouling and reduced water flux compared to spherical MPs, which tend to form more uniform
layers™™. Furthermore, the density of MPs influences their interaction with the membrane. Higher-density
particles are more likely to settle and cause fouling, leading to the formation of a cake layer, which provides
additional hydraulic resistance and further reduces the membrane’s performance®.

NF has demonstrated impressive performance in removing MPs from both drinking water and wastewater.
Research conducted by Ziajahromi et al. indicated that NF membranes could achieve over 90% removal
efficiency of MPs from treated wastewater, highlighting their potential to reduce environmental pollution
and improve water quality®™’. In this study, wastewater samples were first subjected to pre-treatment
processes to remove larger debris and organic matter. The treated wastewater, containing MPs of varying
sizes, was then passed through NF membranes under controlled conditions"***”. Moreover, Ziajahromi et al.
conducted an in-depth study focused on the effect of operational pressure on the efficiency of NF
membranes in removing MPs from wastewater™. The treated wastewater, containing MPs of varying sizes,
was then filtered through NF membranes under controlled pressures of 5, 10, and 15 bar. At low pressure (5
bar), larger MPs were effectively removed, but a significant flux decline occurred due to fouling. Medium
pressure (10 bar) provided an optimal balance, achieving over 90% removal efficiency for all MP sizes with
moderate fouling. High pressure (15 bar) resulted in the highest flux but slightly reduced removal efficiency
for smaller MPs and increased fouling due to forceful deposition.

While the study successfully introduced a new method for sampling and processing MPs in wastewater,
there are several experimental limitations that warrant critical consideration. The experiment was
conducted using a single sampling campaign over a short period, which may not fully capture the temporal
variability in MP concentrations within wastewater treatment plants. This limitation raises concerns about
the representativeness of the results, as different environmental conditions, such as seasonal changes and
varying wastewater compositions, could significantly influence MP levels. Furthermore, the validation of the
sampling device was performed using polystyrene MPs in a controlled setting, which does not fully reflect
the diversity and complexity of MPs present in actual wastewater samples. This could lead to an
overestimation of the method’s efficiency in capturing MPs of different compositions and sizes under real-
world conditions. Addressing these experimental limitations would strengthen the study’s conclusions and
provide a more accurate assessment of the effectiveness of the proposed method in diverse wastewater
treatment scenarios.

A comprehensive study by Khoo et al. examined the fouling behavior of NF membranes compared to UF
and MF membranes, specifically focusing on the presence of MPs™. Using laboratory-scale filtration units,
the researchers maintained consistent operational parameters across all tests and monitored the flux decline
and fouling extent over time. Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
analyses showed that NF membranes had smoother surfaces, reducing the adhesion of MPs and their
additives, which led to lower fouling rates.
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The discussion and experiment conducted in the study regarding NF for the removal of micropollutants
(MPs) reveal several areas that could benefit from more rigorous analysis and critical reflection.

While the study successfully demonstrates the potential of NF for removing various MPs, the discussion
does not adequately address the variability in removal efficiency based on the physicochemical properties of
the MPs. The rejection mechanisms, including size exclusion, adsorption, and electrostatic interactions, are
complex and can vary significantly depending on the specific characteristics of each pollutant, such as
molecular weight, hydrophobicity, and charge. However, the study does not sufficiently explore how these
factors influence the performance of the NF membranes. A deeper analysis of these variables and their
impact on the efficiency of MP removal would have strengthened the study’s conclusions. Compared to
other filtration technologies such as MF and UF, NF offers superior performance in removing MPs due to
its diffusion mechanism. NF, with its pressure-driven filtration, ensures that even the smallest particles are
filtered out, providing a high level of purification. Furthermore, NF is less prone to fouling due to the
pressure exerted, which can generate shear forces that are strong enough to effectively mitigate particle
adhesion.

While NF has a lower risk of fouling compared to other types of membrane filtration, it can still be affected
by organic matter and biofilms commonly found with MPs in wastewater. This fouling can significantly
decrease membrane efficiency and lifespan, necessitating frequent cleaning and maintenance, which in turn
increases operational costs™”. Additionally, NF systems have a high initial cost, including the expense of the
membranes and the associated infrastructure, which can be prohibitive for smaller or budget-constrained
projects”®. These disadvantages highlight the need for careful consideration and optimization when
implementing NF technology for MPs removal in water treatment systems. It could be deduced that despite
its high removal efficiency, NF’s performance can be significantly impacted by membrane fouling and the
variability in MP properties. Further research is needed to optimize NF membranes for broader
applications, including handling a wider range of MP shapes and sizes.

