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Abstract 

Microplastics (MPs) are a highly pervasive environmental pollutant found in all 

components of our ecosystem: water, soil, and air. MPs are widely distributed in 

aquatic environments and threaten animal health, particularly human health. 

Wastewaters in treatment plants undergo treatments that raise questions about the 

discharge of these pollutants from the facilities. The project focuses on the 

development of an innovative patented industrial filter capable of safeguarding not 

only the environment but also health, aiming to reduce pollution from these micro-

contaminants. 

Wastewater samples were analysed both at the inlet and outlet of wastewater 

treatment plants (WWTPs) in eastern Sicily to determine MPs concentration major 

and minor 10 m in both inlet and outlet. The filter prototype was designed to be 

implemented at the outlet of WWTPs to retain MPs smaller than 10 m, the most 

abundant but also the most harmful to human and environmental health. 

Toxicological studies were conducted to analyse the toxic effects of MPs on mussels 

before and after the use of the prototype filter, which aims to capture MPs particles 

before they can be released into the environment, showing reduced toxicity with use 

of the filter. 

The project is ambitious, and it enabled the development of a new technology to 

combat environmental pollution from MPs, a topic widely debated in recent years due 

to ongoing environmental degradation caused by human activities.  
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Introduction 
 

Environmental pollution 

Environmental pollution affects ecosystems in all its forms, and it has threatened 

human health leading to a constant increase in human diseases. Pollutants therefore 

must be evaluated effectively to reduce their diffusion into the environment and the 

degradation of the entire ecosystem (Yang et al., 2021). 

Environmental pollutants include pharmaceuticals, antibiotic-resistant bacteria and 

genes, personal care products, pesticides and veterinary medicines and emerging 

pollutants, PFAS, microplastics (MPs), nanomaterials, heavy metals and 

radionuclides, nutrients, pathogens, and indicator organisms, as well as petroleum 

and hydrocarbons. Many continuously used chemicals are either persistent in the 

environment as they degrade slowly or pseudo-persistent due to continuous release 

into the environment. Since they are toxic, they represent serious threats to the 

human health, to the aquatic and terrestrial ecosystems. Knowing their fate, including 

occurrence, transport, degradation, toxicity, and bioavailability is necessary to protect 

the environment and human health from the harmful effects of these pollutants. The 

pathway including transport, fate, degradation, transformation, and treatment of 

PFASs (per- and polyfluoroalkyl substances), which are widely used, persistent and 

harmful to human health and the environment, are mostly unknown. There are 

growing concerns about the spread of antibiotics and antibiotic resistance genes 

(ARGs) in both aquatic and terrestrial environments as global antibiotic use have 

exceeded 100000 metric tons. The risks and fate of engineered nanomaterials are 

still being studied today. Furthermore, MPs are environmental pollutants, vectors of 

organic and inorganic pollutants, on which work is being done to understand their 
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role on the fate of other pollutants (Aryal et al., 2020; Danner et al., 2019; Donia and 

Carbone, 2019). 

Pharmaceutical drugs have become common consumer products due to their 

production and consumption, so much so that they become environmental pollutants. 

Pharmaceutical drugs are transferred to wastewater through human excrement and 

rinses, only partially eliminated through wastewater treatment plants, and this causes 

pollution in the hydrosphere, including drinking water, sediments, soils, the food 

chain, and plants. 

For example, antibiotics, antidepressants, and nonsteroidal anti-inflammatory drugs 

affect neurodevelopment, endocrine disruption, and molecular mechanisms, 

including epigenetic modifications (Vaudin et al., 2022). 

Environmental pollutants such as metals, phthalates, melamine, and air pollutants 

can increase the risk of chronic kidney disease (CKD) and accelerate the progression 

of the disease (Tsai et al., 2021). 

Many environmental pollutants such as elements in trace, persistent organic 

pollutants (POPs), endocrine disrupting chemicals, and volatile organic pollutants, 

cause epigenotoxicity, by deregulating gene expression, and promote disease by 

modulating the epigenome (Hu and Yu, 2019). 

Organic pollutants can include herbicides, insecticides, fungicides, and other 

pesticides that are potentially hazardous to the environment and health. Pesticides 

are common pollutants in soil (Neira-Albornoz et al., 2022). 

It has been shown that environmental pollution also affects fertility in all mammalian 

species. Females have the worst consequences as the number of germ cells present 

in the ovary is fixed during fetal life and the cells lack the ability to renew themselves. 

Any pollutant that affects hormonal homeostasis and/or the reproductive tract 
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inevitably impairs reproductive performance. This is such an important social problem 

that it cannot be overlooked (Canipari et al., 2020). 

Xenobiotic substances, whose word derives from the Greek “xenos” (foreign) and 

“bios” (living), are identified as toxins, they can also be unknown components in living 

organisms that should not normally be present. 

Bioaccumulation is a xenobiotic process in which increasing concentrations 

accumulate, this is due to a continuous accumulation due to a substance to which 

one is exposed. 

There are various types of xenobiotics, the natural ones are the chemical substances 

that are produced by a living organism mostly to defend itself, for example zootoxins, 

phytotoxins or bacteriotoxins, but there are also active biological amines such as 

serotonin. Xenobiotics can be divided into actives such as pesticides, paints and 

dyes, and passives such as additives or carrier molecules used to facilitate the action 

of the active components that are present in substances that have their own 

characteristics. 

Gaseous xenobiotics are for example benzene, pesticides, and are very easily 

transported in the environment. The various sources of xenobiotics are pollutants that 

are released directly into the surrounding environment, such as phenols, 

hydrocarbons, slowly degrading plastics, dyes, paints, pesticides, and insecticides. 

There are also indirect sources such as pharmaceutical compounds, non-steroidal or 

anti-inflammatory drugs, pesticides and herbicide residues that are released into the 

soil or environment. These pollutants can be incorporated into the food chain by 

bioaccumulation and biomagnification. Daily activities on a domestic or industrial 

scale cause the release of xenobiotics (Donner et al., 2010; Lazarevic et al., 2010). 

Harmful effects on the environment are also caused not only by pesticides, but also 

by heavy metal and phenols (Wasi et al., 2013). 
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Humans often are in contact with various chemicals through food, water and the air. 

There are laws to check for chemicals in drinking water. 

Some persistent and very often lipophilic xenobiotics in foods mostly of animal origin 

act as vectors. 

DDT, PCBs which are persistent lipophilic chlorinated compounds, dioxins and lead, 

mercury, and cadmium, identified as heavy metals, accumulate in livestock and lead 

to much higher concentrations than in the environment. Airborne chemicals such as 

inorganic acid anhydrides, such as SO2, SO3 or NOx, are often present in 

industrialized areas at levels dangerous to lung function in patients with asthma or 

chronic bronchitis. Other irritants present in the air are photochemical smog and 

ozone (Schlatter, 1994). 

The more modern lifestyle and the increase in industrialization has caused an 

increase in the diffusion of pollutants that are released from industries and domestic 

waste, threatening more and more living organisms. The presence of even small 

quantities of pollutants such as organic pollutants (OPs) and inorganic pollutants-

heavy metals (HMs) has significant effects. 

There is an urgent need to treat wastewater before it is used, many methods and 

materials have been developed and reported for the removal of pollutants from 

wastewater, for example the removal of OPs and HM using bismuth (Bi-based) 

materials due to their low toxicity and excellent properties compared to other metals 

(Perumal et al., 2022). 

Plastic pollution is an imminent and emerging problem due to the continued 

accumulation of post-consumer plastic waste in the environment along with poorly 

managed waste programs. The toxicity of plastics for the environment and organisms 

is related to their polymer chains but also to hazardous additives contained in the 



10 
 

plastic and to the ability of this material to adsorb environmental pollutants such as 

heavy metals and persistent organic contaminants, respectively. 

The combination of plastic/additives/pollutants can enter the food chain as it is 

ingested by marine organisms (Conti et al., 2021). 

MPs are emerging contaminants that have attracted global attention. They have the 

characteristic of combining through the ability to physically adsorb or react chemically 

with inorganic, organic and bio-pollutant pollutants, generating complex binary 

pollutants or modifying the environmental behaviour of these pollutants. 

MPs can adsorb heavy metals and organic pollutants, to enrich or release antibiotic 

resistance genes, to form "plastispheres" and interactions between MPs and 

microorganisms, to cause ecotoxicological effects and co-exposure with other 

pollutants (Song et al., 2022). 

POPs are a class of substances to be considered among the most critical today since 

they are organic compounds which are characterized by their resistance to 

degradation, the ability to bioaccumulate in the organism’s tissues and the ability to 

have significant negative impacts on human health and the environment. POPs also 

have the capacity to be resistant to degradation and remain for long periods in the 

environment, in fact they can be transported far from the place of production, this 

causes their worldwide distribution, including contamination of remote regions far 

from the place of production, use and disposal. The 2001 Stockholm Convention 

established a starting list of POPs, and a reduction and elimination of their production 

and use was recommended. The list includes twelve compounds, called "the dirty 

dozen", which lets together organochlorine pesticides and industrial compounds such 

as PCBs. Other compounds have been added later to this list, such as 

organophosphorus (OPs) pesticides, polyaromatic hydrocarbons (PAHs),  flame 

retardants, and recently, per- or poly-fluoroalkyl compounds (PFAS). Nevertheless, 
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this is not an exhaustive list of compounds, considering the huge number of 

chemicals synthesized and used for different purposes. 

The POPs origins are different. They can be intentionally released into the 

environment, such as the use of pesticides needed to control pests to prevent 

disease and improve agricultural production, or the use of other intensively produced 

chemicals in various industrial processes, such as PCBs, used as oils, as dielectric 

and cooling fluids in capacitors and transformers, and which have been 

unintentionally introduced into the environment as a result of spillage and 

evaporation at the end of life of various PCB-containing devices. POPs are a 

concern, as they are persistent in the environment; hence, they can be easily spread 

away from their original site. These compounds can bioaccumulate in the food chain 

due to their lipophilic properties and exhibit adverse effects ranging from acute to 

chronic toxicity. Several pathologies have been reported to be related to POPs 

exposure, such as allergies and hypersensitivity, cancer, reproductive disorders, 

central and peripheral nervous system damage, and immune system disruption. The 

ability of POPs to spread to distant locations from their release into the environment 

makes it impossible for a single government to take action to adopt strategies to 

protect the population or the environment from POPs, making these compounds a 

worldwide global problem. The European Union has banned the use of POPs 

through Regulation 2019/1021, which implements the necessary actions to eliminate 

their production and marketing. POPs are generally present in small quantities and, 

for this reason, the ability to detect POPs sensitively and selectively is a crucial 

information, and it is urgent to follow the presence of POPs in water and 

environmental contamination, as well as in food chains (Caroleo et al., 2022; 

Erickson, 2019; Tang, 2013). 
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Emerging pollutants have been included in the list of the NORMAN network 

(Norman-network, 2023). 

Emerging micro-pollutant contaminants (MIE in Italian) identify a potential source of 

risk for man and the environment and therefore it is necessary to implement specific 

actions to limit their spread. This involved a scrupulous analysis of treatment plants 

operation, both for wastewaters and for water designate for human consumption, 

which are basic safeguards for controlling the pollutants dispersion. 

MIE are all those substances defined for some years Contaminant of Emerging 

Concern (CEC, or emergent concern EC) which identify chemical substances not yet 

regulated, and some traces of these are found in environmental matrices   

(Richardson and Kimura, 2020). 

These substances have been identified over time through methods of analysis that 

are increasingly effective and performing in detection and concentration. At the same 

time, substances have been added to this list of emerging compounds because 

effects on the environment and human health are feared. They are compounding 

whose dangerousness has only now been questioned but not necessarily recently 

introduced substances. 

Emerging micropollutants identify several types of substances, encompassing a wide 

variety of compound families, including: 

• persistent organic compounds (POPs): PBDEs (polybrominated diphenyl ethers 

used as flame retardants and additives to plastics and foams), PFCs 

(perfluorocarbons) and other global industrial contaminants; 

• natural toxins (as microcystins etc.); 

• personal care, disinfection, or household cleaning products (PPCP); 

• drugs used in human and veterinary medicine (as antibiotics, hormones, etc.); 
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• psychoactive substances used by man such as caffeine, nicotine and drugs of 

abuse; 

• endocrine modifiers (EDC) which include estrogens, androgens, steroids or other 

compounds acting as endocrine disruptors (as DDE, PBDE), etc.; 

• nanomaterials (as nanoparticles of titanium dioxide) of which knowledge on the 

dangers and environmental effects is still very scarce. 

These organic nature substances have their own affinity for physicochemical 

properties, such as solubility in water, or the partition n-octanol/water, organic 

carbon/water, and solid/liquid, apart from nanomaterials and inorganic nature 

particles. 

The term Emerging Micro Pollutants (MIE) identifies all those substances that could 

be subject to future regulation depending on the monitoring data of their presence 

and persistence in several environmental compartments, their ecotoxicity and 

potential effects on human health. The term encompasses the most critical aspects 

of the issue for environmental pollution purposes and for the strategies that can be 

adopted. 

MIEs are a very broad category of substances such as hormones, flame retardants, 

pesticides, stain removers, waterproofing agents, products deriving from the 

degradation of drugs whose use cannot be prohibited, etc.  

This multitude of substances makes impossible to operate only at the source to 

reduce the loads that are released into the environment. 

It is not always easy to recognize their danger for these compounds, especially when 

the concentrations are very low, the fact of being emerging is due to the experiences 

that are still limited regarding the pollutants mentioned. Although the effects on health 

and environment have been studied for several years, there are few data on 
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interventions to reduce the concentrations of these substances in water 

(Krishnakumar et al., 2022; Sousa et al., 2018; Tartari et al., 2020).    

Emerging pollutants (EPs) are compounds and chemicals that recently have been 

identified as hazardous not only to the environment and ecosystems, but also to 

human health. Many of these emerging pollutants have not been regulated by 

national or international legislation, thereby exposing us to greater danger to our 

livelihoods. These pollutants put in a variety of compounds as: hormones, antibiotics, 

endocrine disruptors, steroids, drugs, chemicals, industrial additives, and even 

microbeads and microplastics. There are various sources of EPs ranging from 

industries, hospitals to agriculture and households. The outcome of the observations 

indicates that many of these compounds are highly toxic to aquatic life and human 

health. 

Emerging pollutants (EPs) achieve all environments (geo-, bio-, hydro- and 

atmosphere) from various anthropic sources and they are spread in all environmental 

matrices. EPs can be mobile and persistent in air, water, soil, sediment, and 

ecological receptors, even at low concentrations (Krishnakumar et al., 2022; Peña-

Guzmán et al., 2019; Sousa et al., 2018). 

Environmental pollution has been a constant concern lately due to urbanization, 

industrialization, population growth and waste mismanagement, particularly in the 

Asia-Pacific regions. 

Removing pollutants from environmental matrices is one of the main purposes to 

support the biosphere and human life, for this reason various very efficient, stable, 

and low-cost physical, physico-chemical, and chemical remediation processes are 

used compared to inorganic and organic materials and metals. 
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These remediation processes following the principles of absorption, degradation, 

oxidation, reduction, catalytic conversion, detection, and microbial toxicity are useful 

for pollution abatement in a future perspective (Srichandan et al., 2022). 

The environmental quality is reported by groups of indicators, the bioindicators, some 

of which have the task to underline the progressive impacts of different pollutants. 

Bioindicators are sensitive to any disorders in any environment. The ecosystem 

quality can be judged by an organism, which is in fact a pollution indicator and plays 

a importance role to monitoring its changes. Environmental changes can be reliably 

and cost-effectively assessed using indicator species such as ecological indicators. 

The environmental, ecological and biodiversity indicators fulfil their monitoring 

environmental quality goal (Asif et al., 2018).  

Highly harmful environmental pollutants such as heavy metals, pesticides and 

pharmaceuticals are detected by biosensors, highly sensitive specific tools (Hashemi 

Goradel et al., 2018).  

POPs are also assessment by optical sensor applications for the use of optical 

chemical sensors (Caroleo et al., 2022). 

Electrocoagulation (ECoag) is an efficient, high-potential, reasonably cost-effective 

and environmentally friendly technique for separating organic and inorganic 

pollutants from a various water sources (Al-Raad and Hanafiah, 2021). 

The use of sustainable lignocellulosic biomass in its natural and chemically 

functionalized form is another technique to remove inorganic pollutants. 

Modified biomass is more performant in biosorption to remove toxic inorganic 

pollutants at very low levels. 

This low-cost and readily available technique can be used to remove toxic pollutants 

from wastewater (Guleria et al., 2022). 
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The European Union has adopted a system that is able to carry out comprehensive 

control to protect the environment from pollution and improve the quality of European 

nature. Under this system, monitoring requirements and quality objectives are 

established, obliging Member States to monitor and evaluate the quality of air, water, 

soil, etc., as well as identify and reverse trends of environmental pollution. The data 

that is produced by environmental monitoring programs form the basis of the 

decision-making process (Ulberth, 2006). 

Economic development has harmed the ecological environment and human health. 

Corporate Environmental Responsibility (CER) and environmental regulations should 

find a balance to efficiently reduce environmental pollution and increase enterprises 

to carry out environmental responsibility activities.  

The mandatory disclosure policy of CER can significantly reduce environmental 

pollution and is a significant means. There is an inverted U-shaped relationship 

between environmental regulation and environmental pollution, which means that 

only when environmental regulation reaches a high level can environmental 

regulation be helpful in reducing environmental pollution. In addition, air pollution has 

a positive impact on the CER, so the increase in air pollution promotes more 

responsible behaviour on the part of the company for environmental protection. 

Also, there is an inverted U-relationship between environmental regulations and the 

CER, if the level of environmental regulation is appropriate, environmental regulation 

has a key role in promoting the CER (Wang et al., 2021).  
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Environmental matrices 

The entire ecosystem is continuously subject to pollution for all the environmental 

matrices. Pollutants have crossed the waters of lakes, rivers, seas, oceans, 

moreover, through the groundwater they have spread into the soil and, they have 

pervaded the entire earth's crust, succeeding to pollute air and polar circles. 

The pathways by which pollutants transfer through the matrices are biotransfer, 

factor toxicity, biomagnification, and bioaccumulation of different pollutants in air, 

water, and marine ecosystems (Chormare and Kumar, 2022). 

Water is an essential resource not only for the productivity of agricultural land, but 

also for personal hygiene, in such a way as to be a barrier against the spread of 

infectious diseases. The availability of fresh water is not taken for granted all over the 

world, more than 30 African and Middle Eastern countries do not have freshwater 

availability. The present trends relating to pollution and global climate change confirm 

and show us an exacerbation of the problem of managing this essential renewable 

resource. 

Water can transport many chemical substances and allows continuous exchanges 

between the biosphere, the lithosphere, and the atmosphere; therefore, it allows the 

correlation between fauna, flora, soil, and air. Water is therefore the "engine" of 

biogeochemical cycles. 

The water network is often severely compromised by environmental pollution. 

Heavy metals are a danger to humans, many are poisons for ecosystems and 

biological systems. Metals are a pollutant found in water basins and in the soil, the 

increased acidity of the soils causes the release of heavy metals found in the soil. 

This compromises both the functioning of ecosystems and the population health 

(Angelini and Pizzuto, 2007). 
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In marine, freshwater and soil ecosystems there are numerous pollutants including 

microfibres, whose toxicity is known to humans (Kwak et al., 2022). 

In the aquatic ecosystem, antibiotics are pollutants that are present even in low 

concentrations and are contaminants to the environment due to ineffective removal 

from water and wastewater (Homem and Santos, 2011). 

Emerging contaminants are present in all environmental matrices as they are not 

controlled or monitored in the environment (Puri et al., 2023). 

Microplastic has aroused growing concern as it has spread and concentrated in 

aquatic environments and specifically in the marine one, even if it is present in other 

environmental matrices, but although the documents supporting MPs pollution in the 

soil are lower, their presence in this environment and the ecotoxicological 

consequences of soil MPs can be confirmed without a shadow of a doubt (Robin et 

al., 2020; W. Wang et al., 2020). 

Groundwater resources are a depleting source of drinking water, due to continuous 

and constant anthropogenic, natural and hydroclimatic processes. Groundwater 

contamination is mostly due to organic contaminants such as pesticides, herbicides, 

and contaminants of emerging interest, but it is also due to the presence of inorganic 

contaminants such as arsenic and other heavy metals or caused by microbe and 

faecal contamination due to bad health management or still caused by fluoride and 

nitrate (Kurwadkar, 2019). 

The inorganic constituents of groundwater can be attributed to natural processes 

attributable to geological erosion, the characteristics of the aquifers, or human 

pollution. Organic pollutants can be attributed to human activities (Kurwadkar et al., 

2020). 

Pharmaceutical residues are prevalent in both aquatic and terrestrial environments, 

with commonly detected drugs including antibiotics, steroid hormones, analgesic, and 
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anti-inflammatory drugs, antihypertensives, and antidepressants (Puckowski et al., 

2016). The presence of these substances poses potential risks to ecosystems. 

Additionally, the release of various pollutants, such as dyes, heavy metals, 

pathogenic microorganisms, and organic compounds, contributes to the degradation 

of water quality (Saravanan et al., 2021). This environmental contamination can have 

detrimental effects on aquatic life, terrestrial ecosystems, and overall ecological 

balance. Efforts to address and mitigate these issues are crucial for safeguarding the 

health of ecosystems and the well-being of both aquatic and terrestrial organisms. 

Soil is a non-renewable natural reserve, its alteration can lead to the loss of 

biodiversity, to reduce the self-purification power, to reduce fertility and to alter other 

environmental matrices such as air, food chain and water (Ramakrishnan et al., 

2011; Triassi et al., 2020). 

The accumulation of waste and dangerous substances in the soil, which alter the 

composition and the chemical-physical and biological properties of the soil, endanger 

human health and ecosystems. 

Waste, landfills, civil settlements, production cycles cause soil pollution both from 

widespread activities on the territory, such as agriculture and from natural processes 

of diffusion of pollutants such as atmospheric deposition. 

Soil can also be contaminated with naturally occurring radioactive isotopes such as 

radon due to deliberate or accidental releases of radioactive material. Contamination 

can be punctual, i.e. due to the presence of a limited source or source of pollution, or 

widespread caused by forms of pollution extending over the territory. 

Punctual contamination is due to sites with polluting industrial settlements, or landfills 

without safety criteria, or sites with dangerous illegal waste or with toxic substances 

leaks. 



20 
 

The limited contamination of these areas can cause the pollution of the surrounding 

areas through the migration routes of the pollutants that manage to reach the surface 

and underground water network, the air, the food chain. 

Widespread contamination of soils is mostly due to the fallout of pollutants emitted by 

industries on the ground, but it is also due to various sources of pollution such as 

inadequate waste recycling techniques or inadequacy of water treatment, or intensive 

agriculture that does not respect the correct assimilation times, causing an inability to 

self-purify the soil. 