Reverse osmosis

Reverse osmosis (RO) is a highly effective water purification method that utilizes a semipermeable
membrane to remove MPs from water. The process involves applying pressure to the water, forcing it
through the membrane'™'. The applied pressure causes the water molecules to diffuse in the opposite
direction - from the contaminated side to the purified side - through the semipermeable membrane. By
doing so, contaminants, including MPs, are left behind, and clean water is collected on the other side of the
membrane. Notably, the pressure must be high enough to overcome the natural osmotic pressure®.

Additionally, temperature needs to be controlled during the process since it affects the viscosity of water,
thereby impacting the movement of water molecules. At higher temperatures, the viscosity of water
decreases, allowing water molecules to move more freely and pass through the RO membrane more
easily"”.

Harharah et al. assessed the impact of flow rate on the efficiency of RO in removing MPs using artificial
wastewater contaminated with MPs of known sizes and concentrations®. The researchers varied the flow
rates (e.g., 3, 6, 9, and 12 L/min) and monitored the permeate flux and removal efficiency of MPs. The
results showed that higher flow rates improved the removal efficiency due to enhanced shear forces, which
reduced membrane fouling. At an optimal flow rate of 12 L/min, the RO system achieved up to 99.9%
removal efficiency of MPs. Multiple studies investigated the impact of pressure on the efficiency of RO
systems for removing MPs. Water samples contaminated with MPs were subjected to RO filtration under
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varying pressures, ranging from 10 to 20 bar. It was deduced that increasing the pressure improved the
removal efficiency from 95% to 99.9%. Researchers used fluorescence microscopy and SEM to observe MP

behavior®**4,

While the study presents promising findings, a more comprehensive analysis of the experimental limitations
and practical challenges would be addressed. The reliance on artificial wastewater with predefined MP sizes
and concentrations limits the applicability of the findings to real-world situations, where wastewater
composition is more complex and variable. Additionally, while the study explores the effect of varying
pressures on MP removal, it does not adequately consider the potential consequences, such as increased
energy consumption and operational costs, that come with maintaining higher pressures and flow rates. The
discussion would be strengthened by a deeper examination of these practical implications, as well as by
exploring how these findings could be applied to various wastewater treatment systems.

A case study conducted by researchers at the Guangdong Key Laboratory of Membrane Materials and
Separation Technologies was designed to evaluate the impact of MP density and concentration on fouling in
RO systems'*. The researchers used water samples artificially contaminated with MPs of two different sizes:
100 nanometers (nm) and 1 micrometer (um). These samples were processed through the RO system under
controlled conditions. The findings indicated that higher concentrations of MPs led to increased fouling,
forming dense particulate layers that significantly reduced membrane performance. Despite these important
findings, this study does not explore potential mitigation strategies or how these findings might influence
the design and operation of RO systems in practical applications. A more comprehensive analysis that
includes diverse MP types, real wastewater conditions, and possible solutions to fouling would provide a
more robust understanding of the issue and its implications for RO system performance. RO systems
significantly improve water quality by effectively removing a wide range of contaminants, up to 99.9% of
MPs, including heavy metals, bacteria, and dissolved solids. This high level of purification results in water
that is typically free from unpleasant tastes and odors, providing cleaner and safer drinking water.

ROs have one of the highest removal efficiencies of MPs, but their application is often limited by high
running costs and membrane fouling risk. Further research is necessary to adjust operating parameters, like
pressure and flow rate, to reduce maintenance costs and strike a balance between efficiency and energy
consumption.

Membrane bioreactors

Membrane bioreactors (MBRs) effectively remove MPs from wastewater by integrating biological treatment
with membrane filtration. In the biological treatment phase, MPs are reduced through biodegradation and
adsorption as microorganisms break them down and produce extracellular polymeric substances (EPS). The
EPS form a sticky matrix that facilitates the adsorption of MPs onto microbial floc, a process driven by
hydrophobic interactions and van der Waals forces, thereby improving the removal of MPs from aqueous
environments in water treatment processes. The filtration process, driven by an exerted pressure or pressure
gradient, involves forcing water through the membrane pores, effectively trapping solids, including MPs, on
the membrane surface. This combination of biological and physical processes ensures the efficient removal

of MPs from wastewater® .

The Gaobeidian Wastewater Treatment Plant in Beijing, China, implemented an MBR system to enhance its
wastewater treatment capabilities, focusing on the removal of MPs. The membrane filtration phase employs
MF membranes with a pore size of 0.1 um to retain MPs , and other suspended solids. The implementation
of the MBR system resulted in a significant improvement in MP removal efficiency, reducing the
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concentration of MPs and in the influent from approximately 300 particles per liter to around 1-2 particles
per liter in the effluent, achieving an overall removal efficiency of over 99%*°.

The study has several important limitations that need to be addressed. One major issue is the inconsistency
in how MPs were detected across different wastewater treatment plants. Additionally, the study relies
heavily on visual identification of MPs, which can lead to errors and inaccuracies. Although the authors
mention the need for standardized methods, this issue remains unresolved, which limits the study’s impact.
The discussion also falls short of addressing how these methodological problems could influence the overall
conclusions, which might lead to an overestimation of the effectiveness of current wastewater treatment
plant (WWTP) processes.

However, Ma et al. conducted a comprehensive study tackling the adsorption and absorption mechanisms
[99

of MPs in MBR systems and their impact on overall removal efficiency'™. The study utilized a pilot-scale
MBR system combining biological treatment with UF membranes, operating with high mixed liquor
suspended solids (MLSS) concentrations ranging from 10,000 to 12,000 mg/L and employing membranes
with a pore size of 0.04 micrometers. The study revealed that the adsorption process significantly reduced
the concentration of free-floating MPs in the mixed liquor, enhancing their removal efficiency during the

membrane filtration phase.

While the discussion effectively summarizes the experimental findings, it lacks a critical analysis of the
limitations of the study. The study’s reliance on controlled laboratory settings may not accurately reflect the
complexity and variability of real-world water treatment environments, which could influence the
effectiveness of the coagulation and UF processes. Moreover, the exclusive focus on PE limits the
applicability of the findings to a broader range of MP pollutants that vary in size, shape, and chemical
composition. This limitation is acknowledged briefly but not critically evaluated in the context of the study’s
conclusions. Additionally, the discussion does not sufficiently consider the long-term operational challenges
associated with membrane fouling, particularly in scenarios involving varying concentrations and types of
MPs.

The combination of biological treatment and membrane filtration enhances the overall removal efficiency of
MPs. This dual action ensures that a significant portion of MPs will be captured and removed from the
treated water before even reaching the membrane filtration stage'*.

Despite the high removal efficiencies of membrane filtration, all technologies face similar challenges,
including membrane fouling, high operational pressures, and increased energy consumption”>'*'. Fouling
occurs when MPs and organic matter accumulate on the membrane surface, reducing filtration efficiency
and requiring frequent cleaning and maintenance. For example, in UF systems, fouling can result in a
reduction in permeate flux by up to 50% and can decrease membrane lifespan by 30%-50%, necessitating
costly maintenance and downtime™. UF systems also require higher operational pressures compared to
MF, which increases energy consumption. Despite achieving higher removal efficiencies, UF’s need for
higher pressures can lead to a 20%-30% increase in energy costs compared to MF systems”. The cost of
replacing membranes, combined with the energy required to maintain high-pressure systems (especially in
NF and RO), increases the overall operational costs. Addressing fouling with anti-fouling technologies and
developing self-cleaning membranes could enhance the long-term sustainability of these systems. Studies
have shown that the presence of MPs can increase the rate of RO membrane fouling by up to 25% compared
to systems without MPs, due to the formation of a dense fouling layer on the membrane surface"*. For
instance, an experiment demonstrated a flux decline of 30% when the concentration of MPs in the feed
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water was increased from 1 to 10 mg/L'"”. The cake layer formed by MPs on the membrane surface
increases the operational pressure required to maintain the desired water flux. This additional pressure can
lead to higher energy consumption and operational costs. Golgoli et al. reported that the pressure increase
could be as much as 20% to 30% in the presence of high concentrations of MPs"*. Fouling is also a
significant threat to the effectiveness of MBR systems where MPs can disrupt microbial activity in the
biological treatment phase by providing surfaces for harmful bacteria to grow, leading to imbalances in the
microbial community and reducing the degradation of organic pollutants"*. Additionally, MPs can carry
toxic chemicals and heavy metals, further harming microbial communities and compromising the overall
treatment efficiency of MBR systems"®.

AOPs

MPs and their chemical additives are effectively broken down by AOPs, which generate reactive radicals
that break down complex organic contaminants. AOPs are commonly used in water treatment to remove
impurities that are not entirely removed by conventional filtration systems. Fenton reactions, electro-

oxidation, and photocatalysis are a few examples of these processes'*'*".

Photocatalysis

Photocatalysis is a chemical process that occurs in the presence of light and a photocatalyst, typically a
semiconductor such as titanium dioxide (TiO,). The process begins with the absorption of photons by the
photocatalyst, which creates electron-hole pairs””. These pairs generate highly reactive species, such as
hydroxyl radicals and superoxide anions, that degrade organic pollutants. Photocatalysis has been
particularly effective in removing MP additives like BPA, NP, and TBBPA. For instance, Tang et al. reported
a 100% removal of NP using hydrophobic TiO, nanotubes within 40 min"*.