Disposability extended to goods that were once durable and the constant increase in 

consumption has increasingly compromised the environment, causing the 

introduction of an ever-increasing amount of waste that damages the environment 

and humans (Angelini and Pizzuto, 2007). 

Soil is considered the ultimate reservoir for most contaminants and rarely has only 

one contaminant. More than is generally recognized, environmental pollutants exist 

as mixtures (organic-organic, inorganic-inorganic and organic-inorganic). It is much 

more difficult to study chemical mixtures than individual chemicals, especially in the 

complex soil environment, as it is difficult to understand the toxicity of a chemical 

mixture on different microbial species. Long-term monitoring of the effects of pollutant 

mixtures on microorganisms, particularly in soil and aquatic ecosystems, has 

received little attention. More toxicological information on mixtures is needed, but 

there is also an urgent need to generate sufficient, adequate, and long-term 

modelling data that has greater predictability when evaluating the effects of pollutant 

mixtures on microorganisms (Ramakrishnan et al., 2011). 

The indices of heavy metal soil pollution confirmed that pollution is significant in 

urban and industrial areas due to human activities (Weissmannová and Pavlovský, 

2017). 
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Air is an environmental matrix that performs multiple essential functions for all life 

forms, animals, and plants, and it transmits multiple pollutants both anthropic and 

natural origin (Triassi et al., 2020). 

Environmental air pollution causes important consequences on human health as well 

as on the environment, the risk can be compounded for certain air pollutants on 

various groups of pathologies, with combinations of sex, age, season, etc (A. Wang 

et al., 2022). 

Air pollution caused by smoke from forest fires can reach high levels of danger for 

long periods of time. The association between PM 2.5 and living in a province that is 

continuously subject to these fires and cognitive function was studied. The negative 

influence of forest fires on human cognitive function has been noted (Jalaludin et al., 

2022). 

Although the Arctic Circle is a distant, wild, and difficult area for humans’ access, 

some studies have shown that pollution has also affected these distant and 

apparently unpolluted areas. 

The Arctic is exploited for its mineral resources, such as nickel (Ni), this pollutes the 

fresh waters of the Arctic, the assessment of this risk is complicated by the 

acceleration of climate change (Gauthier et al., 2021). 

Chemicals of Emerging Arctic Concern (CEAC) have been observed to be 

transported long-haul in the region. Monitoring of CEACs and POPs is needed for 

risk assessment in the Arctic (Sonne et al., 2021). 

Another contaminant found in the Arctic is MPs, whose ecotoxic effects are studied 

(Saeed et al., 2022). 

The Arctic fauna including seabirds and the entire marine ecosystem are facing 

severe stress factors due to plastic pollution which is now a ubiquitous contaminant 

(Benjaminsen et al., 2022). 
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Some potentially toxic compounds such as metals, acids, radionuclides and 

hexachlorocyclohexanes (HCH), persistent organochlorine compounds, have caused 

particular concern in the Arctic as these pollutants are reaching even the most 

inaccessible areas (Barrie et al., 1992). 

Phthalates are substances that alter endocrine system and, they are present in 

different environmental matrices such as atmosphere, natural environment, urban 

wastewater, and wastewater treatment plants. They have a major impact on matrices 

and public health (Bergé et al., 2013; Net et al., 2015). 

Due to extensive use and mismanagement, microplastics have attracted great 

attention from governments and the scientific community. MPs are an emerging and 

persistent environmental pollutant and are found on all substrates: soil, water, and 

atmosphere and through transport, microplastics are found in terrestrial, aquatic and 

atmospheric ecosystems, this demonstrates the circulation of MPs throughout the 

ecosystem. 

MPs interact with other environmental pollutants such as organic pollutants and 

heavy metals, this is an ecological risk that impacts organisms and environmental 

health (Xiang et al., 2022). 

The new environmental emergencies involving the Western environmental crisis 

have been highlighted on the Stockholm table with polluting emissions at the first 

place. 

The society is not sustainable, the world population is growing in number, there is 

more consumption, more waste and poverty, and less biodiversity, fewer forests, less 

drinking water to use, less soil and further ozone depletion in the stratosphere. 

Global changes are compromising essential primary goods such as water, air, soil, 

food resources and environment that is not harmful to human health (Angelini and 

Pizzuto, 2007).  
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Pollution and its effects on the environment  and health 

A pollutant is natural or unnatural material present in the environment at unnaturally 

high levels. The pollutant impact on the biosphere causes constant concern. 

Conventionally how a pollutant affects the biosphere has been characterized by 

easily quantifiable measures such as pH, biochemical oxygen demand (BOD), 

chemical oxygen demand (COD), and total suspended solids (TSS). However, these 

measurements are decidedly insufficient to estimate the full impact of a discharge on 

the biosphere. The metabolic biochemistry of the various life forms that populate the 

various ecosystems is very often directly influenced by various pollutants. If the 

biochemical impact is negative, the pollutant is toxic (Chisti, 2004). 

Environmental pollution, due to the contamination of air, water, and soil by human 

activity, is the leading cause of disease and death in low- and middle-income 

countries (LMICs). The World Health Organization (WHO) has estimated that 8.9 

million people die each year from pollution-induced diseases, including 8.4 million 

(94%) in poor countries. 

In the world's poorest countries, the predominant pollution form has been indoor air 

pollution and contaminated drinking water.  Air pollution, toxic chemicals, pesticides, 

and hazardous waste are the predominant environmental risks in the richest 

countries. 

Toxic chemicals are an increasingly important cause of pollution worldwide and they 

are linked to a wide range of diseases. 

Pollution can be controlled. High-income countries have identified and controlled 

many of their worst environmental pollution problems. They developed feasible, cost-

effective, and replicable strategies that reduced the incidence and prevalence of 

pollution-induced disease. 
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Pollution control produces great economic benefits (Laborde et al., 2015; Landrigan 

and Fuller, 2015). 

The health of the population is exposed to a risk, and this has been demonstrated by 

various ecological studies, case-control studies with individual interviews and 

analyses of human samples, risk assessment or cohort studies. A correlation has 

been demonstrated between pollutants present in water and soil and the 

development of cancer (Lillini et al., 2021). 

Coastal and ocean pollution in agricultural fertilizers, manure, wastewater and 

industrial waste, and large islands of waste plastic floating around have a major 

impact on marine life. 

Terrestrial ecosystems, on the other hand, are contaminated by heavy metals and 

organic chemicals that can be absorbed and accumulated in cultivated plants and 

groundwater is highly contaminated by untreated industrial waste. Poor air quality 

has become a significant global problem and not exclusive to major industrialized 

cities as deadly particulate matter can travel far. This causes a dramatic deterioration 

of our ecosystem and biodiversity and an increase in degenerative or man-made 

diseases (Canipari et al., 2020). 

MPs are contaminants that pollute the environment and influence the health of 

organisms. Humans and other organisms can passively ingest or transport MPs, and 

MPs can have a variety of adverse effects on metabolism, function, and health. 

MPs, due to their large surface area, can adsorb various pollutants, including heavy 

metals and persistent organic pollutants, with serious implications for animal and 

human welfare (Chang et al., 2022).  

Plastic pollution in bays, which serve as the intersection between marine and land 

systems, has significant ecological effects. 
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MPs have ecotoxicological effects on the environment and on living beings. 

Microplastics with dimensions <2 mm has been found in various organisms that 

inhabit the bays. 

The toxicity of plastic particles has a decisive impact on the enzymatic and 

transcriptional activity, growth, development, reproduction, and mortality of marine 

organisms, but they are also capable of damaging the digestive tract of some 

organisms including humans as well as to inhibit growth, feeding and reproduction 

(Tong et al., 2023; Wu et al., 2020). Not only microplastics, but especially 

nanoplastics, seem to have a toxic effect for aquatic and terrestrial animals with 

respect to micro and macro particles (Ramasamy and Palanisamy, 2021). 

The concentration of toxic pollutants in the aquatic environment has increased due to 

natural and human anthropic activities. 

Toxic pollutants can damage the functional and structural properties of some 

essential organs in humans such as the heart, kidneys, pancreas, liver, reproductive 

system. 

Biosorption is a technique that is being used to remove toxic contaminants from the 

aquatic environment (Saravanan et al., 2022). 

Documented pollution due to the presence of contaminants dangerous to the 

environment and public health is an urgent problem to be addressed, for this reason 

new treatment methods are being studied that can eliminate toxic pollutants such as 

the use of extremophile microorganisms (Jeong and Choi, 2020). 

Persistent organic pollutants (POPs) are threatening coastal wetlands such as 

seagrass beds, mangroves, and salt marshes due to increased pollution from human 

pressure. It has been seen that these pollutants tend to have a bioaccumulative, 

pervasive and ecotoxic behaviour, and this makes these ecosystems very fragile 

(Girones et al., 2021). 
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Environmental pollution appears to be associated with the onset of kidney disease, 

particularly air pollution, heavy metal pollution and other environmental risk factors. 

Kidney vulnerability is triggered by the fact that environmental toxins concentrating in 

the kidney during filtration (Xu et al., 2018). 

There is a close correlation between air pollution and mental health effects. A 

positive association has been demonstrated between long-term exposure to fine 

particulate matter and depressive symptoms and cognitive decline (King et al., 2022). 

Air pollution is related to an increase in asthma and allergic morbidity, linked to 

allergic respiratory diseases and an increase in oxidative stress (Riedl, 2008). 

The rate of human infertility is increasing, and it is thought to be due to environmental 

contaminants such as organic solvents, heavy metals, endocrine disrupting 

chemicals and pesticides (Ma et al., 2019). 

These studies show a clear correlation between pollution and the effects it induces 

on the environment and on the health of organisms. 
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Wastewater and the Environment  

Wastewater is a waste product of industrial and urban water that is conveyed into 

purification systems capable of eliminating part of the toxic substances before they 

are reintroduced into the environment. The ecosystem can accumulate over time all 

the contaminants that are not eliminated correctly. Its perfect balance could be 

compromised over time by anthropization and industrialization which makes it difficult 

to maintain these natural balances, as important as they are fragile. 

 

Wastewater: characteristics and constituents 

Wastewater identifies a waste product of industrial or urban origin, the wastewater is 

conveyed to specific purification plants which allow the elimination of some toxic 

substances before being reintroduced into the ecosystem. The environment has the 

peculiarity of accumulating all the contaminants that are not disposed of correctly. 

Industrialization and anthropization can compromise the natural balance of the 

ecosystem. Gray water is domestic wastewater which excludes toilet waste, and they 

are low load excluding kitchen and laundry water and high load water which includes 

kitchen and laundry water (Boyjoo et al., 2013). 

Industrial wastewater characteristics are variable and depend on the type of industry 

and industrial process used. 

Domestic wastewater contains 99.9% water and only 0.1% organic, inorganic solids 

and microorganisms which cause pollution, for this reason the wastewater must be 

treated. The composition of wastewater is related to the use of these waters, the 

climate, the economic and social situations, and the habits of the population. The 
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parameters that define the wastewater are the physical, chemical, and biological 

characteristics (Sperling, 2007).  

Physical characteristics are colour, odour, solid and temperature. 

The colour is a physical characteristic of the wastewater indicative of age, the colour 

is usually grey if the wastewater is fresh, otherwise the coloration becomes black. 

Industrial wastewater can contain coloured substances. 

Odor is another physical characteristic due to decomposition products of organic 

matter. Fresh wastewater has a typical slightly unpleasant odour compared to stale 

septic wastewater which smells like hydrogen sulphide produced by anaerobic 

microorganisms. Industrial wastewater odours may have odorous or odour-producing 

compounds in the treatment process. 

Total suspended solids are all undissolved substances present in the wastewater that 

remain after evaporation at 103-105°C and can affect the oxygen resources of the 

stream. 

The solids are retained by a membrane filter and can also be cloudier due to the 

presence of silt. High concentrations of solids can cause adverse effects on 

receptors (FAO, 1992; Muttamara, 1996; Triassi et al., 2020).  

Contaminants in the wastewater, except for dissolved gases, represent the solid 

load. Solids are classified by size and state (non-filterable suspended solids and 

filterable dissolved solids), are classified by chemical characteristics (volatile organic 

solids and inorganic fixed solids), and they are classified by liquidability (settleable 

suspended solids and non-settleable suspended solids) (Sperling, 2007). 

Temperature is another physical characteristic of wastewater and varies from 10°C to 

21°C depending on the geographical location. 

https://www.fao.org/3/t0551e/t0551e03.htm
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This parameter has an important effect on aquatic life, biological and chemical 

reaction rates as well as gas solubility limits. The higher temperatures cause an 

increase in unwanted species such as planktonic species and fungi. 

Chemical constituent of wastewater are organic materials, inorganic materials, and 

gases. 

The organic compounds found in wastewater are combinations of carbon, oxygen, 

and hydrogen, and sometimes nitrogen, as well as iron, phosphorus, and sulphur. 

Proteins are present at 40-60%, carbohydrates at 25-50%, fats and oils at 10%. 

Urine is the constituent of wastewater, the easily biodegradable matter reduces 

oxygen resources, while the non-biodegradable one complicates the purification 

processes and can give colour and odour to the receiving water as well as toxic 

effects on aquatic organisms. 

COD (Chemical Oxygen Demand) is a measure of the amount of matter in 

wastewater that depends on the oxygen needed to oxidize it. COD is inversely 

proportional to the self-purification capacity of a water body. 

TOC (Total organic carbon) is a measure of the amount of carbon that binds to 

organic matter. 

Inorganic compounds of wastewater are hydrogen ions, chloride, nitrogen, sulphur, 

heavy metals, compounds causing alkalinity and phosphorus. 

Nutrients in normal concentrations are not offensive. Phosphorus in natural waters is 

present in very low concentrations compared to nitrogen or carbon. Phosphorus is 

needed in low concentrations to support algae growth. 

Gases in wastewater include oxygen, nitrogen, carbon dioxide, ammonia, hydrogen 

sulphide, and methane. 

More attention is given to the concentrations of hydrogen sulphide, oxygen, and 

methane. 
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Wastewater biological constituents are viruses, Protista, plants and animals. 

BOD (Biochemical Oxygen Demand) indicates the necessary oxygen capable of 

stabilizing the organic matter by microorganisms. 

NOD (Nitrogen Oxygen Demand) indicates the amount of oxygen that is required to 

convert organic and ammonia nitrogen into nitrates by nitrifying bacteria. 

The micro and macroscopic plant and animal species present in a receiving water 

body should be a final test of the effectiveness of wastewater treatment. 

The organisms that are generally present in wastewater are zoos and phytoplankton, 

periphytum, fungi, algae, viruses, helminths, archaea, macroinvertebrates, 

macrophytes and fish. 

Bacteria and protozoa are the key to normal treatment plant, bacteria in the presence 

of sufficient dissolved oxygen convert soluble organic matter into new cells and 

inorganic elements, these are substrates for higher orders of living things, causing a 

reduction of organic load by the accumulation of more complete organisms and/or 

removal. 

Enteric viruses can be waterborne and are present in domestic wastewater (FAO, 

1992; Muttamara, 1996; Triassi et al., 2020). 

The sewage is directed to the sewage system and there are external sewage 

systems, separate sewage systems and on-site sewage systems. 

The separate sewage system separates rainwater from sewage by independent 

pipes and it is used in various countries. 

Combined or unitary sewage system conveys storm water and wastewater together, 

in this case wastewater treatment plants (WWTPs) also take storm water into 

consideration. Latrines and septic tanks are the best solution in some countries with 

a low population density such as in rural areas. 

https://www.fao.org/3/t0551e/t0551e03.htm
https://www.fao.org/3/t0551e/t0551e03.htm
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Urban wastewater flowing into WWTPs is domestic wastewater, seepage, or 

industrial discharge. 

Domestic wastewater includes water from homes, businesses, and institutions. 

Infiltration of a sewer system can be caused by faulty manholes, joints, pipes, or 

fittings. The amount of water that infiltrates depend on various elements that come 

into play such as the diameters of the pipelines, the type of soil, the topography, the 

population density, the depth of the water table, the extension of the collection 

network and the drainage area.  

Industrial wastewater depends on the size and type of industry that disposes of the 

liquid waste. Industrial wastewater has a major influence on the planning and 

operation of a WWTP (Metcalf and Eddy, 1991; Sperling, 2007). 
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 Wastewater pollutants 

Wastewater, divided into domestic, industrial, and agricultural wastewater, if not 

treated, becomes a cause of pollution for the ecosystem, threatening the aquatic 

environment and human health. 80% of wastewater is eliminated into the 

environment without undergoing any treatment (Bogler et al., 2020; Chahal et al., 

2016; Wear and Thurber, 2015)(UNESCO, 2017; Diez et al., 2019). 

Coastal cities in low-income countries are a very significant source of wastewater 

pollution, even though higher-income cities are often not pollution-free, such as the 

United States, which spills more than 1.2 trillion gallons of effluents including 

industrial wastewater, stormwater, and raw untreated wastewater (EPA, 2001). 

Wastewater puts new contaminants, often unregulated, into the sea, the ocean's 

ability to dilute these contaminants is limited by increasing wastewater volumes. 

This has resulted in algal blooms harmful to marine ecosystems and humans, 

biological and physical damage to coral reefs, contaminated fisheries, increased 

mortality of shellfish and fish, as well as animal and human diseases resulting from 

pathogens such as chemicals toxic and heavy metals (Figure 1). 

 

   

Figure 1. Coastal wastewater pollution in 104 of 112 areas with coral reefs (Wear and Thurber, 2015). 
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Figure 2. Breakdown of sanitation coverage by region (top left) and sanitation ladder definitions (top 

right). Global and regional sanitation coverage from 2015-2020 (UNICEF, 2023).  

 

Despite progress, a large part of the world's population has no access to sanitation 

that can protect public health. In 2020, according to the WHO, 45% of the world's 

population has no access to sanitation and 6% practice open defecation (Figure 2). 

The Water, Sanitation, and Hygiene (WASH) sector is dedicated to protecting public 

health and the environment through equitable access to reliable and safe sanitation. 
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Wastewater pollution has impacts on oceans as killing marine life, destroying critical 

habitats, damaging human-dependent ecosystems, and seriously threatening human 

health. Typical human wastewater components are organic matter, viruses, bacteria 

(SARS-CoV-2 (COVID-19), Vibrio spp., Salmonella spp., Shigella spp., E. coli, 

Streptococcus spp. and Giardia spp.), parasites, freshwater, nutrients, suspended 

solids, endocrine disruptors, heavy metals, pharmaceuticals, and sediments. All 

these elements can affect marine ecosystems and when they act is synergistically, 

they reduce the chances of survival for many marine species (Bogler et al., 2020; 

Chahal et al., 2016; Wear and Thurber, 2015). 

Chemicals such as PCBs, parabens, estrogens, plasticizers, phthalates, pesticides, 

and detergents are endocrine disruptors found in wastewater. Endocrine disruptors 

alter the natural endocrine functions of organisms, such as growth, reproduction, or 

the immune response. 

There are various human pathologies related to water contamination, lack of safe 

sanitation causes diarrheal diseases. 

Contaminated wastewater contributes to a wide range of diseases such as 

schistosomiasis and hookworm disease, cholera, and diseases related to nitrate 

exposure. 

Contamination can be due to swimming exposure, an increase in Antimicrobial 

Resistance of pathogens, contamination of contaminated water, but also incorrect 

distribution and redistribution of water due to climate change, as well as Greenhouse 

Gases. 

There is an evident increase of antibiotic resistant pathogens as many diseases are 

treated generously with antibiotics that get into the wastewater and mix with the 

microbes, part of these pathogens is not killed by the antibiotic and thanks to 

genetics to resist lower doses of antibiotics, are selected and increase in abundance. 
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700000 deaths per year are caused by the increase of antibiotic resistance by 

pathogens, and the number tends to rise due to poor management of antibiotics, lack 

of sanitation and incorrect treatment of wastewater and of discharges into the 

environment (Mara et al., 2010; O’Neill, 2016). 

There is a relationship between wastewater pollution and greenhouse gas emissions. 

Wastewater treatment plants contribute energy consumption which corresponds to 

about 3% of global annual emissions (Tseng et al., 2016). 

The methane produced by these plants, 3% to 19% of global anthropogenic methane 

emissions, also contributes to the increase in greenhouse gases (Yang et al., 2017). 

Wastewater pollutants in the ocean impair the ability to absorb carbon in the 

atmosphere as coastal habitats known to be carbon sinks, which can store carbon in 

soil and plant material, are no longer capable of it due to of increased coastal 

pollution that increases microbial decomposition rates of soil organic material, 

thereby releasing more carbon than habitats can store (Bulseco et al., 2019). 

Climate change affects wastewater treatment plants, as if the plant receives too 

much rainwater quickly, it releases untreated wastewater into the environment to 

avoid overloading the system. The more frequent flash storms due to climate change 

has increased the pollution of untreated sewage released into the environment 

(Singh and Tiwari, 2019). 

Microplastics are emerging contaminants found in wastewater in wastewater 

treatment. 

The microplastics in the sludge can lead to problems in aerobic digestion as these 

microparticles are vectors for toxic substances such as antibiotics or organic 

pollutants (Zhang et al., 2020). 
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Wastewater pollution in receiving bodies can be caused by organic matter, 

pathogenic microorganisms, or eutrophication caused by phosphorus and nitrogen 

(Sperling, 2007). 

A significant source of pollution is represented by synthetic microfibres, which are 

considered an emerging pollutant and are the main source of microplastic pollution 

(Mishra et al., 2022). 

There are various techniques which tend to limit the emission of pollutants from 

wastewater into the environment. 

Cross-linked and immobilized cyclodextrin sorbents have excellent adsorption 

capacity, especially specific pollutants including metal ions, organic chemicals, 

pesticides, and drugs in wastewater (Tian et al., 2021). 

Bioremediation techniques are cost effective in totally decomposing organic 

pollutants without collateral damage to native flora or fauna  

(Vashistha, 2022). 

Phenols and various kinds of dyes polluting wastewater can be degraded efficiently 

by zirconia nanoparticle photocalizer (EGZrO2). This technique allows to eliminate 

common industrial pollutants present in wastewater (Farhan Hanafi and Sapawe, 

2019). 

A promising technology for treating toxic and non-biodegradable organic pollutants in 

industrial wastewater is catalytic wet air oxidation (CWAO) (Sushma et al., 2018). 

The biochar produced by sludge pyrolysis appears to be an excellent material which 

by adsorption can make a conspicuous contribution in the removal of pollutants such 

as metals, dyes, emerging pollutants, oils and nutrients (Rangabhashiyam et al., 

2022). 
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Regulations in force 

The Sustainable Development Goals (SDGs) were adopted in 2015 by the United 

Nations. With the new SDGs, WHO is looking at an ambitious vision to protect the 

planet and man by 2030. 