The study presents promising results in the advanced photocatalytic oxidation of NP using hydrophobic
titanium dioxide nanotubes (H-TiO,NTs), yet several aspects of the experimental design and discussion
require further consideration. The hydrophobic modification of TiO, nanotubes, while effective in
improving NP degradation, suffers from long-term stability issues, as the hydrophobic surface reverts to
hydrophilicity under prolonged irradiation, significantly reducing photocatalytic efficiency. This raises
concerns about the practicality of using H-TiO,NTs in continuous or long-term applications, a challenge
that the experiment did not fully address. While the study highlights the selective oxidation of NP in the
presence of other hydrophilic contaminants, it does not critically evaluate how this selectivity might be
affected by the presence of other hydrophobic pollutants, nor does it propose clear future research
directions to address these limitations.

Acarer'™ investigates the effectiveness of zinc oxide nanoparticles (ZnO NPs) in promoting the
photodegradation of MPs under simulated sunlight. The study extracted MPs from commercial sunscreens
and exposed them to ZnO NPs under UV light for 12 h. The results showed a significant increase in the
carbonyl index of the MPs, indicating surface oxidation and fragmentation, with a 2.5-fold rise in the
carbonyl index reflecting the degree of degradation. Additionally, the study highlighted the enhanced
cytotoxicity of the degraded MPs, finding that these transformed particles caused significant increases in
lysosomal accumulation and mitochondrial damage. While the study effectively demonstrates the potential
of ZnO NPs in accelerating MPs degradation, it does not provide a direct percentage of removal efficiency,
focusing instead on the structural changes and biological impacts of the degraded products.
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Fenton process

The Fenton process is an advanced oxidation process involving the reaction of H,O, with ferrous iron (Fe*')
to produce hydroxyl radicals, which are potent oxidizing agents. These radicals can degrade a wide range of
organic pollutants. The Fenton process is particularly noted for its effectiveness under acidic conditions and
its ability to achieve high removal efficiencies.

He et al. (2017) discuss the synthesis and application of a bifunctional hollow mesoporous catalyst for the
degradation of TBBPA. The Fe’CMnFe,O, catalyst was used in combination with hydrogen peroxide (H,0,)
and hydroxylamine (NH,OH) to degrade TBBPA in aqueous solutions. The experiments demonstrated that
the catalyst could achieve a removal efficiency of up to 90% within 120 min under optimal conditions,
particularly at a neutral pH and with a catalyst dosage of 0.3 g/L. The degradation mechanism involved both
reductive debromination and oxidative mineralization processes, facilitated by the generation of hydroxyl
radicals (+OH) from H,O, activated by the catalyst. Additionally, the Fe’CMnFe,O, catalyst showed good
stability and reusability, retaining nearly 80% of its removal efficiency after 10 cycles of use. These findings
suggest that the Fe’CMnFe,O, catalyst is a promising candidate for the effective degradation of persistent
organic pollutants like TBBPA, with potential applications in environmental remediation"*. While the
results are promising, the study focuses on optimal conditions without testing the catalyst’s robustness in
varied environmental scenarios, limiting its real-world applicability. Additionally, the paper lacks an
analysis of potential byproducts and long-term catalyst performance in complex wastewater conditions.

To demonstrate the potential of the thermal Fenton reaction for effective environmental remediation of
MPs, Hu et al. showed that the hydrothermal Fenton system achieved a 95.9% weight loss of ultrahigh-
molecular-weight polyethylene (UHMWPE) MPs within 16 h and 75.6% mineralization in 12 h"*\. This
efficiency is due to the synergistic effects of hydrothermal hydrolysis and hydroxyl radical production,
which break down polymer chains through a two-stage process of chain unfolding and oxidation. The
system effectively degrades various plastics and maintains its performance in real-world water samples,
including tap, river, and seawater. Toxicity tests with Escherichia coli confirmed that the degradation
intermediates are non-toxic, highlighting the system’s environmental safety.

Electro-oxidation

Electro-oxidation is an electrochemical process where electrical energy is used to generate oxidizing agents
directly at the anode surface or indirectly in the bulk solution. This method is effective in treating various
organic pollutants, including MP additives.

Ji et al. investigated the impact of micelle formation on the electro-oxidation degradation of NEPOs using a
Ti,O, anode"'". Micelle formation was found to significantly inhibit NEPO degradation by creating steric
hindrance that prevents hydroxyl radicals from effectively attacking NEPOs. Despite this, the anode
achieved 92% degradation within 1 h, with the primary degradation occurring through the cleavage of the
Caryl-Oether bond, producing ethoxylated chains and polyethylene glycols (PEGs) as byproducts. Ning
et al. assessed the effectiveness of a CeO,-doped PbO, anode in degrading polyvinyl chloride microplastics
(PVC-MPs) through an electrochemical oxidation process'"'?. The experiment explored various operational
parameters, such as temperature, current density, pH, initial concentration of PVC-MPs, and electrolyte
concentration, to determine their impact on degradation efficiency. The main findings revealed that the
CeO,-PbO, anode exhibited superior electrocatalytic activity, achieving a degradation rate of 38.67% after
6 h of electrolysis under optimal conditions. The results showed that higher temperatures, current densities,
alkaline pH levels, lower initial concentrations of PVC-MPs, and higher electrolyte concentrations
significantly enhanced the degradation process.
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The degradation rate achieved is relatively low, especially considering that it was obtained under optimal
conditions, with careful adjustments made to key parameters like temperature, current density, pH, and
electrolyte concentration. Furthermore, the time required to reach even this limited level of degradation is
quite lengthy, which further diminishes the process’s practicality for large-scale applications.

Sonocatalysis

Sonocatalysis involves the use of ultrasonic waves to enhance the catalytic degradation of pollutants. The
ultrasonic waves generate cavitation bubbles, which, upon collapse, produce localized high temperatures
and pressures, leading to the formation of reactive radicals. This method has shown high efficacy in the
degradation of organic pollutants.

A hybrid AOP was developed by combining persulfate (PS) activation with nano zero-valent iron (nZVT)
supported on reduced graphene oxide (rGO), all enhanced by ultrasound (US). The experiment involved
optimizing various parameters, including pH, reaction time, PS concentration, nZVI-rGO dosage, and US
power, to maximize the degradation efficiency of NP.

The main findings of the study revealed that the optimized PS/US/nZVI-rGO system achieved a high NP
removal efficiency of 98.2%. This result demonstrated a significant synergistic effect compared to other
systems lacking one or more of these components. The research also identified the degradation pathway of
NP, confirming that sulfate radicals (SO,”) generated during the process played a predominant role in
breaking down the NP molecules. The study concludes that the PS/US/nZVI-rGO system is a highly
effective and promising method for treating organic pollutants in water, offering potential for
environmental remediation applications""”. While the study effectively demonstrates the potential of
combining PS activation, nano nZVI supported on rGO, and US for the degradation of NP, it does not
sufficiently explore the scalability of the process or the economic feasibility of implementing such a system
on a larger scale, which are critical factors for practical environmental remediation. The potential
environmental impact of the byproducts generated during the degradation process is also not thoroughly
examined, particularly regarding the long-term safety of this approach.

Ioannidi et al. (2024) investigate the use of palladium-cerium oxide (Pd/CeO,) as a catalyst for the
sonocatalytic degradation of BPA in water. The study focuses on understanding the degradation process,
identifying the transformation products formed, and assessing the toxicity of these products. The main
findings of the research indicate that the Pd/CeO, catalyst significantly enhances the degradation of BPA
when combined with US, achieving a degradation efficiency of 95% within 60 min. The process was
influenced by various operational parameters, including US power and catalyst loading. The study also
identified nine transformation products formed during the degradation process, some of which exhibited
reduced toxicity compared to the parent compound BPA, although a few remained toxic*..

This work highlights the potential of using sonocatalysis with Pd/CeO, nanoparticles for the effective
degradation of BPA, while also underscoring the importance of understanding the environmental impact of
the resulting byproducts. However, while the focus on BPA is important, the study’s limited scope does not
account for how this system might perform with other pollutants. Furthermore, while the optimization of
operational parameters is discussed, the study does not fully examine the interactions between these
parameters, which could provide valuable insights for improving process efficiency. Addressing these
limitations would strengthen the study’s relevance and applicability for broader environmental remediation
efforts. Anastopoulos et al. investigated the use of palladium-cerium oxide (Pd/CeO,) for the sonocatalytic
degradation of BPA in water, achieving 95% degradation within 60 min""". The study identified nine
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transformation products, some with reduced toxicity. While the research demonstrates the effectiveness of
Pd/CeO, in degrading BPA, it lacks examination of other pollutants and the interactions between
operational parameters, limiting broader environmental applicability.

Catalytic oxidation

Catalytic oxidation processes involve the use of catalysts to accelerate the oxidation of pollutants, often
using agents such as oxygen, ozone, or hydrogen peroxide. These processes are highly effective in degrading
various organic compounds.

A study conducted by Zanaty et al. (2024) explores the use of a novel nanocomposite for the catalytic
oxidation and removal of MPs. The research focuses on the effectiveness of this material in breaking down
pollutants, demonstrating high removal efficiencies with 97% degraded through catalytic oxidation.
Additionally, the study highlights the nanocomposite’s recyclability, retaining 78% efficiency after six cycles,
positioning it as a promising candidate for sustainable water treatment'?,

While the study presents promising results, the study does not provide a detailed analysis of the potential
environmental impact of the degradation byproducts, which could be significant in real-world applications.
Furthermore, the recyclability of the material does not examine the potential loss of catalytic activity over
extended cycles, which could affect its practicality for large-scale use. Addressing these limitations would
provide a more robust understanding of the nanocomposite’s applicability and effectiveness in real-world
water treatment.