The 17 goals of the SDG replaced the Millennium Development Goals, agreed in 

2000, which focused on developing countries. 

The SDGs apply worldwide and are globally shared plans "to end extreme poverty, 

reduce inequality and protect the planet by 2030". 

Goal 6 "Ensure the availability and sustainable management of water and sanitation 

for all" and Goal 14 "Conserve and sustainably use the oceans, seas and marine 

resources for sustainable development" are relevant in reducing wastewater pollution 

and improving environmental and human health. 

These SDG goals are intended to minimize human health risks, combat disease, and 

will contribute to the stability, sustainability, and dignity of communities (SDGS, 

2023).  

Urban wastewater must be properly collected and treated according to EU standards 

as it is a major source of water pollution. 

The EU directive is more than 30 years old, since 1991 the quality of European lakes, 

rivers and seas has significantly improved. 

Wastewater collection systems have been implemented in EU countries, but due to 

pollution the Commission has proposed an update of the current legislation. The 

legislation aims to protect the environment and human health from the negative 

effects of untreated wastewater, to ensure that it is effectively collected, treated, and 

discharged. 
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The Urban Waste Water Treatment Directive (UWWTD) (Council Directive 

91/271/EEC, 1991) requires “the collection and treatment of waste water in all urban 

areas with more than 2000 people, secondary treatment of all discharges from urban 

areas with more than 2000 inhabitants and more advanced treatment for urban areas 

with more than 10000 inhabitants in catchments with sensitive waters pre-

authorisation of all urban wastewater discharges, agri-food industry discharges and 

industrial discharges in water collection systems urban waste monitoring of the 

performance of treatment plants and receiving waters controls on the disposal and 

reuse of sewage sludge and reuse of treated wastewater whenever appropriate”. 

The Commission on 26 October 2022 revised the directive aiming to reduce pollution, 

energy consumption and greenhouse gas emissions, improve water quality, improve 

access to sanitation, industry fee for the treatment of micropollutants, leading to an 

increased circular sector. 

The rules will save almost 3 billion € a year across the EU by 2040, reduce 

greenhouse gas emissions by more than 60% compared to 1990, reduce water 

pollution by over 365,000 tonnes, reduce microplastic emissions by 9%. 

Pollution from smaller cities, rainwater overflows and micro-pollutants such as 

residues of pharmaceuticals and cosmetics that end up in the environment and need 

to be treated are a source of pollution that is not covered by current regulations 

(Council Directive 91/271/EEC, 1991). 

Legislative Decree 152/2006 is the Consolidated Environmental Text, a legislative 

decree which in Italy protects waters from pollution and manages water resources. 

Part Three of the decree divides wastewater into three classes: domestic wastewater 

that comes from residential settlements, industrial wastewater, urban wastewater, 

and so wastewater that derives from the mixture of domestic water and industrial  

water. 
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White water is water from road run-off and rainwater, while black water is water 

intended for drinking, personal hygiene and water containing biological materials 

such as faeces and urine. 

The parameters that according to Legislative Decree 152/2006 establish the strength 

of the wastewater are the total suspended solids, the biochemical oxygen demand 

(B.O.D.5) and the chemical oxygen demand. 

Legislative Decree 152/2006 provides that total suspended solids have an emission 

limit value of 80 mg/L for discharge into surface water, and 200 mg/L for discharge 

into the sewer system; the B.O.D.5 has an emission limit of 40 mg/L of O2 for 

discharge into surface waters and 250 mg/L of O2 for discharge into the sewer 

system; the emission limit value of C.O.D. is 160 mg/L of O2 for discharge into 

surface water and 500 mg/L of O2 for discharge into the sewer system (DECRETO 

LEGISLATIVO, 2006; Triassi et al., 2020). 
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Purification systems 

The wastewater to be purified undergoes a purification system using wastewater 

treatment plants. 

Wastewater treatment involves the separation of suspended materials, the 

modification of biodegradable components, the separation and removal of dissolved 

substances and the disinfection of bacterial flora. 

The treatments are classified into pre-treatments, primary treatments, secondary 

treatments, and tertiary treatments. 

The pre-treatment has the objective of eliminating coarse solids through coarse and 

fine screening, trituration which breaks up the pieces of substances still present in 

the water, equalization or homogenisation which guarantee the regularity of the 

sewage in relation to the flow rate and polluting load, grit removal which removes the 

sand by gravity or centrifugation, and oil removal which separates the light 

components by settling or by blowing air. 

The primary treatment aims at the removal of sedimentable solids and part of the 

organic substance by means of sedimentation with which the deposition of 

sedimentable material occurs on the bottom of special tanks, but also by means of 

flotation which, with insufflation, isolates the solid substances suspended or in 

emulsion having density like water, and by chemical precipitation. 

Secondary treatment aims to remove organic matter and possibly nutrients (nitrogen 

and phosphorus) by mainly biological mechanisms such as percolating filters, 

activated sludge filters, filters with biological discs, in aerated and non-aerated 

lagoons, anaerobic digestion, sedimentation of biological sludge and disinfection. 

These processes are mostly biological and simulate natural purification phenomena 

with the aim of also reducing non-sedimentable substances. 
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The trickling beds have a 2/4 m trickling filter with crushed stone of increasing 

granulometry as one proceeds from the more superficial layers to the deeper ones. 

Within a week, a biological membrane with bacteria, fungi, protozoa, and algae forms 

on the crushed stone. This treatment produces a purified effluent of 80/90%. 

A similar mechanism is represented by biological disks, in which the biological 

membrane has rotating disks of plastic material as a support. 

Treatment with activated sludge involves the use of aeration tanks where the 

dissolved organic substances undergo oxidative processes by microorganisms, 

mostly bacteria, which organize themselves into colonies called "flakes of mud". 

These, through the adsorption and coagulation processes, favour the reduction of 

sedimentable solids and non-settled colloidal solids. 

Tertiary treatments are the set of chemical-physical processes with the aim of 

removing specific pollutants (usually toxic or non-biodegradable compounds) or of 

implementing the complementary removal of pollutants that have not been sufficiently 

removed in secondary treatment. Tertiary treatment is rare in developing countries 

and includes various steps including nitrogen abatement, dephosphating, 

clariflocculation, filtration, activated carbon adsorption, ion exchange, reverse 

osmosis, electrodialysis. 

Adsorption on activated carbon exploits the ability of some solid materials to adhere 

to their surface and retain the gaseous substances dissolved in solution present in 

the effluent. 

Coagulation favours the sedimentation of finely dispersed particles using aluminium 

sulphate, ferric chloride, sodium aluminate, etc. 

The oxidation-reduction allows to eliminate some compounds, while with the 

precipitation anionic and cationic species are added so that insoluble compounds can 

be formed which precipitate. 
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Reducing the load of phosphorus and nitrogen from a tributary is an indispensable 

operation to eliminate the problem of eutrophication which would cause an 

immeasurable increase in aquatic flora due to the massive presence of nutrients. 

At the end of the tertiary processes, the infective load of the effluents can still be 

large enough to require appropriate disinfection before being discharged into the 

receiving water bodies. 

Chlorination and ozonation are the best disinfection techniques available. 

According to Legislative Decree 152/2006, given the potential toxicity of disinfection 

treatments in surface water bodies, effluents with a residual chlorine content higher 

than 0.2 mg/L cannot be poured (Sperling, 2007); Triassi et al., 2020). 
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Microplastics  

Microplastics are a highly widespread emerging contaminant that has invaded all 

ecosystems (water, soil, and air), and today is having a major impact on the 

environment and human health due to its high diffusion and its degree of applicability 

in every field. This has prompted research to investigate and study this micro-

pollutant, so small but so widespread on Earth, in more detail. 

Characteristics, structure, and classification 

Plastics have been produced on a large scale since 1950s with exponential growth. It 

is estimated that in 2019 plastic production reached 368 million tonnes, in 2021 to 

391 million tonnes and will tend to increase in the future (Rochman, 2018). 

They are very versatile and economical materials exploited globally for all uses. 

Plastic is a word that derives from Latin "plasticus" meaning "able to model" and from 

Greek "plastikos" meaning "suitable for moulding". 

Plastic is a high molecular weight synthetic organic polymer compound made up of 

carbon atoms bonded by covalent bonds to other atoms, mainly nitrogen, hydrogen, 

and oxygen. 

Most plastic polymers are made from hydrocarbons derived from fossil fuels like 

gasoline, natural gas, and carbon. The organic compounds known as idrocarbures, 

which are used to produce plastic polymers, contain only the carbon and hydrogen 

atoms that are widely used as fuels. The molecular skeleton is formed by the carbon 

(C) atoms linked together, whilst the hydrogen (H) atoms radiate outward from this 

structure.  

Plastic is produced by means of polymerization processes such as polycondensation 

and polyaddition (Figure 3). 
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Figure 3. Polymerization reaction (Aiche, 2015). 

Chemical additives (additives and plasticizers) are added such as phthalates, 

brominated flame retardants, bisphenol A (BPA), dyes, odorants, stabilizers 

containing metals and non-intentionally added substances (NIAS) to maximize the 

yield of the plastic material and make it more ductile and elastic (Aurisano et al., 

2021; Bignardi et al., 2017; Gallen et al., 2014; McCombie et al., 2017; Negev et al., 

2018; Vert et al., 2012; Zimmermann et al., 2019). 

Plastic is a very versatile material, there are various types, among the most common 

in global production: polystyrene (PS), polyethylene (PE) or High-Density 

Polyethylene (HDPE) or Low-Density Polyethylene (LDPE), polyethylene 

terephthalate (PET), Polyvinyl chloride (PVC), polypropylene (PP), polyamide (PA) 

and polyurethanes (PUR). 

The Society of the Plastics Industry (SPI) established a classification system in 1988 

to enable the identification of various plastic types used in commerce in addition to 

the proper recycling purposes. A SPI code, only printed on the bottom, is inserted 

into each single plastic product by the manufacturers (Figure 4) (Vert et al., 2012). 
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Figure 4. SPI's (Society of the Plastics Industry) classification of plastic materials (Gupta, 2021). 

 

Based on their size, plastic debris in the environment can be divided into 

macroplastics (> 25 mm), mesoplastics (< 25 mm) and microplastics (< 5 mm) 

(Lebreton et al., 2018). 

MPs are defined as plastic particles ranging in size from 5 mm to 0.1 m. 
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Figure 5. MPs (a) pellets, (b) fibers, and (c) fragments) in several sizes (Blair et al., 2019). 

 

MPs can be classified according to their origin as primary MPs (industrial products, 

personal care products such as hand and face washes, toothpaste and cosmetics) or 

secondary MPs (derived from the erosion and fragmentation of larger plastic 

products such as ropes, packaging and clothing) the latter are the ones most present 

in the environment (Barnes et al., 2009; Cole et al., 2011; Hidalgo-Ruz et al., 2012); 

GESAMP, 2019). 

MPs are identified based on their shapes in microspheres, nurdles, fibres, foam, and 

fragments (Figure 5) (Hidalgo-Ruz et al., 2012). 

Plastic particles smaller than 0.1 μm are called nanoplastics (NPs), but information 

on them is limited since they are difficult to sample and detect, even if their presence 

in the environment has been proven (Peng et al., 2020; Schmid et al., 2021).   
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Commercial functions 

Plastic (microplastic) today is used in a multitude of sectors as it is a versatile 

material, the plasticity is the property that makes the plastic irreversibly deformable 

without breaking together with the low cost and, due to its chemical and physical 

characteristics, it is the most used material in the world. 

The shelf life is another feature of plastic product, which is around four years before it 

becomes garbage and, as a result, remains in the environment for a very long time 

(hundreds of years). 

79% is dumped in landfills, 12% of this garbage is burned and only 9% is recycled. 

Consequently, the environment is fragmented into microparticles with a high index of 

danger to human health (Auta et al., 2017; Brandon et al., 2016). 

The use of plastic materials includes packaging, construction, edification, 

transportation, the textile industry, consumer goods, electrical and electronic 

equipment, and industrial machinery. 

There are ongoing advancements in plastic materials that improve polymers and 

make them suitable for a variety of uses, including polymers with shape memory, 

self-healing polymers, and light-responsive polymers (Hammer et al., 2012). 

Nowadays plastic is used in any sector, for example in the aerospace sector to make 

vehicles such as planes, cars, boats, and trains lighter and thus reduce fuel 

consumption. 

The construction industry also requires ever-increasing use of plastics due to their 

excellent strength-to-weight ratio, affordability, durability, low maintenance, and 

corrosion resistance. 

Plastic is used in packaging as it is versatile, hygienic, light, flexible and highly 

resistant. It represents the largest use of plastic worldwide and is used in a variety of 
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packaging applications including containers, bottles, drums, trays, boxes, cups and 

vending machine packaging, baby products and protective packaging. 

Plastics are also used in electrical and electronic applications, in the automotive 

sector to produce bumpers, dashboards, engine parts, seats and doors, but also to 

generate energy in the production of wind turbines, solar panels and wave barriers, 

or in the production of furniture such as bedding, upholstery and home furnishings, or 

to make boat hulls and sails. 

Plastic is also exploited in the medical and health sector in the production of 

syringes, blood bags, tubes, dialysis machines, heart valves, artificial limbs, and 

wound dressings, and in the military sector to produce helmets, bulletproof vests, 

tanks, ships warfare, aircraft, and communications equipment (Figure 6) (Geyer et 

al., 2017).  

Figure 6.  Plastic production in tons per year for the various industrial sectors (Geyer et al., 2017). 
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There is a growing problem related to plastic waste, according to 2016 World 

Economic Forum (WEF) report, by 2050 there may be more plastic in the oceans 

than fish. 

Due to this, the linear approach to handling the plastic waste problem has given way 

to a circular economy model, with a rising need for recycled resin to be used 

alongside virgin resin in the plastic manufacturing process. 

The lack of stability between different virgin/recycled polymer combinations, which 

can cause temperature variations and inconsistent ease of flow due to the various 

pressure and temperature regimes in which the polymers are located, is one issue 

that is frequently linked to recycled content. Both virgin raw materials and recycled 

raw materials melt and cool at different temperatures (Getor et al., 2020).  
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Environmental effects of MPs 

Microplastics (MPs) are ubiquitous contaminants that have a large impact on the 

environment. In recent years, the presence and concentration of MPs in air, soil, 

marine and freshwater environments have been considered a matter of great 

importance. 

Consequently, the presence of MPs, their sources, and their characteristics, such as 

shape, size, polymer composition and density, influence their transport and final sink. 

Water flow from rivers and effluents, runoff from reservoirs, groundwater migration 

and wind resuspension, and atmospheric fallout are the major pathways. 

Environmental variables such as soil structure and composition, rainfall, wind, 

relative humidity, water temperature and salinity influence the size, shape, polymer 

composition and density of MPs (Alfonso et al., 2021). 

Marine and terrestrial environmental pollution caused by plastics has long been 

reported, attracting increasing public attention (Carpenter et al., 1972; Gregory, 

1978). 

The persistence and negative potential of MPs in ecosystems and fauna has spurred 

research in this direction (Gasperi et al., 2018; Ivleva et al., 2017; Lebreton et al., 

2017). 

MPs are generated from various sources and interact with all environmental matrices 

(marine waters, fresh waters, groundwater, sediments, soils, air), furthermore 

transport and transformations can have a multitude of paths (Figure 7). There are still 

few studies that deepen the knowledge of contamination in freshwater and soils 

(Blettler et al., 2018; Burns and Boxall, 2018; Gasperi et al., 2018; Li et al., 2018; 

Nizzetto et al., 2016; Rezania et al., 2018). 
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Figure 7. Sources, transport, accumulations, and fate of MPs in the environment (Wu et al., 2019). 

 

The terrestrial sources that contaminate the water are the wear and tear of the road 

surface and car tyres. City dust, i.e. the result of abrasion of various common plastic 

objects such as synthetic turf and shoe soles, contributes to MPs contamination. 

The water sources most involved in accumulation phenomena are instead 

represented by wastewater from washing, which are the major sources of primary 

MPs, civil or industrial wastewater, urban or agricultural runoff water and WWTPs. 

Wastewater collects various types of MPs used in the domestic and civil sectors such 

as textile fibres released during washing, wear products of plastic materials, gaskets, 

paints, and microspheres used in cosmetics, but also in the industrial sector such as 

drilling fluids, pastes carburizers containing PET microspheres, rust and paint 

removers using polyester scrubbers. 
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Drinking water is also contaminated by all the materials with which the water comes 

into contact, such as the components of the pipes and filters used in the purification 

plants (Corami et al., 2020; Eerkes-Medrano et al., 2019; Elkhatib and Oyanedel-

Craver, 2020; RIVM, 2016; Tang et al., 2020). 

Atmospheric deposits can also play an important role in the pollution of inland waters. 

Although there are few data on this topic and the transport mechanism of MPs in the 

air is not yet well understood, the tendency of these particles to migrate under the 

influence of the wind has been confirmed. 

Abrasive products from roads and tires have been described as land-based sources, 

synthetic fibres from clothing, plastics from building materials, and substances found 

in sewage sludge from water treatment plants, if left outdoors, can reach the 

atmosphere and then internal waters and seas. 

Furthermore, as happens in marine waters, even the fragmentation of large plastics 

can lead to the release of secondary MPs into the waters (Gasperi et al., 2014; 

Martellone et al., 2021). 

Polyethylene (PE), polypropylene (PP) and polystyrene (PS) are the most frequently 

reported plastic debris in surface waters worldwide. 

Sources of plastic in the ocean include fragmentation of large and macroplastic 

objects from rivers, currents, tides, winds, and catastrophic events, as well as 

sources in the sea, including contaminated cargoes, spills and fishing and 

aquaculture equipment . 

About 80% of marine plastic waste comes from land and is transported by rivers to 

the sea. 

MPs often with relatively low density have been found floating in the ocean. Today 

they are widespread in all the world's oceans, from the Pacific to the Mediterranean 
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Sea, from the most open to the most closed seas (Bell et al., 2017; Cózar et al., 

2014; Thompson et al., 2004; Welden and Lusher, 2017). 

Plastic can fragment due to photodegradation and oxidative and hydrolytic 

degradation that make it brittle, or also due to mechanical fragmentation from ocean 

wave motion. 

Turbulence in the upper layer of water can vertically mix the floating MPs, therefore, 

there is some vertical transport in the water column. 

Approximately 80% of marine plastic waste comes from land-based sources 

including poorly disposed plastics introduced through freshwater transport. 

MPs in fresh water including lakes and rivers come mainly from WWTP discharges 

along the coast. When MPs lose their buoyancy, they can sink and accumulate in 

sediments. 

Agricultural and urban soils can be more important environmental reservoirs of MPs 

than even the ocean. 

Secondary MPs in soils can result from the abrasion of plastic debris, including 

plastic mulch and accidental plastic debris, on the soil surface or within the soil 

profile. 

Higher density MPs are more likely to persist in soils and eventually be transported to 

a deeper soil layer; whereas MPs with lower densities are more susceptible to wind 

and surface runoff and to reach surface aquatic and terrestrial systems (Feldman, 

2002; Jambeck et al., 2015; Rillig, 2012; Wagner et al., 2014; Zylstra, 2013). 

On the other hand, MPs can improve the transport of persistent, bio accumulative 

and toxic substances. MPs can be a transport vector for toxic metals and persistent 

organic pollutants (POPs). Some of these compounds are added to the MPs during 

manufacturing, while others are adsorbed onto the surfaces of the MPs. Transfer of 
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contaminants from MPs to organisms has been demonstrated (Brennecke et al., 

2016; Gouin et al., 2011; Teuten et al., 2009). 

It has been estimated that about 70% of marine litter is deposited in sediments on the 

ocean floor. 

Hetero-aggregation and biofilm formation also play an important role in influencing 

the fate of MPs in water. Biofilm formation can make MPs sticky due to the matrix of 

extracellular polymeric substances, promoting the formation of hetero aggregates. 

Furthermore, downhill transport of MPs can be enhanced by the discharge of 

zooplankton faecal pellets (Cole et al., 2016; Nguyen et al., 2023). 

Microorganisms can be absorbed by MPs and prefer a tethered lifestyle rather than 

“free movement”. 

MPs have a large inert surface, enrich the nutrients dispersed in the environment and 

have a stability favourable to the growth, metabolism, and long-term survival of 

bacteria. MPs biofilm has been described as a “plastisphere”. 

MPs biofilm is more like a crowded micro-ecosystem where the chemotaxis of 

microorganisms determines whether the microbes in the "plastisphere" are suitable 

for survival on microplastics. 

The plastisphere has ever-changing biological communities, unique community 

compositions, and even unique genes relative to the aquatic environment, sediments, 

and other natural substrates. 

The plastisphere is generated by mutual selection between microplastics and 

microorganisms. 

The microbial composition of the planisphere depends on environmental factors such 

as seasonality, geographic locations, and other characteristics. 

MPs being a unique microbial habitat can support diverse microbial communities, 

modify the ecological functions of microbial communities, and have a profound 
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impact on ecosystems (Figure 8) (Amaral-Zettler et al., 2020; Y. Wang et al., 2022; 

Zettler et al., 2013). 

 

 

Figure 8. The impact of microplastics on the ecosystem (Y. Wang et al., 2022). 

 

MPs have also been observed in the abyssal and polar regions, highlighting the 

ubiquitous and exponential diffusion of this emerging contaminant. MPs have also 

been identified in ice cores in remote polar areas of the Arctic Ocean with a 

frequency of 93%–95%. 

In recent decades, there is an increasing trend in the global abundance and dispersal 

of MPs (Barnes et al., 2009; Lebreton et al., 2018; Lusher et al., 2015). 

MPs pose a growing threat to the environment and ecosystems due to their potential 

toxicity as well as their duration and persistence. 

MPs are easier for a wide variety of organisms to ingest due to their smaller size 

compared to macroplastics. Uptake of MPs by organisms such as lugworms, 
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mussels, amphipods, barnacles, sea cucumbers and fish has been demonstrated  

(Browne et al., 2008; Foekema et al., 2012; Law and Thompson, 2014). 

During the ingestion process, the physical components and their toxic chemicals of 

MPs can produce harmful effects on organisms. 

After ingestion MPs can transfer and release toxic chemicals, therefore, their toxic 

effects may be more severe with chemical injury than physical injury. These chemical 

injuries have been related to several adverse effects including carcinogenic and 

endocrine disrupting effects, decreased fish populations, reduced species uniformity 

and richness, decreased growth and reproduction on the freshwater amphipod, and 

significant effect on the fitness of the lugworm (Johnston and Roberts, 2009; Lithner 

et al., 2011; Rochman et al., 2013). 