The use of catalysts in AOPs for the degradation of MPs in water, when enhanced with metals like Ag or Pt,
is highly effective in generating reactive radicals such as hydroxyl radicals (+\OH), which play a crucial role in
breaking down MPs into smaller, less harmful fragments. The research highlights that photocatalytic
systems such as TiO, and ZnO can achieve near-complete degradation of certain MPs under optimal
conditions, with reported efficiencies approaching 100%. The study also explores the potential of hybrid
catalyst systems, which combine different catalytic materials to further enhance the degradation efficiency,
making these processes promising for real-world water treatment applications'”. However, while the
catalytic approaches show great promise, the discussion also points to the need for further research to
address challenges such as the potential formation of secondary pollutants and the economic feasibility of
large-scale applications. Figure 3 summarizes the treatment methods employed for MPs and their additives.

Approach to combined treatment methods

In the effort to improve the efficiency of water treatment processes in removing MPs, it has become evident
that no single treatment method can address all the challenges effectively. Therefore, implementing a
combined treatment approach becomes crucial to enhance the removal of MPs and their additives, reduce
operational costs, minimize environmental impact, and improve overall water quality. To provide a clear
overview, Table 1 summarizes the advantages, disadvantages, and removal efficiencies of various membrane
technologies employed in removing MPs, while Table 2 summarizes the methods of AOPs. Integrating UF
with AOPs, specifically TiO, Photocatalysis, offers an efficient solution. UF is well-regarded for its capability
to remove a broad spectrum of MPs due to its diffusion mechanism. However, UF membranes suffer from
fouling, where organic matter and other impurities accumulate on the membrane surface, thereby reducing
their efficiency and lifespan. TiO, photocatalysis can mitigate this issue by using titanium dioxide as a
catalyst and it is also able to degrade the additives of MPs efficiently. This process prevents the
accumulation of organic matter on UF membranes, enhancing the removal efficiency of both MPs and
organic contaminants, while reducing the need for frequent membrane cleaning and maintenance. This
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Figure 3. Treatment methods for MPs and additives. MPs: Microplastics.

combination results in a more comprehensive and efficient water treatment system.

Similarly, combining NF with MBR presents a synergistic approach to water treatment. NF is effective in
removing smaller MPs and various other contaminants due to its diffusive characteristics. However, NF
membranes are prone to fouling by organic matter and biofilms, which can decrease their effectiveness and
increase operational costs. MBR systems, which integrate biological treatment with membrane filtration,
can alleviate this issue. By integrating NF with MBR, the biological treatment reduces the organic load
before it reaches the NF membrane, thus minimizing fouling and extending the membrane’s lifespan. This
approach benefits from the high removal efficiency of NF while benefiting from the comprehensive
treatment capabilities of MBR. Figure 4 depicts the hybrid MBR UF/MF system with percent removal of
select MPs and MP additives.

RO and catalytic oxidation effectively eliminate organic pollutants and MP while resolving RO’s problems
with fouling and high operating pressure. Catalytic oxidation enhances performance while consuming less
energy and requiring less maintenance by decomposing chemical additives. This integration improves the
therapy’s efficiency and cost-effectiveness. Table 3 summarizes the cost-benefit analysis by contrasting the
initial, continuing, and maintenance costs of each strategy while emphasizing its overall efficacy and
environmental impact!®7>101010%115],

It can be deduced from Table 3 that although all three hybrid systems are effective, their costs vary from low
to high; therefore, the optimum choice will depend on the type of water. Surface water, which is regularly
contaminated by pollutants from runoff and organic debris, is the ideal application for the UF/AOP hybrid
system. For wastewater treatment, the MBR/NF system is recommended since it combines biological
degradation with fine filtration for comprehensive treatment. Because the RO/Catalytic Oxidation system
efficiently removes salts and contaminants to produce high-purity water, it is ideal for brackish and
seawater.
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Table 1. Advantages and disadvantages of various membrane technologies employed in removing MPs

Removal

Method .. . Advantages Disadvantages
efficiency
MF 94% to 100% - High removal efficiency for larger MPs - Less effective for smaller particles
- Low energy consumption due to low-pressure operation - Frequent cleaning and potential membrane
- Durable and stable membranes replacement due to fouling
- Efficiency affected by the density of MPs
UF 96% to 99% - High removal efficiency for a broad range of MPs - Higher energy requirements due to increased
- Longer membrane lifespan and resistance to fouling operational pressures
- Significant fouling issues, particularly with organic
matter
- Increased operational costs due to energy and
maintenance
NF 90% - Very high removal efficiency for smaller MPs - Susceptibility to fouling by organic matter and
- Lower fouling rates compared to MF and UF biofilms
- High initial cost and infrastructure expenses
- Limited removal efficiency for very small particles
RO 95% t0 99.9% - Extremely high removal efficiency for all MPs - Significant membrane fouling issues
- Comprehensive removal of various contaminants - High operational pressures and energy
consumption
- High initial and operational costs
MBR 99% - Very high removal efficiency for MPs - Significant membrane fouling

- Combines biological and physical treatment for
comprehensive contaminant removal

- Potential disruption to biological processes
- High operational complexity and costs

MPs: Microplastics; MF: microfiltration; UF: ultrafiltration; NF: nanofiltration; RO: reverse osmosis; MBR: membrane bioreactor.

Table 2. Removal efficiencies of MPs and their additives using AOPs

Treatment Pollutants Retn.o val Limitations

method efficiency

Photocatalysis NP 100% for NP Hydrophobic modification of TiO, suffers from long-term stability issues
Fenton process TBBPA Up to 90% Potential byproducts and their environmental impacts not thoroughly analyzed

UHMWPE  95.9% Long-term performance and environmental impact of degradation intermediates not fully

assessed
Electro-oxidation NEPOs Over 92% Micelle formation inhibits degradation. Controlled lab conditions may not reflect real-world
wastewater complexities. Lack of alternative mitigation strategies
MPs 38.67% Low efficiency and lengthy treatment time under optimal conditions
Sonocatalysis NP 98.2% Scalability and economic feasibility not explored. Environmental impact of byproducts not
thoroughly examined
BPA 95% Interactions between operational parameters not fully explored. Broader applicability and
environmental impact need further study
Catalytic MPs 97% Recyclability and loss of catalytic activity over cycles not thoroughly assessed

oxidation

AOPs: Advanced oxidation processes; NP: nonylphenol; TBBPA: tetrabromobisphenol; UHMWPE: ultrahigh-molecular-weight polyethylene;
NEPOs: nonylphenol ethoxylates; MPs: microplastics; BPA: bisphenol A.

Table 3. Cost-benefit analysis for each combined treatment method

Initial Operational Maintenance

Method

cost cost cost

Efficiency

Environmental impact

Hybrid UF + AOP (TiO,

High Moderate

photocatalysis)

Hybrid NF + MBR High High

Hybrid RO + catalytic

oxidation

Very high High

Moderate

Moderate to high

Moderate

Extremely high for all particles
and contaminants

Very high for smaller particles

Extremely high for all particles
and contaminants

Positive (less waste, moderate
energy)

Mixed (high resource use,
extended lifespan)

Mixed (high energy, reduced
fouling)

UF: Ultrafiltration; AOP: advanced oxidation process; NF: nanofiltration; MBR: membrane bioreactor; RO: reverse osmosis.
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Figure 4. Schematic of hybrid MBR-UF/MF treatment system. MBR: Membrane bioreactor; UF: ultrafiltration; MF: microfiltration.

REMOVAL MECHANISMS

Understanding the mechanisms of removal of MPs and MP additives from water and wastewater is essential
to ensuring the effectiveness of treatment methods and optimizing their performance. These systems can be
broadly divided into two groups: physical processes that trap and retain pollutants, and chemical processes
that convert pollutants into less recalcitrant forms.

Physical removal mechanisms are mainly highlighted using membrane treatment processes, where size
exclusion, adsorption, and in the case of RO and NF, ionic diffusion through the membrane. On the other
hand, the premise behind chemical removal in processes such as coagulation\flocculation involves the
addition of a chemical that forms bonds with the MP surface and later combines multiple particles due to
electrostatic interaction[Figure 5]"*. Guo et al. concluded that electrostatic interaction was the dominant
force between surface functionalized 2-acrylamido-2-methylpropane sulfonic acid polymer nanoparticle
and aluminum oxide particle in the flocculation process of MPs""*’. Furthermore, Khan et al. deduced that
coagulation of MPs is highly dependent on optimizing various factors such as coagulant type, dosage, pH,

121]

and the physical characteristics of MPs""*".

On the other hand, photocatalysis, Fenton reactions, and electro-oxidation involve the generation of
reactive species, mainly hydroxyl radicals, that break down MPs into less harmful byproducts.
Photocatalysis using TiO, can effectively degrade NP and other additives, converting them into harmless
byproducts. Figure 6 illustrates the breakdown of PVC using Fenton oxidation, where the hydroxyl radicals
produced electrochemically enable the breakdown of polymer chains into smaller, less harmful molecules,
ultimately converting them into CO, and H,0. To improve MPs’ environmental management, increase
treatment efficacy, and decrease the long-term impacts of MP-related pollution, further research into these
mechanisms is required.