MPs, having a relatively large specific surface area, can absorb and concentrate 

many organic and inorganic chemical contaminants, introducing indirect toxicity. MPs 

maintain the original characteristics of the plastic, containing a multitude of chemical 

additives such as phthalate plasticizers, brominated flame retardants, antioxidants, 

processing chemicals, dyes, and pigments. Some hydrophobic organic contaminants 

such as POPs have a higher affinity for the hydrophobic surface of MPs and can be 

concentrated on MPs up to 6 orders of magnitude higher than those in ambient 

seawater (Browne et al., 2007; Eerkes-Medrano et al., 2015). 

Due to their limited ability to regulate their internal environment, eggs, embryos, and 

larvae of aquatic organisms are particularly vulnerable to MPs (Sussarellu et al., 

2016). 

Because of the size similarity of MPs to sediments and some planktonic organisms, 

they can be ingested by filter feeders and deposit feeders, detritivores and 

planktivores. MPs may be more available to pelagic filter feeders than sand or silt, 

which settle relatively quickly, due to the density and size of the polymer. The high 
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capacity of zooplankton species and mussels to ingest MPs suggests that filter 

feeders are the most vulnerable to exposure to suspended MPs. MPs can also 

influence the growth of young creatures, the transfer of toxic substances between 

organisms and the ecological balance (Graham and Thompson, 2009; Scherer et al., 

2017; Setälä et al., 2016, 2014). 

They can also influence the local ecosystem by transporting colony microbes on the 

surface of MPs to a new environment. 

The presence of MPs in fish intended for human consumption has been evaluated, 

and MPs were found in 25-33% of individual fish, and in 55-67% of all species 

(Rochman et al., 2015). 

Lower trophic creatures (e.g. zooplankton and invertebrates) can ingest and 

accumulate MPs, accomplishing trophic transfer and accumulation in the food web. 

MPs have been found within the stomach, oral and ventilation areas of organisms 

(Romeo et al., 2015; Taylor et al., 2016). 

In addition to the bioaccumulation of MPs in the digestive tract, feeding experiments 

have shown that MPs can be translocated to accumulate in specific tissues and cells, 

such as in the gills and innards of coastal crab (Carcinus maenas), liver and 

intestines of zebrafish, in the stomach of seabirds, giant fish and whales, in the 

lysosomal system of mussels and in the hemolymph and within hemocytes (Romeo 

et al., 2015; von Moos et al., 2012; Watts et al., 2014). 

Microplastics are also absorbed by sponges which are filter-feeding animals in 

suspension, a study on Mediterranean sponges underlined the possibility that 

Porifera could act as bioindicators of MPs pollution (Krikech et al., 2023). 

The size fraction of MPs is like that of sediments and planktonic organisms, a 

planktivory can passively ingest MPs during normal feeding behaviour or mistake 

them for natural prey (Luo et al., 2022). 
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For example, planktivores, filter feeders, and suspension feeders that inhabit the 

upper water column are likely to encounter positive buoyancy with low-density 

plastics, such as PE, at the sea surface. But in addition to the impact of polymer self-

density, MPs are also affected by biofouling and aggregation, either sinking below 

the sea surface, leading to decreased buoyancy, or returning to the sea-air interface 

after defouling (Nguyen et al., 2023; Xu et al., 2020).  

MPs are an emerging contaminant found almost everywhere in the environment, 

indicating a wide distribution of this contaminant. MPs are ubiquitous in the 

environment, particularly in marine and freshwater systems, and have already 

imposed negative ecosystem impacts. As global plastic production and consumption 

increases, MPs contaminations in the environment are expected to continue to 

increase and could cause severe damage to the environment and ecosystems 

(Figure 9) (Wu et al., 2019). 

 

Figure 9. Microplastics and their impact on the marine environment (Bai et al., 2021).  
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MPs and health 

MPs cause not only environmental damage but also animal health and humans are 

also affected by the presence of these particles. 

Humans can be exposed to MPs directly through the environment or indirectly 

through food (Tanaka and Takada, 2016). 

MPs have been found in various foods and drinks such as beer, water bottles and 

honey, and have also been found in human faeces (Yan et al., 2022; Zuccarello et 

al., 2019). 

Humans are potentially exposed to MPs through ingestion, inhalation, and skin 

contact. The main routes of exposure are ingestion and inhalation. An adult can 

consume approximately 5.1 × 103 items per year from table salt and up to 4.1 × 104 

items from drinking water. Meanwhile, the intake of MPs per inhalation ranges from 

0.9 × 104 to 7.9 × 104 items per year. Depending on the size, the intake of MPs would 

be further distributed in different tissues and organs of humans (Figure 10) (Wu et al., 

2022). 

 

Figure 10. Absorption pathways of MPs in humans (Wu et al., 2022). 
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Plastic implants, in patients where the knee or hip joint is broken, cause disruption of 

cellular and tissue processes (Nuss and von Rechenberg, 2008).  

The inhalation of MPs particles and fibres present in the atmosphere cause a risk to 

human health (Dris et al., 2017). Biological toxicity analysis shows that exposure to 

MPs has a toxic potential that can induce disorders of energy and lipid metabolism as 

well as oxidative stress (Deng et al., 2017). 

The potential risk of exposure to MPs through skin contact, or inhalation or ingestion 

can cause oxidative stress, activate inflammatory processes (such as upregulation of 

interleukins IL-1, 1 Tumour necrosis factor, Chemokines, Interferons, 

Transcription factors , Growth Factors, Oxidoreductases, Proteins and others), or 

cause immunosuppression, immunotoxicity, or interfere with the neurological system 

via inhibition of AChE activity or internalization of neuro-related cells (Abdallah and 

Harrad, 2018; Pulvirenti et al., 2022). 

MPs cause risks to human health not only of a respiratory and digestive nature but 

also of an immune and reproductive nature. MPs and NPs associated with the 

chemical substances with which they are produced, such as polycyclic aromatic 

hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) have a strong impact on 

human health. Reports from the Agency for Toxic Substances and Disease Registry 

(ATSDR) revealed that through ingestion, inhalation and dermal exposure humans 

mostly absorb polystyrene (PS) and polyvinyl chloride (PVC) MPs and NPs, these 

can cause carcinogenesis (Kumar et al., 2022). 

These studies analyse and explain the profound problem that inhalation, ingestion, 

and response to skin exposure to MPs cause genotoxicity, cell division and viability, 

cytotoxicity, induction of oxidative stress, disruption of metabolism, DNA damage, 

inflammation, and immunological responses in humans, all not indifferent damage to 

health.  
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Wastewater and Microplastics 

MPs are also transported by wastewater, which is conveyed to WWTPs. Treatment 

plants use a variety of treatment strategies to purify water, but these treatments are 

not specific in eliminating MPs. 

The large volume of water that is treated in WWTPs can however contribute to 

releasing part of MPs into the aquatic environment. 

The volumes of water can exceed the load volumes of the systems, for example 

during intense meteorological disturbances, for safety reasons the water bypasses 

the system through flood drains and is poured directly into the receiving body of 

water, directly contributing to the environmental diffusion of MPs (Martellone et al., 

2021). 

WWTP outlets are one of the most important time sources of MPs. MPs fibres, pellets 

and particles in fresh water can be traced back to wastewater discharges associated 

with synthetic fabrics and personal care products, respectively (McCormick et al., 

2014). 

During the wastewater treatment process such as grease removal, solids skimming, 

sludge settling and other processes, some MPs are deposited in the sludge. 

Secondary and tertiary treatments have a high removal efficiency for particles with an 

average size around 0.598 mm in size. 

MPs can be resuspended and become airborne, spreading into terrestrial 

ecosystems through sludge treatment and disposal (Adegoke et al., 2023; Carr et al., 

2016; Koyilath Nandakumar et al., 2022).   
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Mitigation tools of MPs pollution  

New techniques and innovative systems are being developed to mitigate MPs 

pollution. 

The Australians have been working since 2014 for the development of Seabin, a 

floating bin that has been available on the market since 2017, and can suck up and 

collecting waste, including MPs, from the surface of the water. 

WasteShark created in 2018, is a catamaran-shaped aquatic drone that sucks up 

floating waste from the surface of the water. 

Trash Wheel is a semi-autonomous trash-removing vessel at the mouth of 

Baltimore's Jones Falls River. Floating trash is channelled through weirs to Mr. Trash 

Wheel's "mouth" and collected there via conveyor belt. 

Garbage Group's Pelikan are environmentally friendly boats that operate with the 

front grapples open so that the boat collects the polluting material on the bow grate. 

The Pelikan also operates when stationary by exploiting the suction flow of the 

ducted propeller which acts as a special pump. 

Manta is a technological catamaran capable of collecting and separating plastic from 

organic matter. Manta will be launched in 2024. This onboard vessel also features a 

state-of-the-art science laboratory for observing, analysing, and understanding ocean 

plastic pollution. 

The idea was born to clean up the Earth's aquatic resources from plastic waste. 

Interceptor is a 24-metre-long boat, powered exclusively by solar energy, and is still 

in the study and test phase. According to the project, the boat remains anchored to 

the bottom and uses a floating barrier that channels the waste towards the conveyor 

belt thanks to the currents. The Interceptor can continue to vacuum debris even while 

the bins are being emptied. 
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The Great Bubble Barrier is designed to operate continuously. It consists of a sort of 

barrier made up of perforated pipes that pump air: by placing them on the bed of a 

river or in lagoon areas, a flow of air bubbles is generated which intercepts the waste, 

helps to bring it to the surface and recover it before it reaches the ocean, intercepted 

plastic waste is collected in the collection system (Agenda digitale, 2023). 

An effective and sustainable plan to remove MPs is given by enzymatic approaches 

that can specifically target the polymeric structure for their further degradation, but 

also the methods of MPs immobilization on different materials and nanomaterials 

seems to be another possible strategy (Cárdenas-Alcaide et al., 2022). 

Filtration systems are optimal solutions to reduce MPs pollution, for example the use 

of dynamic membranes (DM), are promising technologies to effectively remove MPs 

(Sadia et al., 2022). 

Other methods can also be exploited to mitigate MPs pollution such as the use of 

biodegradable plastic, a conventional alternative more subject to the proliferation of 

microorganisms. Biodegradable plastics combined with bioremediation, which are 

expected to eradicate MPs using microorganisms, represent a potential method to 

eradicate problems related to MPS pollution in ecosystems. Thus, biodegradable 

plastics produced from inedible biomass such as algae could be a potential avenue 

to remove MPs pollution for a sustainable ecosystem (Roy et al., 2022). 

Another way to mitigate MPs pollution is given by the circular economy, which aims 

to reduce resource consumption by keeping materials within the value chain for 

longer periods than the traditional linear material flow. However, this alone is not 

enough to eliminate the problem of MPs (Syberg et al., 2022). 

In addition to exploiting a circular economy, action should be taken by replacing the 

plastic material with a different material that is able to reduce global pollution. 
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It is extremely important to underline that plastic is a type of pollutant that is more 

difficult to remove, together with other types of pollution, due to its interactions with 

the environment. 

In fact, microplastics, in addition to polluting the seas during their long degradation 

process, function as real magnets for pollutants: the longer MPs remains in the 

environment, and therefore degrades, the more its capacity to adsorb other toxic 

particles increases, becoming a real transport vector for pollutants. 
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Filtration systems 

Filtration systems are excellent purification systems useful for mitigating pollution, 

capable of separating and retaining pollutants. Nowadays there are different filtering 

systems used in various fields such as for the filtration of water and atmospheric 

particulates. 

Structure and functions 

Filtration is a system that allows to separate and eliminate substances or impurities in 

solid, liquid, and gaseous matrices, through a chemical, physical and/or biological 

barrier, and which also allows to isolate a precipitated compound or to remove 

pathogenic microorganisms such as parasites, bacteria, fungi, algae, and viruses, or 

be a barrier capable of retaining unwanted substances (Arpa, 2023). 

Depending on the type of filtration, which depends on the structure of the filter 

membrane and the chemical nature can be distinguished: microfiltration (retains 

particles with diameter 0.05-2 μm); ultrafiltration (retains particles with diameter 

0.001-0.1 μm); nanofiltration (retains particles with diameter 0.001-0.01 μm); reverse 

osmosis and electrodialysis (retains particles with diameter < 0.001 μm) (Lucentini et 

al., 2014).  

Water purifiers improve water quality through specific systems and techniques. The 

main purpose is usually the purification of toxic and harmful substances as well as 

pollutants. 

Depending on the technology used there are different types such as activated 

carbon, reverse osmosis, softening, or mechanical filtering.  

Water filtration removes or reduces chemical, physical and biological contamination 

that is harmful to the environment and human health. 



66 
 

The process of filtration of water can only take place if it passes through a motive 

force caused by centrifugation, pressure, gravity, or processes that exploit the 

pumps, valves, and pipes to produce a pressure that is able to push water through 

the filter. 

Water filtration systems typically use slow sand filters, rapid pressure filters, gravity 

filters, membrane filters, activated carbon filters, or granular media filters. 

Drinking water filtration systems, for example, are useful for producing safe and clean 

water for specific purposes: drinking, medical and pharmaceutical applications, or for 

producing contaminant-free agricultural water or water for industrial purposes. 

The most common industrial and commercial filters are: absorption water filtration 

systems (coal is commonly used because it is very effective to collect and capture 

contaminants in water), ion exchange water filtration system (physically removes all 

hard minerals, reduces limestone), mechanical water filtration system (a mesh that 

filters large debris or a ceramic filter with an extremely complex porous structure), 

reverse osmosis (a semi-permeable membrane at high pressure and leaves behind 

most contaminants), sequestration water filtration system (process that isolates a 

substance by chemical means). 

Many industries or manufacturing companies use filtration systems in pharmaceutical 

processing, food production, and wastewater treatment. The choice of the right 

industrial filtration system will consider many different factors, such as the size of the 

contaminant particles, the operating conditions of the system, the compatibility of the 

system with the treated chemicals and the physical layout of the house. 

Water filtration systems aim to purify water by eliminating contaminant particles to 

produce cleaner, purer water (Ispra; 2005; IQS Directory, 2024). 

To purify water on space flights, a biofilter with sand substrate has been adopted 

(Thornhill and Kumar, 2018). These filters are efficient in removing various types of 

iqsdirectory,
iqsdirectory,
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organic material and in denitrifying wastewater (Vega et al., 2014). Biofilms using 

sand filters are also effective in removing phosphates, sulphates, nitrates, and 

nitrites. The biofilms that occupy the biofilters are adapted according to the 

composition of wastewater and allow a more effective purification of variable types of 

waste than the chemical means of filtration (Bai et al., 2013). 

Dynamic membrane filtration presents a physical barrier such as net or tissue on 

which a layer of cake is formed. The optimal performance of the dynamic membrane 

is achieved by the formation of a porous and compressible layer, which can act as a 

barrier that limits the passage of fine particles through the support layer (Ersahin et 

al., 2012).  
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Filtration and Purification of Wastewater: state of art 

Wastewater that reaches WWTPs is purified by treatments. WWTPs also have 

filtration systems that aim to eliminate the coarse material. 

Wastewater is recognized as a potential source of MPs pollution in aquatic 

environments. The lack of a specific design in removing MPs allows their passage 

through the treatment processes. Today there are technologies that can collect part 

of the MPS from sewage sludge and wastewater (Sadia et al., 2022). 

Among the filters used the active granular activated carbon (bGAC) is an advanced 

treatment technology in the WWTP used for the removal of dissolved organic carbon 

(DOC). The bGAC filter has a problem of multicomponent adsorption, the 

degradation of the DOC inside a biofilm occurs simultaneously (Acevedo Alonso et 

al., 2021). 

The sand substrate biofilter, which replaces the chemical means of water purification 

capable of working against gravity, also appears to be functional to remove organic 

contaminants from wastewater (Thornhill and Kumar, 2018). 

Another technology used is the Membrane Bioreactor (MBR) which provides a 

superior water quality but lacks membrane fouling. A control system has been 

proposed that regulates the set points of the membrane control variables and that are 

able to optimize it (Comas et al., 2010). 

Microfiltration membranes (MF), two tissue types of a hairy tissue media filter 

(PCMF), a microfilter, a batch-degressive granulated activated carbon filter (GAC) 

and a powdered activated carbon filter (PAC) were studied stage with clarifier and 

fast sand filtration showing 94% removal efficiency. Post-treatment systems, which 

contain (discontinuous) or surface depth filtration, remove MPs effectively (Bitter et 

al., 2022). 
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The membrane biological reactor (MBR) enhanced with activated carbon powder 

(PAC) removes organic microorganisms (OMP) improving water quality by up to 50% 

(Echevarría et al., 2019). 

The biological membrane reactor (MBR) with hollow fiber membranes and flat 

membranes is a valid 100% efficient system to eliminate nutrients,  metals, organic 

substances, pathogens, organic micropollutants, etc. and achieved different success 

rates in the elimination of emerging pollutants: 35% for insecticides and herbicides, 

45% for anxiolytics, psychodrugs and industrial disinfectants, 75% for antibiotics and 

about 100% for analgesics, hormones and anti-inflammatory drugs (Lozano Avilés et 

al., 2022). 

Studies carried out on filtering membranes to remove MPs are varied although still 

few and not quite performing. 

The study carried out by Hsieh et al. to increase the removal performance of MPs 

showed that biochar derived from wood shavings manufactured at 700 ºC is more 

efficient than biochar derived from lignin and cellulose due to their greater 

morphology complex surface (Hsieh et al., 2022). 

Ceramic filters are an interesting technology to retain MPs, Kook and Park’s study 

found that the formation of a cake layer on the membrane surface caused a decline 

in flow due to the aggregation of larger MPs with dissolved organic matter in 

synthetic wastewater (Kook and Park, 2022). 

The performance of polycarbonate, cellulose acetate, and polytetrafluoroethylene 

membranes with 5 μm pores has been evaluated to remove polyamide and 

polystyrene microparticles in the range of 20-300 μm. The three membranes show a 

high efficiency of MPs removal even higher than 94%. The main competing negative 

mechanisms are membrane abrasion and fouling. The cellulose acetate membrane 

has the highest performance (Pizzichetti et al., 2021).  
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Biochar integrated in sand filters seems to be efficient in removing MPs. Three straw, 

corn, and hardwood biochar were produced at three different temperatures. The 

biochar of corn straw produced at 500 ºC and of hardwood biochar by honeycomb 

structures and thin shavings offer an excellent immobilization capacity of MPs of 10 

µm of 95% diameter (Z. Wang et al., 2020). 

Ti3C2Tx (h-Ti3C2Tx) perforated membranes, obtained by attaching Co3O4 

nanoparticles embedded on Ti3C2Tx nanosheets followed by simple vacuum filtration 

using polymer membranes as a support matrix, have nano-holes 25 nm in diameter 

have great potential in retaining MPs (Yang et al., 2022). 

A pilot scale biofilter was divided into four zones, after the top layer the particles of 

MPs removed stood around 79%, after the last filtration zone all the MPs of 100 μm 

were removed. This shows partial removal of MPs , as smaller particles are not 

retained (Liu et al., 2020).  

The electro-coagulation-electro-flotation and membrane filtration processes improve 

the removal of several polymer particles according to a laboratory study (Akarsu et 

al., 2021). 

The development of advanced technologies has been driven by the progress and 

exploitation of modern industry that today have a significant impact on the aquatic 

environment. 

A hybrid filter with microalgae residue membrane (DMRM) has been developed 

double super oleophobic and super hydrophobic underwater pre-humidified that is 

able to filter in an excellent way mixtures of multiphase emulsions and to catalytically 

degrade BPA released from MPs. This filter bodes well for a future comprehensive 

and environmentally friendly wastewater treatment with integrated systems and 

advanced membrane technology (Cao et al., 2020). 



71 
 

In a study conducted by Pramanik et al. in 2021, both ultrafiltration and membrane 

microfiltration processes were effective, removing more than 90% of NPs/MPs 

fragment particles. This confirmed the effectiveness of using air flotation and 

membrane process to remove NPs/MPs from wastewater (Pramanik et al., 2021). 
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Ecotoxicity and MPs 

Ecotoxicity is caused by biological, chemical, or physical stressors that impact 

ecosystems. Such stress factors at high levels can disrupt natural biochemical and 

physiological behaviour and interactions. Ecotoxicology studies toxic effects caused 

by natural or synthetic pollutants. These pollutants interact with all living organisms 

from animals to plants that are at risk of exposure. 

The ecotoxic impacts of pollutants have a cause-effect mechanism divided into four 

parts: chemical fate, exposure, effects, and gravity (Rosenbaum, 2015). 

Environments at risk of exposure to these toxic substances are varied and include 

freshwater, marine, air, terrestrial environments from the tropics to the Arctic. 

Due to the historical and continuous use of water bodies for the discharge of different 

waste streams, ecotoxicological literature focuses mainly on aquatic systems, in 

particular freshwater organisms. But soils can be contaminated by sludge, landfills, 

land activities and aerial deposition. 

The amount estimation of bioaccumulation for a chemical within the food chain and 

its persistence in the environment are both included in the hazard classification 

schemes for environmental and ecotoxicological effects. These two characteristics 

have an impact on the amount and duration of exposure to the environment and help 

predict which organisms are most likely to be affected. 

Ecotoxicity describes the harmful effects that a chemical may have on an aquatic or 

terrestrial receptor. Ecotoxicity is based on the toxicological properties and body 

sensitivity of the chemical (National Research Council, 2014).  

Nanotechnology is one of the most innovative areas where scientific research and 

economics are progressing. However, residues of nanomaterials can have a negative 

impact on both the environment and human health. The negative effects that could 
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result from nanomaterials being constructed have raised many scientific concerns. 

Nanomaterials, ranging in size from 1 to 100 nanometres, can be created from a 

variety of different base materials with different shapes and can have a variety of 

sizes. 

As a result, the biological effects of NPs differ from those of the original compounds. 

Moreover, the number of NPs produced in the aquatic environment is largely 

unknown. The extremely small size and surface properties of nanotubes and NPs 

give surfaces the ability to bind and carry harmful chemical pollutants. These 

surfaces can also be toxic by themselves, generating reactive radicals (Farré et al., 

2009).  

It is known that MPs are widely present in the aquatic environment. Both NPs and 

MPs can have direct and vector ecotoxicological effects in the environment through 

the adsorption of co-contaminants. 

Concern for the ecotoxicological effects of NPs and MPs concerns the dislocation of 

these particles within organisms, as well as engineered nanomaterials (Rist and 

Hartmann, 2018). 

Some plastics, although classified as solid waste, can be considered hazardous 

waste because of the chemicals used in the production process and the hydrophobic 

pollutants present in seawater. Marine animals of all sizes can consume MPs or 

swap plastic for food. This can have harmful effects on muscle, biochemistry, and 

cell. The results show that the most common polymers are polyethylene (PE), 

polypropylene (PP) and polystyrene (PS), with dimensions between 1 and 100 μm. 

Mortality, reproductive effects, genotoxicity, accumulation, and behavioural effects 

are some of the biological and side effects (Palmer and Herat, 2021). 

MPs toxic effects in freshwater environments are little known, unlike marine 

ecosystems. 



74 
 

Although evidence exists to support toxicity in some species, such as reduced 

photoautotroph growth, increased mortality of some invertebrates, genetic changes in 

amphibians, and cellular internalization of MPs and NPs in fish. Other studies 

indicate that it is unclear whether MPs can cause long-term ecosystem damage. 

Environmental changes and anthropogenic contaminants are other combined 

stressors that are likely to aggravate the negative interactions between MPs and 

freshwater organisms. This could have harmful consequences for freshwater 

ecosystems and food networks as well as for all other ecosystems (Castro-Castellon 

et al., 2022; Du et al., 2021). 

Current scientific evidence shows that exposure to MPs causes a variety of toxic 

damage, including disruption of nutrition, reproductive performance, physical 

ingestion, problems with energy metabolism, changes in liver physiology, the 

synergistic and/or antagonistic action of other hydrophobic organic contaminants and 

other more serious harmful effects (Anbumani and Kakkar, 2018).  
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Cytotoxicity and genotoxicity  

The chemical ability to damage or destroy living cells is known as cytotoxicity. 

Genotoxicity refers to the ability of chemical agents to damage the genetic data 

(genome) contained in a cell by altering the structure or number of genes through 

chemical interactions with DNA and/or non-DNA targets. Not all chemicals that can 

be considered cytotoxic can also be genotoxic. But genotoxicity can cause 

cytotoxicity. 

Cells may undergo necrosis and cell lysis following treatment with a cytotoxic agent. 

Cells may also stop proliferating and dividing. In addition, cytotoxic chemicals 

accelerate apoptosis or programmed cell death. Viability tests, such as the MTT test, 

can be used to assess toxicity. 

DNA damage of genotoxicity can cause mutations, cancer, genetic diseases, or 

congenital defects. In addition, it can cause cytotoxicity and cell damage. Although 

not all mutagenic genes are genotoxic, some genotoxic chemicals may be 

mutagenic. 

Chromosome damage can be measured using in vivo and in vitro tests to assess 

genotoxicity. This measure is particularly effective when examining chromosome 

aberrations in metaphase cells. In addition, it can identify genetic mutations. The 

micronucleus, comet, and Ames test are the most widely used tests for finding 

genetic mutations (Hotta and Ueoka, 2005; Kirsch-Volders et al., 2003; Sawicki, 

1977). 

As nanoparticles are increasingly used, human exposure to them is inevitable. As a 

result, nanotoxicology research is becoming increasingly important. As the number of 

types of nanoparticles and their applications continues to increase, there are still few 
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studies to characterize their effects after exposure and to address their potential 

toxicity. 

Nanotoxicological research must discover and understand the various factors 

influencing the toxicity of nanoparticles to avoid the undesirable properties of 

nanoparticles (Lewinski et al., 2008). 

Genotoxic and cytotoxic effects were also analysed on MPs. Çobanoğlu et al. They 

investigated the genotoxic and cytotoxic effects of MPs on human peripheral 

lymphocytes, demonstrating increased genomic instability and a lack of cytotoxic 

potential of MPs in human peripheral lymphocytes (Çobanoğlu et al., 2021). 

Particles and fibres are a specific group of toxic substances in terms of genotoxicity 

testing and cancer risk assessment. First, non-particellar chemical carcinogens have 

very different physico-chemical behaviours than fibrous and non-fibrous particles. 

Surface properties of particles, the presence of transition metals, intracellular iron 

mobilization and lipid peroxidation are believed to be contributing factors to the 

primary genotoxicity of particles. 

Size, shape, crystallinity (such as silica) and solubility of particles are other factors 

related to primary genotoxicity. They may also include particle absorption, interaction 

with cell division mechanisms (such as asbestos) and the presence of mutagenic 

agents transported with particles. Secondary genotoxicity of both fibrous and non-

fibrous particles is indicated by the formation of excessive and persistent ROS from 

inflammatory cells (Schins, 2002).  



77 
 

Mytilus galloprovincialis 

Mytilus galloprovincialis (Lamarck, 1819) is a bivalve mollusc with a calcium 

carbonate shell consisting of two equal valves. 

The two convex valves are articulated between them by a hinge and internally by the 

front and rear adductor muscles. The mantle, which covers the entire visceral mass, 

is a layer of connective tissue attached to the inner surface of the valves. The edges 

of the mantle continue to form siphons: an upper inhaling siphon and a lower 

exhaling siphon. The gills for breathing are located between the visceral mass and 

the mantle. Between the mantle and the gills there is the foot that produces the 

byssus. The muscular system consists of two anterior adductor muscles, a posterior 

adductor muscle, and the retractor muscles of the foot. The circulatory system 

consists of an apert circulation with a ventricle, which serves as the main motor of 

hemolymph, and two atria make up the dorsally positioned heart. Hemolymph is a 

fluid tissue with blood-like characteristics (Figure 11) (Mengoli, 1998; Moore and 

Allen, 2002).  

Mytilus galloprovincialis is native to the Mediterranean Sea but has naturalized in 

several regions of the world such as Japan, California, South Africa, South Australia, 

and New Zealand, becoming an invasive species. 

 

Figure 11. Mytilus galloprovincialis  (James et al., 2023). 
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Bivalve molluscs are often used to investigate ingestion, transfer along the trophic 

chain, and MPs ecotoxicological impact as they are considered excellent biological 

models in both field studies and laboratory conditions. Experimental evidence shows 

their susceptibility to ingest, retain and assimilate MPs after acute exposure under 

controlled conditions (Avio et al., 2015; Browne et al., 2008; De Witte et al., 2014; Li 

et al., 2016; von Moos et al., 2012).  
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Cytotoxicity on Mytilus galloprovincialis 

Mytilus galloprovincialis has been used as a model for cytotoxicity studies.  

In different sectors, both pharmaceuticals and potentially toxic substances, mussel 

models have been used to assess the cytotoxicity effects of these substances. 

On mussels Mytilus galloprovincialis, in vivo and ex vivo studies compare the 

sensitivity of mussel hemocytes with human cell lines. 

They are exposed to biomarkers for neurotoxicity, oxidative stress, lipid peroxidation 

and apoptosis to test for cytotoxicity as in a study carried out by Fernandes et al., in 

this work the hemocytes exposed to cyclophosphamide showed cytotoxicity 

(Fernandes et al., 2020). 

The cytotoxic activity of the Mytilus galloprovincialis mollusc haemolymph may 

indicate the health status of the mussels. A cost-effective and cost-effective 

cytotoxicity test has been developed to determine whether cytotoxicity is affected by 

environmental stresses such as an increase in water temperature or a reduction in 

water pH or salinity. Experiments carried out by Malagoli and Ottaviani have shown 

that changes in the physical conditions of the water reduce the cytotoxicity of the 

mussels, making the animals more vulnerable to the aggression of pathogens, 

despite the great variability in the cytotoxic activity among the mussel populations 

(Malagoli and Ottaviani, 2005). 
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Genotoxicity on Mytilus galloprovincialis 

Genotoxicity is analysed in Mytilus galloprovincialis a similar way to cytotoxicity. 

In this case the genomic effects of the tested substances on the exposed mussels 

are analysed. 

Gomes et al. conducted a study that examined the genotoxic effects of copper and 

silver oxide nanoparticles on Mytilus galloprovincialis. Using the comet test, mussels 

were exposed to assess genotoxic effects on hemocytes.  

According to genotoxic tests, copper and silver can damage the DNA of 

hemolymphatic cells (Gomes et al., 2013). 

The frequency of micronuclei and the breakage of the single strand of DNA are used 

as biomarkers of genotoxicity. The frequency of micronuclei indicates a greater 

induction of chromosomal damage and therefore greater DNA damage. This 

variability can be caused by endogenous and exogenous factors, such as changes in 

the levels or compositions of inlet pollutants (Bolognesi et al., 2004).  

It has been shown that factors unrelated to contaminants, such as oxygen and 

temperature, also have an impact on DNA damage. DNA damage is a sensitive 

biomarker capable of discriminating against genotoxic contamination, even in areas 

considered to be low impact by genotoxins (Almeida et al., 2011).  
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Materials and Methods 

Samples collection 

Wastewater, mussel digestive glands, and mussel hemolymph samples have been 

collected. 

Wastewater samples  

Samples analysed are wastewater collected from 5 wastewater treatment plants 

(WWTPs) (Mascali WWTPs, Pantano-D'Arci WWTPs, Adrano WWTPs, Santa Maria 

di Licodia WWTPs Syracuse WWTPs) in the provinces of Catania and Syracuse in 

Sicily, Italy, from February 2021 to February 2022 (Figure 12). This is a random 

sampling done to avoid confounding. 

 

Figure 12. Map of Sicily with wastewater sampling sites. 
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Thirty wastewater samples were collected in inlet and thirty in outlet from different 

WWTPs. The samples were transferred to glass containers to prevent MPs 

contamination during the sampling process. They were transported in a refrigerated 

bag and stored at room temperature (Table 2). 

Table 1. Table of inlet and outlet wastewater samples of various WWTPs. 

 

INLET SAMPLES PLACE OUTLET SAMPLES PLACE 

123A Catania 124A Catania 

7S Adrano 8S Adrano 

9S S.M. di Licodia 10S S.M. di Licodia 

154A Catania 155A Catania 

11S Adrano 12S Adrano 

13S S.M. di Licodia 14S S.M. di Licodia 

17S Adrano 18S Adrano 

19S S.M. di Licodia 20S S.M. di Licodia 

321A Catania 322A Catania 

447A Catania 448A Catania 

26S Adrano 27S Adrano 

28S S.M. di Licodia 29S S.M. di Licodia 

557A Catania 558A Catania 

30S S.M. di Licodia 31S S.M. di Licodia 

32S Adrano 33S Adrano 

772A Catania 773A Catania 

50S Adrano 51S Adrano 

52S S.M. di Licodia 53S S.M. di Licodia 

14P38 Giarre 15P38 Giarre 

28P38 Giarre 29P38 Giarre 

38P38 Siracusa 39P38 Siracusa 

58P38 Siracusa 59P38 Siracusa 

76P38 Giarre 77P38 Giarre 

80P38 Siracusa 81P38 Siracusa 

83P38 Giarre 84P38 Giarre 

90P38 Siracusa 91P38 Siracusa 

SE1 Catania SU1 Catania 

SE2 Catania SU2 Catania 

SE3 Catania SU3 Catania 

SE4 Siracusa SU4 Siracusa 
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Mytilus samples 

Nine samples each of mussel (Mytilus galloprovincialis) digestive glands and 

hemolymph were collected and provided by the University of Sousse, as part of the 

collaborative effort for the PhD project (Table 2). 

Table 2. Samples of mussel digestive gland and mussel hemolymph. 

SAMPLES 

Mussel control 

SU1 mussels 

SU1PF mussels 

SU2 mussels 

SU2PF mussels 

SU3 mussels 

SU3PF mussels 

SU4 mussels 

SU4PF mussels 

 

 

 

 

 

 

 

 

  

SAMPLES 

EMO CONTROL 

SU1 EMO 

SU1PF EMO 

SU2 EMO 

SU2PF EMO 

SU3 EMO 

SU3PF EMO 

SU4 EMO 

SU4PF EMO 
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Microplastics extraction  

The wastewater, mussel digestive gland, and hemolymph samples were extracted 

using the industrial patent No. 102018000003337 granted on March 7, 2018, titled 

'Method for the extraction and determination of microplastics in samples with organic 

and inorganic matrices'. This patent was developed by the University of Catania and 

acknowledged by the Ministry of Economic Development as a national patent for 

industrial invention. 

Additionally, the Italian patent has obtained recognition as the European Patent No. 

3788344 on July 20, 2022. Furthermore, it has also been accepted in Canada and 

South Korea. 

Protocol  

The extraction protocol, according to the patent for sample preparation for the 

qualitative and quantitative determination of plastic particles, stipulates that, to avoid 

plastic contamination, all working utensils used in every operation from sample arrival 

to pre-treatment, extraction, and analysis were required to be made of glass, and 

personnel must use nitrile gloves and cotton lab coats. 

In addition, glass vials and instruments employed prior to the extraction process 

undergo washing with UPLC-MS water and acetone to eliminate any potential 

contamination. A laminar flow chemical hood was used to minimize the risk of sample 

contamination from airborne particles in the surrounding environment. This extraction 

methodology enables the analysis of samples from different organic and inorganic 

matrices. 
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For each sample, an aliquot was weighed using a precision electronic balance with 

four decimal places and then transferred into transparent glass vials. The weight 

varies depending on the matrix; 1 ml was weighed for wastewater and hemolymph 

samples, while 0.1 g was weighed for mussel digestive gland samples. 

All sample aliquots, along with blanks, were mineralized with 3 ml of 65% nitric acid 

(HNO3) at 80°C for 120 minutes. This were achieved using a graphite digestion block 

system (DigiPREP) to degrade the organic component within the complex matrix 

(Figure 13). 

Following the digestion process, 3 ml of UPLC-MS Grade H2O and 3 ml of 

dichloromethane (CH2Cl2), an apolar halogenated solvent chemically and physically 

resembling plastic, were added to each sample. The addition of dichloromethane 

facilitates a clear phase separation, where the organic phase settles at the bottom 

due to its higher specific gravity compared to aqueous solutions (Figure 14). 

The heterogeneous mixture was vigorously shaken for a few seconds before being 

centrifuged at 4000 RPM for 3 minutes using a benchtop centrifuge with mobile 

containers and an angled rotor. After centrifugation, the lower phase was extracted 

using glass Pasteur pipettes. 

Subsequently, the extract was transferred into aluminium (Al), iron (Fe), and copper 

(Cu) sample stubs with a diameter of 25 mm for scanning electron microscopy 

(SEM), which were pre-washed in pure dichloromethane. After the solvent 

evaporated, the stubs were gold-coated (Au) using a metallizer and placed in the 

SEM sample positioning chamber. The samples are now ready for SEM analysis 

(Figure 15). 
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Figure 13. Samples in a graphite digestion block system (DigiPREP). 

 

Figure 14. A clear phase separation, with the organic phase settling at the bottom due to its higher 

specific gravity compared to aqueous solutions. 
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Figure 15. Metallization stubs ready for SEM analysis.  
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SEM analysis  

The wastewater samples collected from inlet and outlet of WWTPs, post-filtration 

outlet wastewater samples, mussel digestive gland samples exposed to pre-and 

post-filtration water, and hemolymph samples from mussels exposed to pre-and post-

filtration water have been examined using SEM analysis (SEM ZEISS LEO 1530) 

(Figure 16). 

The analysis employed Scanning Electron Microscopy coupled with Energy 

Dispersive X-ray Detector (SEM-EDX) (software AZTEC VERSION 5.1). The 

counting is performed on a total reading area within the 1 mm² stub, employing 

different magnifications to count particles with diameters larger than 10 μm and 

smaller than 10 μm. 

Microanalytical acquisition (reading and particle recognition) and measurement and 

counting (determination of particle sizes and counting) are the two concurrent 

procedures forming the basis of the reading criteria. 

The reading aims to establish whether the particle in question is indeed plastic, and 

therefore if its chemical structure is composed only of carbon, or if carbon is the 

predominant constituent among the various elements present. Particles containing 

natural elements that could be components of different materials not typically found 

in plastics are excluded. 

Attention is paid to measuring the diameters of each individual particle (length and 

width), depending on whether the measurement is taken at  205X of magnifications 

for particles larger than 10 μm or at 1500X for particles smaller than 10 μm. 

A precaution during the reading process involves starting from one side of the stub 

and scanning along the sample's side to avoid overlap between fields. A counting 

grid is used to keep track of the number of observed grids. 
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For counting, an electronic spreadsheet is utilized, the MICROPLAST software 

version 1.0. This software automatically calculates the total concentration of micro-

particles, updating its results in real-time as the number and sizes of the counted 

particles. It depends on the values of other parameters recorded in the appropriate 

input boxes, such as the number of fields, stub diameter, and the amount of sample 

analysed, among others. 

The result is expressed as the number of total particles per gram of the examined 

samples. 

 

 

Figure 16. SEM Zeiss.  



90 
 

Filtration 

The outlet wastewater samples collected have been filtered using prototype filtration 

systems developed in collaboration with Plastica Alfa Srl, the company involved in 

the project. Four filters with different materials have been devised: a biochar cartridge 

filter, an activated carbon filter, a PVDF filter, and a ceramic filter. 

Development of the prototypes 

The laboratory-developed filtration system consists of the following components: 

steel fittings, a 5 L becker, filters, and a pump.  

Prototype filters are newly produced filters specially made with specific 

characteristics from Plastica Alfa Srl and they are ready to be patented. 

Four different filters were used and tested. The biochar filter has a rating of 0.5 

microns, an applicable pressure of 1.03 bar and a flow rate of 3.8 l/min. 

The active carbon filter can be regenerated through thermal reactivation. 

The PVDF filter consists of a PVDF membrane and an adapter with 3.3 mm holes. 

The 10-inch ceramic cartridge filter has a pore size of 0.5 microns. 

The characteristics of the filters are not explained in detail because they are 

patented. 

Filtration system 

The blanks (UPLC-MS water) fortified with standard particles of 10-micron dark blue 

polystyrene (PS) MPs and 3-micron red polystyrene (PS) MPs, along with the outlet 

wastewater samples, were filtered for 3 hours. Fortified blanks were prepared with 

225 µl of standards in 4.5 L of ultra-pure water. 

The filtration process begins by filling the becker with 4.5 L of the sample. Upon 

activating the pump, the liquid circulates through the filtration system, passing 
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through the filter, and then reintroduced into the becker. Samples have been 

collected every 15 minutes for 3 hours, both at the inlet directly from the becker and 

at the outlet through valves along the fittings after the sample passes through the 

filter (Figure 17). 

The same filtration procedure has been executed for certain outlet wastewater 

samples. 

 

 

Figure 17. Filtration system diagram: 1- becker; 2- valves; 3- filtration system; 4- pump; 5- valves. 

  



92 
 

Optical Microscope 

The optical microscope Nikon ECLIPPSE E400 has been used to analyse the blanks 

fortified with standard dark blue-coloured MPs with a size of 10 μm and red-coloured 

MPs with a size of 3 μm. For each tested filter, the inlet and outlet samples has been 

examined under an optical microscope, collected every 15 minutes for 3 hours. 

 

Figure 18. Optical microscope. 
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Each slide received 1 ml deposit of the sample, subsequently covered with a 

coverslip. A thorough examination of the slide has been conducted using an optical 

microscope, and the total particles have been quantified employing a counting grid. 

This methodology is employed to prevent the duplication of particle counts. Slides 

containing 10-micron MPs have been observed using a 20X magnification objective 

and a Ph2 (Phase contrast) objective, whereas samples with 3-micron MPs have 

been examined with a 40X magnification objective and a Ph3 (Figure 18).  
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Toxicological analysis 

Toxicological analyses have been conducted with the collaboration of Professor 

Banni from the Laboratory of Biochemistry and Environmental Toxicology, ISA, 

Chott-Mariem, 4042, Sousse, Tunisia, who contributed to this PhD project. The 

analyses have been performed on samples of mussels (Mytilus galloprovincialis) 

exposed to wastewater before and after filtration. 

 

Exposure procedure of Mytilus galloprovincialis 

Specimens of Mediterranean mussel M. galloprovincialis, 5 ± 1 cm shell length, were 

collected from Bizerte Lagoon (Bizerte, Tunisia) in September 2023. Once in the 

laboratory, the mussels were transferred to 20 L aquaria at a density of 1 animal/L. 

Each aquarium was filled with filtered natural seawater and continuously aerated via 

oxygen pumps. Organisms were maintained for acclimation to laboratory conditions 

for 3 days with controlled temperature at 18 ± 1 °C with a daily water renewal, which 

is a sufficient time to stabilize the mussel physiological response. For the 

photoperiod, animals were maintained under natural light, without any added feeding. 

After their acclimation, the bivalves were exposed to MPs alone and combined to 

B[a]P according to the following experimental groups: the control group was 

maintained in clean sea water not supplied with any of the wastewaters; 4 mussels’ 

groups were exposed each to one unfiltered wastewater at a concentration of 2%; 4 

final mussels’ groups were exposed to filter wastewaters at a concentration of 1%. 

The control group and treated ones were exposed for 3 days. Water and the 

contaminants were renewed daily. Each experimental group was composed by 3 

tanks (20 animals/tank; 1 animal/L) for a total number of 60 animals per condition.  



95 
 

Hemolymph extraction 

Hemolymph extraction (about 0.5 mL from each mussel) took place 3 days of 

exposure from different mussels. Exposed mussels were collected, washed with 

distilled water to eliminate any debris on the shell, opened using sterile scalpel and 

the excess seawater was removed. From the posterior adductor muscle, the 

hemolymph was extracted using a sterile syringe pre-loaded with 100 µL of filtered 

seawater. Hemolymph was pooled, using 3 mussels per pool. Freshly extracted 

hemolymph samples were used for lysosomal membrane stability (LMS). For the 

micronucleus frequency (MNF), hemocytes were fixed in methanol: acetic acid (3:1) 

solution, and then stored at − 20 °C. For all the transcriptomic tests, pools were 

placed in 1 ml Trizol and immediately processed for RNA extraction. 

Lysosomal membrane stability 

The hemolymph was subjected to LMS analysis (Lysosomal Membrane Stability) to 

assess the stability of the lysosomal membrane. 

The neutral red assay was performed to indicate the stress response due to oxidative 

damage in cells. Unstressed cells can store the neutral red dye incorporated in their 

lysosomes, while the stressed ones are uncapable of retaining the dye due to the 

damage of lysosomal membrane; as such, the evaluation of lysosomal membrane 

stability is used as cytotoxicity bioindicator. After the centrifugation of the hemolymph 

extracted, hemocytes were spread out on poly-lysine-coated slides, then transferred 

for 15 min in a lightproof humidity chamber at 20 ± 1 °C, to allow cells adhesion. 

Afterwards, a neutral red (NR) solution was added (20 mg of NR diluted in 1 mL of 

DMSO). After a 10 min incubation, slides were observed under a light microscope 

every 10 min and transferred to the humidity chamber for the observations. 
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Micronucleus assay 

The micronuclei (MN) frequency was assessed to evaluate micronuclei formation in 

mussel hemocytes as a genotoxic biomarker. Hemocytes were fixed in methanol: 

acetic acid (3:1), then spread onto glass slides, followed by air dry and staining with 

Giemsa (3% v/v). Afterwards, the counting of slides was performed under a light 

microscope (×400). About 1000 cells were examined per slide to detect 

micronucleated cells. MN values are represented by the mean values ± standard 

deviation (SD), obtained after analysing samples derived from 6 mussels from each 

group. 