FUTURE NEEDS AND GAPS

Future research needs to address several critical gaps in our understanding of MPs and their environmental
impact. Comprehensive studies are necessary to identify and quantify the primary sources of MPs and
understand their transport mechanisms from these sources to aquatic and terrestrial environments. This
requires robust models that simulate their movement through various environmental matrices, including
soil, water, and air. Additionally, the long-term ecotoxicological impact of MPs on different levels in aquatic
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Figure 5. Schematic of coagulation/flocculation of MPs. MPs: Microplastics.
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Figure 6. Breakdown of PVC using Fenton oxidation. PVC: Polyvinyl chloride.

and terrestrial ecosystems needs further exploration, especially regarding chronic exposure effects on
organisms and potential bioaccumulation and biomagnification in food webs. While MF and UF are
effective in removing MPs, fouling remains a significant challenge, highlighting the need to develop anti-
fouling coatings and self-cleaning membranes to enhance system longevity and efficiency. Integrating UF
with AOPs has shown promise in degrading MPs into harmless byproducts, and future research should
optimize these systems for large-scale, cost-effective, and environmentally sustainable applications. The
development of mixed matrix membranes (MMMs) that incorporate adsorbents for enhanced MP capture
represents a significant advancement, necessitating further research into novel materials that offer higher
selectivity, durability, and resistance to fouling. Conducting pilot-scale studies in diverse environmental
settings will provide valuable data on the practical feasibility, efficiency, scalability, and environmental
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sustainability of these hybrid systems, ensuring reliable implementation for comprehensive water treatment.

LCA OF MPS AND THEIR ADDITIVES

A substantial gap persists in the understanding of the full life cycle of MPs and their additives, from
production to environmental degradation and remediation, necessitating LCA studies. At every stage of the
MP life cycle, LCA provides a framework for evaluating the environmental costs of extracting and
manufacturing raw materials, using them, disposing of them, and causing environmental degradation. MPs
are a particularly serious environmental issue because they remain in ecosystems and emit toxic substances
that may have negative effects on biodiversity and human health. Addressing this issue requires assessing
the carbon footprint of MPs and their additives, including their production, usage, and disposal, which is
crucial for quantifying associated greenhouse gas emissions and developing strategies to minimize their
environmental impact. A novel method for incorporating patent literature into projected LCAs has been
presented by Spreafico et al."”. Through the identification of innovative eco-design solutions and state-of-
the-art technology in MP collection and treatment, this method provides a more forward-looking
assessment of the environmental effects. By incorporating patent analysis into LCA, future advancements in
MP remediation, such as membrane filtering and AOPs, can be evaluated for their potential to significantly
reduce the environmental effect of MP-related technologies. This strategy helps close the gap between
current practices and the possible environmental advantages of technological advancement.

Applying proper LCA to MPs is still difficult because of data shortages and difficulties in assessing long-
term environmental repercussions, as many studies rely on imprecise data addressing MP release,
degradation, and ecological effects. Jiao et al. claim that the lack of consistent reporting makes it difticult to
conduct comprehensive assessments of the life cycle impacts of MPs"*. The persistence of MPs in
ecosystems and their capacity to generate toxic metabolites complicate evaluations. Future LCA research
must use multi-scale data and advanced modeling to more precisely predict MP behavior across ecosystems.
Policy frameworks that cover the whole lifespan of MPs from production to disposal will help foster
innovation in treatment technologies and reduce the environmental impact of MPs by expanding
knowledge and creating sustainable solutions.

CONCLUSION

In this study, we have comprehensively examined the issue of MPs and their additives, including their
sources, impacts, and treatment methods, highlighting key strategies for improving removal efficiency. MPs
and their additives pose significant ecological risks. Advanced treatment technologies, while promising,
require optimization and further research, especially concerning fouling and byproduct management. AOPs
and membrane filtration are two examples of treatment technologies that offer promising ways to mitigate
the environmental risks that MPs generate. By addressing problems like membrane fouling and optimizing
treatment processes, these technologies support sustainable water management techniques. However,
further research into novel materials is required to improve their performance and resistance to fouling. The
development of innovative materials and hybrid treatment approaches further enhances the practical
applicability of these methods in diverse environmental settings. The paper highlights the need for LCA
studies, which include carbon footprint analysis to develop mitigation plans, to assess the environmental
impacts of MPs and their additives over the duration of their lifecycle. Standardization of sampling and
reporting practices is necessary to ensure data consistency. Highlights of the paper include pointing out
significant research gaps and offering a thorough analysis of MPs’ causes, effects, and treatment modalities.
In conclusion, managing MPs necessitates advanced treatment technology, comprehensive environmental
evaluations, and strong regulatory frameworks. Effective treatment options are essential to safeguarding
both human and environmental health.
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