Gene expression measurements  

Hemolymph extracted from 12 mussels per group was pooled (n = 4) for total RNA 

extraction. Acidphenol-chloroform with TRI-Reagent (Sigma-Aldrich) was used, 

applying the protocol of Chomczynski and Sacchi (1987). Purification of the RNA was 

carried out by precipitation using chloroform, and the quality of RNA preparation was 

assessed by UV spectroscopy and TBE gel electrophoresis. Relative mRNA 

abundances of mussel genes encoding P53, Bax, Bcl2, DNA-Ligase and Cas-3 were 

assessed in quadruplex TaqMan assays. Beacon Designer v3.0 (Premier Biosoft 

International, Inc) was used to design probes and primer pairs (Table 3). Relative 

gene expression was geometrically normalized to 18S rRNA (L33452), β-actin 

(AJ625116) and ribosomal proteinriboL27 (AJ625928). The q-RT-PCR was 

performed using for TaqMan assays the thermal protocol as follows: 30 s at 95 °C, 

followed by 40 cycles (10 s at 95 °C, 20 s at 60 °C). A random reallocation test was 

used on the group mean values for the statistical analyses. 
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Table 3. Q-PCR primers and TaqMan probes. All sequences are given 5' to 3'. Legend: Caspase 

(HQ424451.1); P53 (KC545827.1); DNA Ligase (AJ624686.1); Bax; Bcl2; RiboL27 (AJ625928); Actin 

(AJ625116); 18S (L33452). 

Gene _ID Probe  Sense Primer Antisense Primer 

Casp(HQ424451.1) CCATTCCCTTCAACCTCC

TCGCCG 

TGTCTTAGCGTTCTGTAT

CAGTAC 

AGCTTTCTGCTGGGAA

AATGAC 

P53 (KC545827.1) - AATGTCACAAGCTTCAGT

TTCAAC 

TAGATGTGATGTTTGT

GTATCCCC 

DNA L 

(AJ624686.1) 

- CGACAGCCTGAATTGCAG

CAG 

CTGGGGCTTTCTCTCA

TGGTTC 

Bax (KC545830.1) TATGAAGGATTGACACCG

GTTCT 

AGAACCAGGTACCCCAAC

AG 

GCCTACACGTCCCCAG

TTAT 

Bcl2 

(XM_052239537) 

GTTAGCAACTGACCCATA

GATGG 

CGGTTTTGGTGGGTCTTT

GT 

CCTTGCCAACCACCGT

TATC 

RiboL27 

(AJ625928) 

TGCGCCATTCAGCACAAG

AACTACCT 

AAGCCATGGGCAAATTTA

TGAAAA 

TTTACAATGACTGCTT

TACGACCT 

Actin (AJ625116) ACGCCAACACCGTCTTGT

CTGGTGG 

GTGTGATGTCATATCCGT

AAGGA 

GCTTGGAGCAAGTGCT

GTGA 

18S (L33452) ACCACATCCAAGGAAGGC

AGCAGGC 

CGGAGAGGAGCATGAGAA

AC 

CGTGCCAGGAGTGGGT

AATTT 
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Statistical analysis 

Statistical analysis to assess the reliability of the data was performed using SPSS for 

Windows (Statistical Package for the Social Science, version 29.0; SPSS Inc., 

Chicago, IL, USA). 

The results were presented as median (interquartile range, IQR, 25th- 75th), 

minimum (min), maximum (max) and mean ± standard deviation (SD). 

Student’s t-test was used to evaluate any significant differences between treated and 

control groups. The p-value equal or less than 0.05 (p ≤ 0.05) was considered as 

statistically significant. 

The results of the various toxicological analyses were presented as mean ± SD. The 

Shapiro-Wilk test was used to test the normality of distribution. A two-way ANOVA 

was performed along with Tukey’s test using one factors: the first one is the different 

types of treatments. 
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Results 

The PhD project has led to the development of filters designed to capture MPs in 

wastewater. MPs concentrations were analysed both before and after filtration in 

outlet wastewater, mussel digestive glands, and mussel hemolymph.  

Additionally, cytotoxic, and genotoxic analyses were performed on mussels to assess 

the toxicity induced by MPs and to evaluate the filter's efficacy in mitigating such 

induced toxicity on mussels. 

MPs in wastewater  

The 30 samples from the inlet and the 30 samples from the outlet of wastewater 

underwent extraction for the analysis of MPs concentrations using SEM. The 

following figures display some particles observed during the SEM analyses, along 

with their spectra and microanalysis (Figure 19, 20). 
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Figure 19. Particle > 10 m with its spectrum and microanalysis. 

 

 
Figure 20. Particle < 10 m with its spectrum and microanalysis. 
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Table 4. Samples list of inlet wastewater with their mean concentrations of MPs, greater or less than 

10 m, and standard deviation. 

INLET SAMPLES Mean of MPs <10 m (p/g) SD Mean of MPs >10 m (p/g) SD 

123A  5330 154,70 287 48,28 

7S 7826 351,88 253 9,00 

9S  4891 347,16 342 26,23 

154A 5937 463,41 314 9,64 

11S 9251 223,59 335 37,00 

13S 1130 109,56 291 23,30 

17S 2410 317,21 200 9,54 

19S 4530 196,48 329 23,07 

321A 8541 480,46 229 22,65 

447A 1999 122,20 95 6,08 

26S 5320 359,48 324 17,35 

28S 7950 407,22 232 18,08 

557A 6127 576,78 298 9,85 

30S 2003 109,83 120 8,54 

32S 4703 180,32 339 49,33 

772A 1240 172,31 96 4,36 

50S 4681 409,37 284 12,49 

52S 5921 203,00 87 5,20 

14P38 3620 645,31 232 3,61 

28P38 7039 78,82 99 5,29 

38P38 8201 165,50 224 7,81 

58P38 1952 210,37 238 21,66 

76P38 4027 72,09 196 9,54 

80P38 2500 339,23 83 4,00 

83P38 8570 391,80 164 7,21 

90P38 4320 149,33 152 4,36 

SE1 7237 133,29 132 6,56 

SE2 1237 130,93 67 7,21 

SE3 8246 436,85 64 7,00 

SE4 6004 800,11 130 8,19 
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Table 5. Samples list of outlet wastewater with their mean concentrations of MPs, greater or less 

than 10 m, and standard deviation. 

OUTLET SAMPLES Mean of MPs <10 m (p/g) SD Mean of MPs >10 m (p/g) SD 

124A 3250 203,20 27 2,65 

8S 3651 247,58 43 5,29 

10S 1927 24,64 22 4,36 

155A 929 51,29 26 2,00 

12S 1527 22,52 30 2,00 

14S 803 7,81 12 1,00 

18S 986 14,73 32 3,61 

20S 703 4,36 22 1,00 

322A 1241 53,23 15 1,73 

448A 999 98,15 15 2,65 

27S 1017 34,77 41 1,73 

29S 952 60,85 23 1,73 

558A 4057 54,78 14 1,00 

31S 873 23,26 21 1,00 

33S 1127 64,71 43 4,36 

773A 819 16,37 36 2,65 

51S 989 12,12 34 2,65 

53S 1687 55,56 25 2,65 

15P38 842 8,72 44 2,65 

29P38 1348 39,96 33 2,65 

39P38 1757 48,45 40 1,73 

59P38 712 17,78 54 2,65 

77P38 974 12,12 27 2,65 

81P38 951 11,27 44 2,65 

84P38 2147 40,04 32 1,73 

91P38 921 16,64 38 1,73 

SU1 2001 752,50 65 2,65 

SU2 404 6,56 16 1,73 

SU3 1201 202,59 15 1,00 

SU4 400 7,21 64 2,00 

 

Tables 4 and 5 show the means and standard deviations of MPs concentrations, 

expressed in particles per gram (p/g), for each sample in inlet and outlet, categorized 

into particles smaller than 10 µm and particles larger than 10 µm. 
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Figure 21. The graphs show MPs concentrations (p/g) < 10 m in inlet and outlet wastewater. 

 

 
Figure 22. The graphs show MPs concentrations (p/g) > 10 m in inlet and outlet wastewater. 
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These data have proven valuable in elucidating MPs concentration in inlet and outlet 

WWTPs, with values mostly ranging between 1000 and 8000 p/g for MPs smaller 

than 10 µm in inlet, and between 150 and 300 p/g for MPs  larger than 10 µm in inlet. 

In contrast, the outlet has MPs concentrations mostly ranging between 800 and 3000 

p/g for MPs smaller than 10 µm, and between 30 and 60 p/g for MPs larger than 10 

µm, as illustrated in the previous graphs (Figures 21, 22). 

The graphs, representing samples from both inlet and outlet with MPs particles 

smaller and larger than 10 µm, highlight the distinct concentration levels within these 

two size ranges. MPs smaller than 10 microns demonstrate higher concentrations 

compared to MPs larger than 10 microns, which maintain lower concentrations in 

both inlet and outlet samples. 

The graphs highlight a reduction in particle concentration in wastewater following 

treatment processes. The predominant MPs detected in outlet are particles smaller 

than 10 µm. Additionally, MPs diameters were analysed, and the following tables 

show the mean diameters and standard deviations of the examined samples. 

WWTPs showed an average reduction of 84.73% for MPs larger than 10 µm and a 

reduction of 73.03% for MPs smaller than 10 µm. This demonstrates a reduced 

efficiency of purification systems in retaining the smaller MPs that are released into 

the environment and which impact on the ecosystem by polluting. This result 

highlights the urgency of adopting measures to reduce the presence of MPs with 

dimensions smaller than 10 µm, an increasingly widespread pollutant. 
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Table 6. Samples list of inlet wastewater with their mean diameters of MPs, greater or less than 10 

m, and standard deviation. 

INLET SAMPLES Mean of MPs diameters <10 m SD Mean of MPs diameters >10 m SD 

123A  3,06 0,34 17,26 1,27 

7S 2,53 0,15 14,7 0,44 

9S  1,13 0,13 31,11 1,09 

154A 3,92 0,04 12,98 0,53 

11S 2,87 0,15 45,18 1,05 

13S 1,99 0,37 27,11 0,58 

17S 2,18 0,40 18,05 0,34 

19S 2,87 0,25 41,18 0,49 

321A 1,28 0,17 16,4 1,32 

447A 0,91 0,06 11,35 0,62 

26S 4,09 0,06 10,35 0,32 

28S 0,78 0,04 13,09 0,73 

557A 3,1 0,19 39,1 1,11 

30S 1,86 0,19 48,7 0,44 

32S 2,05 0,19 41,25 1,35 

772A 1,32 0,46 33,8 1,17 

50S 3,81 0,09 16,1 0,52 

52S 1,43 0,16 21,11 0,38 

14P38 1,67 0,21 12,72 0,25 

28P38 2,98 0,49 16,02 0,12 

38P38 0,81 0,12 36,12 1,36 

58P38 4,88 0,10 31,09 0,75 

76P38 3,4 0,50 27,3 0,61 

80P38 3,48 0,40 10,95 0,22 

83P38 1,85 0,24 38,6 0,70 

90P38 3,1 0,15 15 0,24 

SE1 2,58 0,56 13,76 0,75 

SE2 3,34 0,49 27,6 1,26 

SE3 1,88 0,25 24,56 1,97 

SE4 1,96 0,57 37,18 1,84 
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Table 7. Samples list of outlet wastewater with their mean diameters of MPs, greater or less than 10 

m, and standard deviation. 

OUTLET SAMPLES Mean of MPs diameters <10 m SD Mean of MPs diameters >10 m SD 

124A 2,34 0,20 19,80 0,62 

8S 1,94 0,13 15,90 0,75 

10S 1,38 0,25 40,02 0,86 

155A 4,87 0,46 11,80 0,62 

12S 2,81 0,36 62,12 0,92 

14S 5,08 0,28 25,36 1,23 

18S 5,28 0,15 54,76 0,64 

20S 2,01 0,11 21,28 0,28 

322A 1,12 0,14 15,46 0,80 

448A 0,77 0,18 38,07 0,94 

27S 0,92 0,10 46,71 1,12 

29S 0,65 0,06 40,09 0,98 

558A 2,46 0,13 11,72 0,40 

31S 1,16 0,11 31,21 0,94 

33S 3,01 0,13 19,16 0,16 

773A 1,38 0,24 22,46 0,48 

51S 3,47 0,19 51,21 1,07 

53S 2,59 0,15 15,90 0,75 

15P38 3,11 0,28 68,79 0,61 

29P38 1,99 0,41 19,80 0,69 

39P38 3,94 0,19 65,70 1,00 

59P38 5,98 0,13 35,61 0,78 

77P38 6,01 0,08 44,20 0,70 

81P38 6,48 0,02 12,50 0,70 

84P38 4,01 0,17 19,70 0,72 

91P38 2,80 0,29 16,10 0,57 

SU1 2,84 0,24 111,00 1,59 

SU2 2,64 0,18 49,90 0,89 

SU3 5,10 0,11 57,18 0,85 

SU4 4,32 0,28 54,12 0,86 

124A 2,34 0,20 19,80 0,62 

 

Tables 6 and 7 show the diameter means and standard deviations of MPs for each 

sample in inlet and outlet, categorized into particles smaller than 10 µm and particles 

larger than 10 µm. 
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Figure 23. The graphs show MPs diameters < 10 m in inlet and outlet wastewater. 

 

 

 

Figure 24. The graphs show MPs diameters > 10 m in inlet and outlet wastewater. 

 

 

Graphs 23 and 24 illustrate a similarity in the trends of MPs diameters below 10 m, 

both in inlet and outlet, primarily ranging between 1 and 4 μm. Similarly, a 
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resemblance is observed in the trends of diameters above 10 microns, both in inlet 

and outlet, predominantly ranging between 20 and 40 μm. 

The data distribution on MPs concentrations was analysed using box plots. The 

graphs illustrate a higher quantity of MPs below 10 μm compared to particles with 

diameters above 10 μm, observed both in inlet and outlet (Figure 25). 

 

 

Figure 25. Box plot of MPs concentrations for particles in inlet < 10 m, particles in inlet > 10 m, 

particles in outlet < 10 m, and particles in outlet > 10 m. 

 

The box plot highlights how WWTPs partially manage to reduce MPs, but particles 

below 10 µm remain more prevalent in wastewater samples that are then discharged 

into the environment.  

The following table shows the medians, 25th and 75th percentiles values, and 

minimum and maximum values for each of the 4 groups (Table 8). 
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Table 8. Median (IQR), minimum, and maximum of the 4 groups analysed in the box plots. 

Groups Median (IQR) Min-Max (p/g) 

MPs <10 m (p/g) of inlet samples 5106 (2780-7187) 1130-9251 

MPs >10 m (p/g) of inlet samples 227 (122-290) 64-342 

MPs <10 m (p/g) of outlet samples 994 (885-1647) 400-4057 

MPs >10 m (p/g) of outlet samples 31 (22-41) 12-65 

  

The minimum and maximum MPs concentrations with a diameter below 10 μm in 

inlet wastewater were 1130 p/g and 9251 p/g, respectively. In outlet, the 

corresponding concentrations were 400 p/g (minimum) and 4057 p/g (maximum). 

The minimum and maximum concentrations of MPs with a diameter exceeding 10 μm 

in inlet were 64 p/g and 342 p/g, respectively. In outlet, these concentrations were 12 

p/g (minimum) and 65 p/g (maximum). 

The analysis of MPs diameter distribution was conducted using box plot. The graph 

highlights that MPs particles with diameters below 10 µm exhibit comparability 

between inlet and outlet wastewater (Figure 26). The same principle applies to MPs 

with diameters exceeding 10 µm, showing comparable diameters in both inlet and 

outlet. 

Figure 26. Box plot of MPs diameters for particles in inlet < 10 m, particles in inlet > 10 m, particles 

in outlet < 10 m, and particles in outlet > 10 m. 
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The following table shows the median distribution and the 25th and 75th percentiles, 

along with highlighting the minimum and maximum values for each of the 4 groups 

(Table 9). 

 

Table 9. Median (IQR), minimum, and maximum of the 4 groups analysed in the box plots. 

Groups Median (IQR) Min-Max (m) 

MPs diameters <10 m of inlet samples 2 (1,72-3,1) 1-5 

MPs diameters >10 m of inlet samples 23 (14,78-35,54) 10-49 

MPs diameters <10 m of outlet samples 3 (1,95-4,24) 1-6 

MPs diameters >10 m of outlet samples 33 (19,3-50,88) 12-111 

 

The minimum and maximum MPs diameters below 10 µm for inlet and outlet 

wastewater were overlapping, ranging from 1 µm to 6 µm, respectively. 

The minimum and maximum diameters, for MPs with diameters exceeding 10 µm in 

inlet wastewater, were 10 µm and 49 µm, respectively. In outlet, the minimum and 

maximum concentrations were 12 µm and 111 µm, respectively. 

The data are statistically significant, with the Student’s T-test yielding p-values ≤ 

0.05. 

The mean values of MPs concentration were analysed for both particles smaller than 

and larger than 10 m in the 5 different WWTPs examined as shown in the following 

tables (Table 10). 
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Table 10. Samples list of mean MPs concentration in inlet and outlet wastewater in 5 WWTPs 

analysed, greater or less than 10 m, and standard deviation. 

INLET SAMPLES PLACE Mean of MPs <10 m (p/g) in inlet Mean of MPs >10 m (p/g) in inlet 

Catania 5099,28 175,59 

Adrano 5698,50 289,31 

S.M. di Licodia 4404,17 233,63 

Giarre 5814,00 172,67 

Siracusa 4595,38 165,47 

 

OUTLET SAMPLES PLACE Mean of MPs <10 m (p/g) in outlet Mean of MPs >10 m (p/g) in outlet 

Catania 1655,72 25,49 

Adrano 1549,64 37,24 

S.M. di Licodia 1157,56 20,79 

Giarre 1327,71 33,85 

Siracusa 948,32 47,89 

 

 

Figure 27. The graph shows the mean of MPs concentration in the 5 WWTPs analysed. 

 

The mean concentrations of MPs in the 5 different analysed WWTPs are comparable 

both for particles smaller than 10 µm and for those larger than 10 µm, both at inlets 

and outlets (Figure 27). 
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MPs mean concentrations are higher for particles smaller than 10 µm, both at inlet 

and outlet of WWTPs. Specifically, the mean value for MPs smaller than 10 µm at 

inlets is 5122.27, while at outlets it is 1327.79. The mean value at inlet is 207.33 and 

at outlet it is 33.05 for particles larger than 10 µm. 

After the purification treatment, a decrease in MPs concentration values is observed 

for both particles smaller than 10 µm and those larger than 10 µm. 

This study highlighted that MPs larger than 10 µm are retained more effectively by 

WWTPs, with a similar percentage reduction across WWTPs analyzed (average of 

85%). However, MPs smaller than 10 µm are not retained as effectively by WWTPs, 

with a comparable percentage reduction across the five facilities (average of 73%). 

This result underscores the significance of targeting the removal of MPs smaller than 

10 µm to effectively mitigate pollution.  
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Optical microscope analysis  

Four different filters were developed in the laboratory to assess their effectiveness in 

retaining MPs particles equal to or smaller than 10 µm. Fortified blanks with standard 

10 µm and 3 µm MPs particles characterized by different colours, dark blue and red 

respectively, were used to demonstrate the efficiency of each filter. 

The final analysis to showcase the filter efficiency was conducted through 

microscopic observation (Figure 28). 

 

 

 

 

 

Figure 28. 10 m dark blue MPs particles (on the left), and 3 m red MPs particles (on the right) to 

the optical microscope. 

 

By adding 225 μl of standard particles to 4.5 L of ultra-pure water (UPLC-MS), it was 

expected to obtain a quantity ranging from 3000 to 4000 particles for those with a 

diameter of 10 microns and between 90000 and 100000 particles for those with a 

diameter of 3 microns in 1 ml of pre-filtered water. The analysis results were 

consistent with expectations, confirming the accurate execution of the analysis. 

The fortified blank samples underwent a 3-hour filtration process for each tested 

filter. Pre- and post-filtration samples were analysed under an optical microscope 

every 15 minutes, starting from time 0 and for a period of 3 hours. The analysis 

conducted for each filter, using two different microparticle (MPs) standards, yielded 

the following results: 
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- The biochar filter showed a decrease of 10 μm particles until 30 minutes, with 

a total elimination to 0 particles after 30 minutes; for 3 μm particles, total 

retention occurred at 30 minutes; 

- The activated carbon filter for 10 μm particles showed a continuous decrease 

over the 3 hours without ever reaching 0; for 3 μm particles, the same situation 

occurred, there was a decrease over 3 hours without complete elimination; 

- The PVDF filter showed a decrease in both 10 μm and 3 μm particles during 

the 3-hour filtration without ever reaching complete elimination; 

- The ceramic filter exhibited a decrease in 10 μm particles during the first 45 

minutes of filtration, eliminating to 0 after 45 minutes; for 3 μm particles, total 

particle retention occurred at 30 minutes. 

The following diagrams illustrate the efficiency of the filters by highlighting the 

particles decrease for each tested filter (Figure 29, 30, 31, 32). 
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Figure 29. Particles number in inlet and outlet from biochar filter for 10 m and 3 m MPs particles. 
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Figure 30. Particles number in inlet and outlet from active carbon filter for 10 m and 3 m MPs 

particles. 
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Figure 31. Particles number in inlet and outlet from PVDF filter for 10 m and 3 m MPs particles. 
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Figure 32. Particles number in inlet and outlet from ceramic carbon filter for 10 m and 3 m MPs 

particles. 
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The filters that exhibited the best performance for both tested particle sizes are the 

0.5-micron biochar filter and the ceramic filter with 0.5-micron pores. These two 

filters, exhibiting similar trends, demonstrated good performance for both 10-micron 

and 3-micron particles compared to the activated carbon filter, which released 

material, and the PVDF filter, which did not effectively retain MPs as well as the 

others. 

Active carbon and ceramic filters can be regenerated, it is working on a process of 

pyrolysis of plastic materials. It is a technique that is used to convert non-recyclable 

plastic materials into pyrolysis oils which can be used as fuel oil or as new precursor 

in the production processes of plastic materials. The pyrolysis process in the 

absence of oxygen and at temperatures of 450°C determines the cracking process of 

the polymer chains into smaller pieces. The overall effect is the transformation of 

solid plastic into liquid pyrolysis oil. Since the process occurs without oxygen, the 

active components of the filter (activated carbon/ceramic) do not participate in the 

reaction, and they can therefore be recovered. 
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MPs on filtered samples  

Some outlet wastewater samples among those previously observed were filtered 

using the biochar filter for 3 hours, as it proved to be an efficient filter in retaining both 

10 m and 3 m MPs. The SEM results confirmed the filter's effectiveness. Post-

filtration samples were analysed, and a comparison was made with the samples 

already analysed in the outlet pre-filtration (Table 11). 

Table 11. MPs concentrations in pre-filtration and post-filtration outlet WWs samples. 

SAMPLES Mean of MPs <10 m (p/g) SD Mean of MPs >10 m (p/g) SD 

SU1 2001 753 65 3 

SU2 404 4 16 0 

SU3 1201 131 15 7 

SU4 400 7 64 2 

 

SAMPLES Mean of MPs <10 m (p/g) SD Mean of MPs >10 m (p/g) SD 

SU1PF 10 4 0 0 

SU2PF 0 131 0 7 

SU3PF 40 7 0 2 

SU4PF 0 0 13 0 
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Figure 33. The graphs show MPs concentrations (p/g) in pre-filtration and post-filtration outlet WWs 

samples. 

 

 

The graphs illustrate a decrease and elimination of MPs after filtration, highlighting 

the almost complete MPs retention with the use of the prototype filtration system 

(Figure 33). 

The filter showed a removal efficiency of 98.75% for MPs smaller than 10 m, and a 

reduction of 91.90% for MPs larger than 10 m, demonstrating a very high 

performance of the prototyped filter. 
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MPs on mussels’ digestive gland 

The mussel species of Mytilus galloprovincialis were exposed to outlet wastewater 

before and after filtration. The protocol for extracting MPs was applied to mussel’s 

digestive gland samples subjected to these treatments. Subsequently, these samples 

were examined using SEM to verify the concentration of MPs present in the digestive 

glands of mussels (Table 12). 

Table 12. MPs concentrations in mussels’ digestive glands subjected to pre-filtration and post-

filtration wastewater. 

CAMPIONE Mean of MPs <10 m (p/g) SD Mean of MPs >10 m (p/g) SD 

Mussel control  141050 179,41 2361 74,65 

SU1 mussels 257163 718,46 3657 435,95 

SU2 mussels 464639 507,62 3272 188,65 

SU3 mussels 654369 419,97 3662 310,14 

SU4 mussels 227463 253,51 4053 210,95 

 

CAMPIONE Mean of MPs <10 m (p/g) SD Mean of MPs >10 m (p/g) SD 

Mussel control  141050 179,41 2361 74,65 

SU1PF mussels 161674 507,62 2463 188,65 

SU2PF mussels 305136 419,97 2392 310,14 

SU3PF mussels 486239 253,51 2412 210,95 

SU4PF mussels 151050 974,89 2961 130,97 

These data show MPs concentration in mussels’ digestive glands before filtration, 

with values mostly ranging between 250000 and 450000 p/g for MPs smaller than 10 

μm and between 3000 and 4000 p/g for MPs larger than 10 μm. MPs in mussel 

digestive glands after filtration, on the other hand, have a concentration mostly 

ranging between 160000 and 400000 p/g for MPs smaller than 10 μm and between 

2300 and 2400 p/g for MPs larger than 10 μm, as shown in the previous graphs.  

In both the digestive gland and wastewater, the two-dimensional ranges exhibit 

different concentrations, with higher concentrations for MPs smaller than 10 microns. 
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An analysis of MPs diameters has been performed, and the following tables show the 

mean diameters and standard deviation of the analysed samples (Table 13). 

 

Table 13. MPs diameters in mussels’ digestive glands subjected to pre-filtration and post-filtration 

wastewater. 

SAMPLES Mean of MPs diameters <10 m SD Mean of MPs diameters >10 m SD 

Mussel control  4,22 0,18 19,92 1,03 

SU1 mussels 4,04 0,07 19,12 0,23 

SU2 mussels 5,38 0,10 18,91 0,09 

SU3 mussels 5,31 0,33 23,10 0,56 

SU4 mussels 4,09 0,63 19,90 0,65 

 
SAMPLES Mean of MPs diameters <10 m SD Mean of MPs diameters >10 m SD 

Mussel control  4,22 0,18 19,92 1,03 

SU1PF mussels 4,02 0,10 18,04 0,09 

SU2PF mussels 3,80 0,33 11,89 0,56 

SU3PF mussels 2,94 0,63 20,20 0,65 

SU4PF mussels 3,79 0,72 17,30 0,43 
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Figure 34. The graphs show MPs diameters (m) in mussels’ digestive glands subjected to pre-

filtration and post-filtration wastewater. 

 
The data presented in the graphs indicate a similar trend for MPs diameters below 10 

μm in mussels’ digestive glands pre- and post-filtration, mostly ranging between 4 

and 5 μm. Similarly, there is a comparable trend for diameters above 10 μm in 

mussels’ digestive glands  pre- and post-filtration, mostly between 17 and 20 μm 

(Figure 34).  

Mussel digestive glands exposed to post-filtration wastewater underwent a reduction 

of 48.06% for MPs less than 10 μm and 84.92% for MPs greater than 10 μm. 
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The following table highlight the median values, 25th and 75th percentiles, and 

minimum and maximum values for each of the 4 groups (Table 14). 

Table 14. Median (IQR), minimum, and maximum of the 4 groups analysed in the box plots. 

Groups Median (IQR) Min-Max (p/g) 

Pre-filtration MPs <10 m (p/g) on digestive gland 360901 (249738-512071) 227463-654369 

Pe-filtration MPs >10 m (p/g) on digestive gland  3660 (3561-3760) 3272-4053 

Post-filtration MPs <10 m (p/g) on digestive gland 233405 (159018-350412) 151050-486239 

Post-filtration MPs >10 m (p/g) on digestive gland 2437 (2407-2588) 2392-2961 

 

The minimum and maximum concentrations of MPs with a diameter less than 10 μm 

in the digestive glands, subjected to wastewater before the filtration phase, were 

227,463 p/g (minimum) and 654,369 p/g (maximum), respectively. Following the 

filtration phase, the minimum and maximum concentrations decreased to 151,050 p/g 

and 486,239 p/g, respectively. 

The minimum and maximum concentrations in digestive glands subjected to pre-

filtration wastewater were 3,272 p/g and 4,053 p/g, as for MPs with a diameter 

greater than 10 μm. After filtration, the minimum and maximum concentrations for the 

same MPs were 2,392 p/g and 2,961 p/g, respectively. 

The following table shows the distribution of median levels and the 25th and 75th 

percentiles, as well as highlighting the minimum and maximum for each of the 4 

groups (Table 15). 

Table 15. Median (IQR), minimum, and maximum of the 4 groups analysed in the box plots. 

Groups Median (IQR) Min-Max (p/g) 

Pre-filtration MPs diameters <10 m of mussels’ digestive gland 4 (3,75-4,41) 3-5 

Pre-filtration MPs diameters >10 m of mussels’ digestive gland 18 (15,95-19,31) 12-23 

Post-filtration  MPs diameters <10 m of mussels’ digestive gland 4 (3,80-4,36) 4-5 

Post-filtration  MPs diameters >10 m of mussels’ digestive gland 20 (19,07-19,98) 19-20 

 

The minimum and maximum MPs diameters below 10 µm for the pre-filtration and 

post-filtration digestive gland are overlapping, respectively 3 µm and 5 µm. The 
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minimum and maximum MPs diameters above 10 µm for pre-filtration digestive gland 

are 12 µm and 23 µm, while for post-filtration digestive gland, the minimum and 

maximum concentrations are 19 µm and 20 µm.  

The data demonstrate statistical significance, as confirmed by p-values obtained from 

the Student's T-test, which are less than or equal to 0.05.  
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MPs on mussels’ haemolymph 

The mussel species Mytilus galloprovincialis were exposed to outlet wastewater 

before and after the filtration process. The hemolymph samples taken from mussels 

subjected to such treatments were processed following an extraction protocol to 

isolate MPs. Subsequently, these samples were examined using scanning electron 

microscopy (SEM) to assess the MPs concentration in mussels’ hemolymph (Table 

16). 

 

Table 16. MPs concentrations in mussels’ hemolymph subjected to pre-filtration and post-filtration 

wastewater. 

SAMPLES Mean of MPs <10 m (p/g) SD Mean of MPs >10 m (p/g) SD 

EMO CONTROL 10 1,00 29 1,73 

SU1 EMO 819 32,97 45 7,81 

SU2 EMO 1603 1,73 37 2,65 

SU3 EMO 1903 126,11 35 3,00 

SU4 EMO 719 2,65 55 3,61 

 

SAMPLES Mean of MPs <10 m (p/g) SD Mean of MPs >10 m (p/g) SD 

EMO CONTROL 10 1,00 29 1,73 

SU1PF EMO 10 1,73 30 2,65 

SU2PF EMO 12 126,11 29 3,00 

SU3PF EMO 20 2,65 30 3,61 

SU4PF EMO 13 99,53 31 3,61 
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Figure 35. The graphs show MPs concentrations (p/g) in mussels’ hemolymph subjected to pre-

filtration and post-filtration wastewater. 

 

The data indicates that MPs concentration in mussels’ hemolymph before filtration is 

mostly in the range of 800 to 1600 particles per gram (p/g) for MPs smaller than 10 

μm, while for MPs larger than 10 μm, it ranges between 35 and 50 p/g. After filtration, 

MPs concentration in mussels’ hemolymph decreases, with values mainly between 

10 and 20 p/g for MPs smaller than 10 μm and approximately 30 p/g for MPs larger 

than 10 μm, as illustrated in the previous graphs (Figure 35). 

The graph highlights a decrease in MPs concentration with sizes smaller than 10 μm 

in hemolymph samples after being subjected to treatment with filtered wastewater. 
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This result once again emphasizes the effectiveness of the prototype filter in the 

process of removing MPs. 

The results confirm a high filter efficiency in the hemolymph of mussels exposed to 

filtered wastewater with a reduction of 99.75% for MPs less than 10 μm, and a 

reduction of 95.06% for MPs greater than 10 μm. 

MPs diameters were analysed, and the following tables provide the diameter means 

and standard deviations observed in the examined samples (Table 17). 

Table 17. MPs diameters in mussels’ hemolymph subjected to pre-filtration and post-filtration 

wastewater. 

SAMPLES Mean of MPs diameters <10 m SD Mean of MPs diameters >10 m SD 

EMO CONTROL 4,75 0,34 22,28 0,38 

SU1 EMO 4,5 0,22 21,32 0,31 

SU2 EMO 4,46 0,41 17,76 0,24 

SU3 EMO 4,1 0,42 15,18 0,81 

SU4 EMO 4,26 0,26 23,12 0,44 

 

SAMPLES Mean of MPs diameters <10 m SD Mean of MPs diameters >10 m SD 

EMO CONTROL 4,75 0,34 22,28 0,38 

SU1PF EMO 3,89 0,37 16,28 0,26 

SU2PF EMO 4,3 0,35 14,6 0,44 

SU3PF EMO 3,11 0,16 14,95 0,69 

SU4PF EMO 3,3 0,41 20,9 1,03 
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Figure 36. The graphs show MPs diameters (m) in mussels’ hemolymph subjected to pre-filtration 

and post-filtration wastewater. 

 
 

The data in the graphs show a similar trend for MPs diameters smaller than 10 

microns in hemolymph before and after filtration, mostly observed around 4 μm 

(Figure 36). Similarly, a comparable trend is observed for MPs diameters larger than 

10 microns, both before and after filtration, mainly ranging between 15 and 20 μm. 

The data distribution of MPs concentrations was analysed using box plot. The graph 

indicates a higher quantity of MPs smaller than 10 μm compared to particles with a 

diameter greater than 10 μm in hemolymph subjected to wastewater both pre-

filtration and post-filtration (Figure 37). 
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Figure 37. Box plot of MPs concentrations in pre-filtration mussels’ hemolymph for particles < 10 m, 

particles > 10 m, and in post-filtration for particles < 10 m, and particles > 10 m. 

 

The box plot illustrates how the MPs concentration in hemolymph exposed to post-

filtration wastewater is lower, like the control group, as indicated in the above-

mentioned Table 16.  

The following table shows median values, along with the 25th and 75th percentiles, 

and the minimum and maximum values for each of the 4 groups (Table 18). 

Table 18. Median (IQR), minimum, and maximum of the 4 groups analysed in the box plots. 

Groups Median (IQR) Min-Max (p/g) 

Pre-filtration MPs <10 m (p/g) on hemolymph 1211(794,29-1678,76) 719-1903 

Pre-filtration MPs >10 m (p/g) on hemolymph 41 (36,5-47,5) 35-55 

Post-filtration MPs <10 m (p/g) on hemolymph 13 (11,5-14,75) 10-20 

Post-filtration MPs >10 m (p/g) on hemolymph 30 (29,5-30,03) 29-31 

The minimum and maximum MPs concentrations with a diameter less than 10 μm in 

hemolymph, subjected to wastewater before filtration, were 719 p/g (minimum) and 

1903 p/g (maximum), respectively. After filtration, the minimum and maximum 

concentrations decreased to 10 p/g and 20 p/g, respectively. 

The minimum and maximum concentrations were 35 p/g and 55 p/g for MPs with a 

diameter greater than 10 μm, in hemolymph subjected to pre-filtration wastewater. 
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After filtration, the minimum and maximum concentrations for the same MPs were 29 

p/g and 31 p/g, respectively. 

The analysis of MPs diameter distribution was performed using box plot. From the 

observation of the graph, it is evident that MPs with diameters less than 10 µm are 

comparable in hemolymph subjected to both pre- and post-filtration wastewater. 

Likewise, a similarity is noted for MPs with diameters greater than 10 µm, indicating 

analogous sizes in hemolymph subjected to both pre- and post-filtration wastewater 

(Figure 38). 

 

 

Figure 38. Box plot of MPs diameters in pre-filtration mussels’ hemolymph for particles < 10 m, 

particles > 10 m, and in post-filtration for particles < 10 m, and particles > 10 m. 

 

The table below illustrates the distribution of median levels, 25th and 75th 

percentiles, also highlighting the minimum and maximum values for each of the 4 

groups (Table 19). 
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Table 19. Median (IQR), minimum, and maximum of the 4 groups analysed in the box plots. 

Groups Median (IQR) Min-Max (p/g) 

MPs diameters <10 m of mussels’ hemolymph  4 (3,9-4,47) 3-5 

MPs diameters >10 m of mussels’ hemolymph  17 (16-18,55) 15-21 

MPs diameters <10 m of mussels’ hemolymph  4 (3,70-4,27) 3-4 

MPs diameters >10 m of mussels’ hemolymph  18 (14,86-21,77) 15-23 

The minimum and maximum MPs diameters smaller than 10 µm in mussel 

hemolymph pre-filtration and post-filtration are overlapping, measuring 3 and 5 µm, 

respectively. Similarly, the minimum and maximum MPs diameters larger than 10 µm 

in mussel hemolymph pre-filtration and post-filtration are also overlapping, measuring 

15 and 23 µm, respectively.  

The data shows statistical significance, as confirmed by p-values obtained through 

the Student's T-test, which are less or equal to 0.05. 

  



134 
 

Toxicological analysis of mussels hemolymph  

Cytotoxic and genotoxic investigations were conducted on mussels to test MPs 

toxicity and their accumulation. This demonstrated the toxicity expressed by these 

animals, correlating with the quantity of MPs accumulated in hemolymph. Analyses 

were conducted on mussels exposed to pre-filtration wastewater and post-filtration 

wastewater. Cytotoxic analyses were performed using LMS, a study focused on 

assessing the stability of the lysosomal membrane. This investigation provided the 

following cytotoxicity values (Table 20). 

Table 20. Mean and standard deviation of mussels hemolymph subjected to LMS. 

 
Control SU1 SU1PF SU2 SU2PF SU3 SU3PF SU4 SU4PF 

Mean 63,75 24,25 38,5 21,25 32,5 24,25 40,5 17,75 28,75 

SD 5,44 2,43 2,16 2,16 2,58 3,44 3,26 2,16506351 4,14578099 

 

 

 

 

 

Figure 39. The graph shows retention time of lysosomal membrane in hemolymph samples. 
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This graph illustrates how the samples have values significantly different from the 

control, and the significant difference is also observed when analysing samples 

exposed to pre-filtered wastewater compared to samples subjected to post-filtered 

wastewater (Figure 39). 

The measured times for hemolymph samples exposed to wastewater before filtration 

range from 17.75 to 24.25 minutes, while for hemolymph samples exposed to 

wastewater after filtration, they fall within the range of 28.75 to 40.5 minutes. The 

lysosomal membrane degradation following filtration suggests lower toxicity 

compared to samples with a higher MPs concentration before the filtration phase. 

The analysis using Tukey's test proved to be statistically significant with a p-value < 

0.05. 

Genotoxicity was assessed through MNF investigations on hemolymph (Table 21) 

and through q-Real-Time PCR on genes such as p53, DNA-Ligase, Bax, BcL-2, 

Casp3 (Table 22). 

 

Table 21. Mean and standard deviation of mussels hemolymph subjected to MNF. 

 
Mean SD 

Control 5,66 0,3204164 

SU1 29,58 5,74456265 

SU1 PF 13,53 1,68068593 

SU2 43,57 4,5609826 

SU2 PF 13,75 1,74402381 

SU3 44,84 4,10523158 

SU3 PF 18,47 1,28284271 

SU4 50,48 5,94339811 

SU4 PF 12,56 1,48989795 
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Figure 40. The graph shows the number of micronuclei in hemolymph samples. 

 

The graph illustrates how the control has values significantly different from the 

samples. Hemolymph samples subjected to both pre- and post-filtration wastewater 

have also significantly different values (Figure 40). 

The samples exposed to pre-filtration wastewater show a higher quantity of 

micronuclei, ranging from 29.58 to 50.48 MNF/1000 cells, while the samples exposed 

to post-filtration wastewater have lower values ranging from 12.56 to 18.47, 

indicating lower genotoxicity in samples subjected to filtered water with a lower MPs 

concentration. 

The average percentage of micronuclei in samples exposed to post-filtration 

wastewater is reduced by 65.39%. 

The Tukey's test yielded a p-value less than 0.05, indicating statistically significant 

data. 
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Table 22. Gene expression values of p53, DNA-Ligase, Bax, BcL-2, Casp3 in hemolymph samples. 

  
P53 DNA-Ligase Bax BcL-2 Casp3 

Mean SU1 2,58 1,23 3,74 0,67 3,78  
SU1 PF 2,09 3,59 1,59 2,11 1,47  

SU2 2,76 0,98 3,59 0,61 3,49  
SU2 PF 2,11 3,11 1,47 2,05 1,38  

SU3 3,47 1,19 3,48 0,58 3,44  
SU3 PF 2,28 3,48 1,22 2,95 1,13  

SU4 3,38 1,14 3,91 0,51 3,59  
SU4 PF 2,03 3,28 1,36 2,07 0,82        

Sd SU1 0,21 0,12 0,29 0,05 0,27  
SU1 PF 0,14 0,23 0,11 0,22 0,12  

SU2 0,16 0,07 0,31 0,06 0,36  
SU2 PF 0,22 0,24 0,12 0,19 0,12  

SU3 0,28 0,14 0,29 0,04 0,24  
SU3 PF 0,21 0,26 0,17 0,27 0,17  

SU4 0,36 0,18 0,36 0,07 0,39  
SU4 PF 0,15 0,31 0,14 0,18 0,09 

  Sign Up regulated gene  

  Sign down regulated gene  

  unregulated gene  

 
 

 

Figure 41. The graph shows gene expression levels in hemolymph samples subjected to q-RT-PCR. 
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The gene expression levels of p-53, Bax, and Casp3 in hemolymph samples 

subjected to post-filtration wastewater are lower compared to those subjected to pre-

filtration wastewater (Figure 41). The levels of DNA-Ligase and BcL-2 in hemolymph 

samples subjected to post-filtration wastewater are higher compared to those 

subjected to pre-filtration wastewater. This indicates higher genotoxicity for samples 

treated with pre-filtration wastewater.  

The Tukey's test produced a p-value less than 0.05, indicating that the data is 

statistically significant. 
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Discussion 

MPs concentration in wastewater samples, as well as in samples from the mussel 

digestive glands and mussel hemolymph subjected to treatment with pre- and post-

filtration wastewater using innovative and prototyped filters, sparks a discussion on 

the crucial need to develop a filter that can efficiently capture MPs. This emerging 

contaminant is currently challenging the balance of the entire ecosystem. 

MPs concentration analysis  

Several studies in the last decade have focused on MPs present in all environmental 

compartments, posing a potential threat due to their entry into the food chain 

(Akdogan and Guven, 2019; Alimi et al., 2018). 

It has been observed that WWTPs in different continents (Europe, Asia, and North 

America) predominantly employ a type of primary and secondary treatment, 

achieving a high percentage of MPs removal from wastewater. WWTPs structure, the 

served population, and influent flow impact MPs quantity discharged by the WWTPs. 

Despite most WWTPs demonstrating an efficiency of MPs removal exceeding 90%, 

millions of MPs are released into aquatic environments daily, remaining the primary 

source of MPs introduction into the environment (Cristaldi et al., 2020). Unfortunately, 

there are no standard protocols for MPs disposal in the environment (Bretas Alvim et 

al., 2020). 

During the treatment phases in WWTPs, larger particles, approximately 500 μm, are 

effectively removed in the primary settling tank. However, smaller particles (37-300 

μm), often sourcing from washing synthetic fabrics and products like toothpaste and 

cosmetics, show less efficient removal (Alavian Petroody et al., 2020). 
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According to studies, secondary treatment removes MPs more efficiently from 

wastewater, with a removal rate of 98% approximately. Nevertheless, accurately 

assessing MPs removal performance in WWTPs remains a challenge (Wu et al., 

2021). 

This study, using industrial patent No. 102018000003337, reveals that in various 

WWTPs analysed, the mean MPs concentration in inlet is 5091 p/g, and in outlet it is 

1373 p/g for MPs smaller than 10 microns. Meanwhile, the mean MPs concentration 

larger than 10 microns in inlet is 208 p/g, and in outlet it is 32 p/g.  

This demonstrates that treatment systems in WWTPs reduce MPs only partially. The 

data shows a higher quantity of MPs smaller than 10 microns in outlet compared to 

MPs larger than 10 microns, indicating greater efficiency of the purification systems 

for larger-sized MPs that are more easily retained by the system. These results are 

confirmed with other research in literature conducted on wastewater. 

Studies carry out in China have highlighted variations in MPs concentrations in 

different WWTPs. In Zhengzhou, the overall removal efficiency of MPs was 81.9%, 

with a higher removal of particles ranging between 0.08 and 0.55 mm. However, 

despite efficient treatment, some WWTPs continue to release a high number of MPs 

into surrounding rivers, highlighting persistent challenges in MPs management (Ren 

et al., 2020). 

In Changzhou, some WWTPs showed an efficiency of MPs removal exceeding 90%, 

with a prevalence of particles in the range of 0.1–0.5 mm (Xu et al., 2019).  

Another study in China detected MPs concentrations in the influent ranging from 1.57 

to 13.69 pieces/L, reduced to 0.20-1.73 pieces/L in the effluent, indicating significant 

removal (79.3-97.8%). However, the quantity and type of removed MPs depend on 

their characteristics such as size, shapes, and types (Long et al., 2019). A study 

conducted in Wuhan highlighted a significant MPs decrease in wastewater, 
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decreasing from 23.3 to 7.9 n L-1 and from 80.5 to 30.3 n L-1, with removal rates of 

66.1% and 62.7%, respectively. The results indicate that MPs in domestic 

wastewater, mainly originating from cosmetic products, contribute to MPs increase in 

WWTPs. Consequently, MPs use in personal care products should be prohibited, or 

alternatives replacing MPs in cosmetic products should be developed (Tang et al., 

2020). The study by Magni et al. investigated MPs fate in four size classes (5-1 mm, 

1-0.5 mm, 0.5-0.1 mm, 0.1-0.01 mm) in one of the largest WWTPs in Northern Italy.  

The number of detected MPs was 2.5 ± 0.3 MPs/L in inlet and 0.4 ± 0.1 MPs/L in 

outlet, indicating a total removal efficiency of 84%. However, considering that this 

WWTPs treats approximately 400000000 cubic meters of wastewater per day, the 

potential MPs release into the receiving aquatic system would be approximately 

160000000 MPs/day (Magni et al., 2019). In Germany, WWTPs emit a MPs mean of 

7 * 1012 items/year. 

MPs concentrations show an increase with the rise flow, suggesting that the effluent 

fraction accumulates more rapidly compared to the discharge (Schmidt et al., 2020). 

In the northeastern Mediterranean Sea, despite seasonal variations, influent waters 

have mean MPs concentrations about 2.5 times higher than effluent waters. In 

WWTPs, 0.9 MPs particles per litter of effluent were detected. WWTPs, while MPs 

removing from 55 to 97%, are one of the main sources of MPs in the northeastern 

Mediterranean Sea (Akarsu et al., 2020). 

In Turkey, a WWTPs exhibited an influent with 1-6.5 million particles per day, 

reduced to 220000-1.5 million particles per day in the effluent, with a removal rate of 

73-79%. The MPs mean sizes in Seyhan and Yüreğir WWTPs were different 

between 1.57 ± 0.13 mm and 1.15 ± 0.13 mm, and 1.68 ± 0.12 mm and 1.39 ± 0.24 

mm, respectively (Gündoğdu et al., 2018). MPs concentration from different sources 

in WWTPs changes significantly between 0.28 and 18285 MPs/L (raw sewage), 
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0.004–750 MPs/L (effluents), and 0.00023–10380 MPs/kg (sludge) (Parashar and 

Hait, 2023). The investigations in this study focused on the analysis of particles with 

sizes smaller than 10 microns. The method used in this study highlights the strength 

of the extraction technique, which analyses the total MPs concentration without 

filtering the samples, covering both those larger than 10 microns and those smaller, 

including nanomaterials (Zuccarello et al., 2019).  

In literature, information on particles smaller than 10 microns is extremely limited due 

to investigative challenges. In this project, such challenges have been overcome 

using our patent on MPs extraction. However, many studies are unable to estimate 

MPs concentrations smaller than 10 microns down to nanometres due to inadequate 

methods of sampling, identification, and quantification (Bordós et al., 2021). MPs, 

predominantly smaller than 10 μm, have been detected in effluents from advanced 

filtration systems, with particular importance attributed to measuring the smaller 

fraction, below 20 μm, previously underestimated. The detection limit via Raman 

microspectroscopy was set at 1 μm (Fortin et al., 2019). A study by Xu et al. on 

wastewater identified MPs with sizes ranging from 20 to 100 μm. In urban 

wastewater, both raw and treated, MPs concentration was 725 ± 25 particles/L and 

600 ± 200 particles/L, respectively (Xu et al., 2020). These values are higher than 

many previous reports on MPs in municipal wastewater (Conley et al., 2019; Kazour 

et al., 2019). For instance, Kazour et al. detected potentially 244 particles/L MPs in 

raw urban wastewater, but this value drastically decreased to 2.84 particles/L in the 

effluents of wastewater ((Conley et al., 2019; Kazour et al., 2019). Simon et al. 

analysed smaller-sized MPs (10-80 μm), finding a concentration of 7216 particles/L in 

raw urban wastewater (Simon et al., 2018). 

The comparison between inlet and outlet wastewater revealed a decrease in the 

number of debris during the treatment process. However, MPs removal in WWTPs is 
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strongly influenced by their sizes. Large and small-sized MPs (<5 mm) showed a 

high removal efficiency of 90.5%, but those of smaller sizes exhibited a low efficiency 

of 25%. Conventional treatment processes used by treatment plants often struggle to 

efficiently remove smaller-sized MPs (20–100 μm), contributing to MPs increase in 

effluents and apparent low removal efficiencies, especially for particles smaller than 

100 μm (Leslie et al., 2017; Long et al., 2019; Talvitie et al., 2017; Xu et al., 2020). 

WWTPs, although not specifically designed for MPs removal, have demonstrated 

remarkable efficiency in reducing these particles. However, the daily release of 

millions of MPs by these WWTPs remains a challenge. Some WWTPs can remove 

particles up to 20 μm, but the subsequent fragmentation of MPs during natural or 

treatment processes can make difficult their complete elimination. 

During the treatment process, the removal of small MPs less than 20 μm proves 

challenging, contributing to their release into the environment. 

The difficulty in identifying and measuring particles of such small sizes adds a 

challenge to understanding the overall content of MPs in treated wastewater. Nano 

and microplastics, especially those smaller than 20 μm, can be absorbed by living 

organisms through direct contact or the food chain. 

Currently, there are no standard protocols or international rules for monitoring MPs in 

treated wastewater, leading to methodological differences and difficulties in 

comparing results (Bretas Alvim et al., 2020; Cristaldi et al., 2020; Ziajahromi et al., 

2017).  

It is crucial to develop additional strategies to enhance the reduction of contamination 

and minimize the emissions of MPs. 
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Filtration systems and their effectiveness 

Only in recent years the issue has arisen to evaluating systems that could capture 

MPs, which are instead released into the environment and cause pollution. MPs 

contamination is high, due, for example, to cosmetic products releasing MPs, and 

WWTPs effluents discharge these pollutants into the environment, as demonstrated 

by the treatment plant discharging directly into the South Saskatchewan River 

(Prajapati et al., 2021). Some systems, such as the batch-activated sludge process, 

the membrane bioreaction process, the flocculation process, the combined filtration 

process, and the phytodepuration process, are promising processes in MPs removal 

(Chen et al., 2022; Shen et al., 2020). 

Current filtration systems in WWTPs use non-biodegradable fossil-based polymeric 

filters, but their maintenance is unsustainable and harmful to the environment.  

The overall efficiency of MPs removal in the primary, secondary, and tertiary 

treatment stages in WWTPs varies between approximately 57% and 99%, 78.1% 

and 99.4%, and 90% and 99.2%, respectively. Membrane bioreactors (MBRs) are 

considered the most reliable secondary treatment technique, with an efficiency of 

99.4%. Coagulation (92.2–95.7%) followed by ozonation (99.2%) is considered the 

most effective tertiary treatment method. Furthermore, coagulation with iron-based 

coagulants as pretreatment followed by ultrafiltration (UF) technology shows 

considerable potential as a tertiary treatment technique for the effective removal of 

MPs larger than 100 microns (Parashar and Hait, 2023). 

Different technologies have been employed to purify water from MPs and related 

contaminants, including membrane filtration, biological degradation, 

electrocoagulation, and removal through nanoparticles (Park et al., 2020). Bacterial 

cellulose (BC) biopolymers present a sustainable alternative, exhibiting an MPs 
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removal efficiency of up to 99%, providing a reliable and sustainable solution (Faria 

et al., 2022). 

In a pilot-scale drinking water treatment context, filtration through sand and granular 

activated carbon (GAC) filters reduces polystyrene (PS) NPs by 88.1%. The addition 

of coagulant significantly improves removal efficiency, reaching 99.4%. Sand 

filtration, with coagulant, increases from efficiency of 54.3% to 99.2%, highlighting 

significant removal during this process (Ramirez Arenas et al., 2022). Conventional 

drinking water treatment processes, such as ozonation and sand and activated 

carbon filtration, show effective NPs removal values, especially when the sand is 

aged and coated with biofilm (Pulido-Reyes et al., 2022). 

In WWTPs context, electrocoagulation-electroflotation (EC/EF) and membrane 

filtration have proven effective in removing MPs sized between 20 and 350 microns. 

These processes have achieved a 100% removal efficiency, exceeding secondary 

and tertiary conventional treatment methods, which range from 2% to 81.6% (Akarsu 

et al., 2021). 

In four German municipal WWTPs, MPs concentrations in secondary effluents 

ranged from 0.1 to 19.6 μg L-1. Different filtration methodologies, such as the use of 

microfiltration membranes (MF), magnetic seed-based filters, and different types of 

sand and activated carbon filters, have demonstrated effectiveness, achieving 

removal rates exceeding 94% However, a continuous flow granular activated carbon 

(GAC) filter showed a mean efficiency of 1.9%, making it unsuitable for MPs removal 

(Bitter et al., 2022). 

An innovative approach involves selective heteroagglomeration with magnetic seed 

particles to separate MPs, exploiting both MPs hydrophobic properties and cellulose. 

This method has demonstrated success in removing plastic particles such as 

polyethylene terephthalate (PET), polypropylene (PP), low-density polyethylene 
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(LDPE), polyvinyl chloride (PVC), and polystyrene (PS) with efficiencies ranging from 

80% to 100% (Rhein et al., 2022). 

Permeable thin layers of biochar derived from raw biomasses such as lignin, 

cellulose, and wood chips at different pyrolysis temperatures (400 °C and 700 °C) 

have been employed to enhance MPs removal in WWTPs. All six types of biochar 

significantly improved MPs retention, with biochar derived from lignin, cellulose, and 

wood chips showing the best performance. Increasing the pyrolysis temperature 

further contributed to enhancing MPs retention, with wood chip-derived biochar 

manufactured at 700 °C, demonstrating the highest potential to immobilize MPs, 

especially smaller-sized ones (Hsieh et al., 2022). 

In one study, magnetic iron oxide nanoparticles (Fe3O4) were successfully used to 

produce micron-sized micro-PS (polystyrene particle adsorbents), making easier the 

effective removal of such particles from water using a magnet. The desorption 

process was employed to recover iron oxide nanoparticles, demonstrating a potential 

environmentally friendly method to eliminate MPs from the environment (Heo et al., 

2022). 

Another study evaluated sulfonated polyether sulfone (SPES)/MXene (Ti3C2Tx) 

composite membranes as potential solutions to reduce MPs fouling. These 

membranes were designed to enhance critical physicochemical properties without 

compromising water flow. The goal was to reduce MPs fouling, and the membranes 

were tested under various electric potentials to determine their effectiveness in 

preventing fouling (Ouda et al., 2023). 

Another study examined large-scale conventional treatment for the removal of 

anthropogenic particles in drinking water treatment systems. This treatment 

demonstrated a 52% removal of anthropogenic particles, primarily due to flocculation, 
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sedimentation, and coagulation processes, limited to particles larger than 45 μm 

(Cherniak et al., 2022). 

A different approach explored the interaction between antibiotics and MPs in quartz 

sands, highlighting competitive adsorption of antibiotics on MPs. The mobility of MPs 

in quartz sands enhanced the antibiotics transport in sand filtration columns, 

suggesting a significant impact of MPs on antibiotic mobility in filtration systems (Wu 

et al., 2023). 

A study investigated mucin-particle interaction, using natural mucin extracted from 

the Aurelia sp. jellyfish to capture and remove nanoparticles (NPs) more effectively 

than conventional coagulants in water and wastewater treatment systems. This has 

opened perspectives for the development of bio-flocculants for efficient NPs removal 

(Ben-David et al., 2023). 

MPs removal with diameters between 10 and 90 μm was studied using a simulated 

coagulation/sedimentation cascade, sand filtration, and UV oxidation. In the 

coagulation and sand filtration stages, it was observed that MPs larger than 20 μm 

could be completely retained, while those smaller than 20 μm are likely retained 

through attachment to the sand surface (Na et al., 2021). 

Pulsed clarification and sand filtration in drinking water showed removal rates of 63% 

and 85%, respectively. A greater MPs accumulation on sand filter bed was 

highlighted, attributed to the screening effect (Sarkar et al., 2021). 

A recent study was conducted on a pilot-scale Rapid Sand Filtration (RSF) system to 

treat tap water containing MPs smaller than 10 μm. The RSF demonstrated 

significant efficiency in removing and immobilizing MPs, reaching up to 98%. Silica 

sand interacted with MPs through mechanisms including interception, entrapment, 

entanglement, and adsorption. Backwashing emerged as a critical factor for 



148 
 

regenerating the adsorption site, with an increase in MPs desorption of up to 97% 

(Chabi et al., 2023). 

While the primary methods for the removal of macroparticles and microplastics (MPs) 

are effective, nanoparticles (NPs) can escape treatment, posing a significant 

challenge. However, there is a gap in providing collective knowledge on currently 

available NPs removal methods. NPs removal could be achieved using different 

technologies, including photocatalysis, membrane separation with a reactor, and 

microorganism-based degradation. These technologies could be used in combination 

with traditional procedures such as filtration, coagulation, centrifugation, flocculation, 

and gravity sedimentation. NPs removal from drinking water is possible with an 

efficiency exceeding 99% using combined removal methods, filtration, and 

coagulation (Keerthana Devi et al., 2022). 

Filtration systems developed in the literature can partially block MPs, but no filter has 

been developed to retain MPs in outlets WWTPs to capture MPs equal to or less 

than 10 microns. 

Several systems have been developed in scientific literature to partially trap MPs. 

However, the filters devised in this project seem particularly promising as they can 

capture MPs particles with sizes equal to or less than 10 microns. This is evidenced 

by the results obtained with samples enriched with 10 and 3-micron particles. 

Four filter prototypes were tested, and after 30 minutes of filtration, both the biochar 

cartridge filter and the ceramic filter demonstrated the best results for both 10-micron 

and 3-micron particles. Specifically, the ceramic filter showed complete retention of 

10-micron particles after 45 minutes and 3-micron particles after 30 minutes. These 

filters have proven to be more efficient compared to activated carbon filters, which 

tend to release material partially, and have even surpassed the PVDF filter. 
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Analyses conducted so far on filtered wastewater outlets have demonstrated high 

yield and effectiveness in laboratory tests. 

Industrial-scale filters can be implemented not only in outlet WWTPs but also in 

smaller sizes upstream. This means they can be directly applied to devices such as 

washing machines, dishwashers, appliances, or pipelines that significantly contribute 

to MPs release into wastewater. 

WWTPs not only represent the last barrier between MPs and the environment but 

also, they are a specific source of MPs release into water bodies and soil. 

This occurs due to the considerable quantities discharged after treatment, as the 

containment of such MPs is currently inadequate. Despite the widespread use of 

different methods for sample collection, such as pumping devices with filtration 

systems, there is currently no standardized sampling protocol (Parashar and Hait, 

2023). 

This project filled the gap by prototyping a filter for particles smaller than or equal to 

10 m. The analyses conducted on the filtered wastewater demonstrated high 

performance and efficiency in laboratory tests. Currently, the procedure for filing a 

patent is underway.  
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MPs concentration on mussels 

Marine organisms, particularly mussels as filter-feeding animals, are used as 

bioindicators to assess the accumulation of microparticles in the environment. The 

mussels’ digestive glands and mussels’ hemolymph are reliable targets for analysing 

the effects of xenobiotics at the cellular and molecular levels. Fish and mussels’ 

studies have detected the presence of microparticles (MPs), with implications for the 

food chain (Digka et al., 2018; Faggio et al., 2018). 

Once ingested, MPs can accumulate in tissues, or they can be eliminated through 

faecal pellets. The lack of standardized methodologies hinders research. MPs effects 

depend on their sizes; studies primarily consider particles larger than 10 μm. For 

example, polystyrene microspheres have had direct impacts on detox defences in 

mussels (Chae and An, 2020; Paul-Pont et al., 2016; Phuong et al., 2018). 

Mussel larvae and zebrafish experiments have highlighted negative impacts on 

growth and morphology. MPs can persist in tissues for an extended period, 

transferring along the food chain. Furthermore, studies on mussels have indicated 

the risk of smaller MPs accumulation (100 nm, 2 μm, and 10 μm) (De Marco et al., 

2022; Rist et al., 2019). 

MPs quantification is complex, but the relationship between MPs levels in water and 

their accumulation in mussels has been confirmed. Gills and the digestive glands are 

common sites for MPs accumulation, with the hazardous potential of smaller particles 

(≤4 μm). MPs are translocated from the digestive system to the circulatory system 

within 3 days, persisting for over 48 days (Browne et al., 2008; Fernández and 

Albentosa, 2019a, 2019b; Qu et al., 2018). 

Some studies have demonstrated the presence of MPs with diameters below 10 

microns in Mytilus edulis mussels, mineral water in plastic bottles (0.5-10 μm), 
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sponges (Phylum Porifera), various edible seafood (Sardina pilchardus, wild and 

farmed Sparus aurata, Mullus surmuletus, Solea solea, and mussel Mytilus 

galloprovincialis) from the southern coast of the Mediterranean Sea (MPs <3 μm), as 

well as in fruits (Malus domestica, Pyrus communis) and vegetables (B. oleracea 

italic, Lactuca sativa, Daucus carota, and Solanum tuberosum). These studies 

confirm the widespread ubiquitous presence of MPs below 10 microns as emerging 

contaminants, also associated with intense human activity in coastal waters and 

exploited soils (Ferrante et al., 2022; Krikech et al., 2023; Li et al., 2016; Oliveri Conti 

et al., 2020; Zuccarello et al., 2019). 

The digestive glands and hemolymph in this PhD project demonstrated that MPs 

concentration in samples exposed to untreated wastewater is higher for both 

particles smaller and larger than 10 microns, approximately 400000 p/g and 3600 p/g 

in digestive glands and 1260 p/g and 40 p/g in hemolymph, respectively, compared 

to MPs concentrations in samples exposed to post-filtration wastewater, 

approximately 276000 p/g and 2500 p/g (below and above 10 μm) in digestive 

glands, and 14 p/g and 30 p/g (below and above 10 μm) in hemolymph.  

The digestive glands of mussels exposed to filtered wastewater show a numerically 

lower concentration of MPs compared to samples exposed to non-filtered 

wastewater. The percentage of MPs in the samples of mussel digestive gland treated 

with filtered wastewater is approximately 30-33% lower than in samples treated with 

non-filtered wastewater. However, starting from a control with a high content of MPs 

for both particles larger and smaller than 10 microns, the values remain high because 

mussels are accumulators, acting as natural filters (von Hellfeld et al., 2022). 

The research highlights the impacts of MPs on marine organisms, their transfer along 

the food chain, and the need for filtration approaches to mitigate environmental 

effects. 
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Mussel digestive glands and hemolymph represent reliable targets for analyzing the 

cellular and molecular effects of xenobiotics. The research also highlights the 

impacts of MPs on marine organisms, their transfer along the food chain and the 

need to adopt filtration approaches to mitigate environmental effects. The goal of 

purification also has important implications for maintaining environmental health.  
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Toxicology assessments  

Tests were conducted on mussels’ hemolymph as it is sensitive to water 

contaminants to assess the toxicity of MPs. Cytotoxicity was evaluated through 

lysosomal membrane stability (LMS) (Koukouzika and Dimitriadis, 2005). 

Lysosomes are cellular organelles that play a key role in cellular recycling, degrading 

different macromolecules through autophagy. They operate in an acid environment 

with a 5 pH, and the lysosomal membrane maintains low pH levels. "Lysosomal cell 

death" occurs when the lysosomal membrane breaks, releasing its content into the 

cytosol. This form of cell death is associated with lysosomal cathepsin proteases. It 

can manifest with necrotic, apoptotic, or apoptosis-like characteristics, depending on 

the extent of the loss and cellular context (Aits and Jäättelä, 2013). 

In this study, Mytilus galloprovincialis mussels exposed to pre- and post-filtration 

wastewater showed variations in lysosomal stability. After exposure to pre-filtration 

waters, a reduction in lysosomal stability was observed with a mean value of 22 

minutes, while following exposure to post-filtration waters, an increase in lysosomal 

stability was recorded with a mean value of 35 minutes. 

In aquatic organisms, lysosomes play a role in regulating osmolarity and cellular 

volume through protein catabolism and control of cytosolic amino acid concentration. 

Xenobiotic substances can alter lysosomal membranes and destabilize them. Studies 

on mussels (Mytilus edulis) exposed to hydrocarbons have demonstrated an 

increase in lysosomal volume (Lowe et al., 1981). Lysosomal membrane 

destabilization or increased permeability has been associated with an increase in 

volume (Moore, 1976). 

LMS tests on exposed mussels have highlighted significant cytotoxic damage (Lowe 

and Pipe, 1994; Repetto et al., 2008). Low lysosomal stability (LMS) in mussels’ 
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hemocytes is associated with stress and cellular damage, acting as a sensitive 

biomarker of contaminant-induced stress (Pantea et al., 2023). 

A study on mussel toxicity exposed to NPs, microfibers, and MPs revealed 

significantly higher concentrations of plastic in digestive glands after seven days of 

exposure. However, there was no evidence of lysosomal destabilization or genotoxic 

damage caused by plastic. Particle size was identified as a key factor in toxicity  

(Cole et al., 2020). 

Exposure to NPs significantly reduced lysosomal activities in macrophages (Deng et 

al., 2022). Compared to PS-MPs, PS-NPs induced more pronounced effects on 

lysosomal parameters in Mytilus galloprovincialis (Capolupo et al., 2021). 

Another study examined the effect of aged polymethylmethacrylate MPs (PMMA-

MPs, 20 μm) on Mytilus galloprovincialis mussels, detecting a significant reduction in 

lysosomal membrane stability and inducing the expression of apoptosis-related 

genes (Sun et al., 2023). 

The absorption of high-density polyethylene (HDPE) MPs (> 0-80 μm) in the gills, 

stomach, and digestive gland destabilized the lysosomal membrane, with significant 

tissue and cellular effects increasing with longer exposure times. MPs were absorbed 

into cells and caused significant effects in tissues and cells (von Moos et al., 2012). 

The lysosomal stability result obtained on hemolymph in this project once again 

confirms that MPs are pollutants with a significant impact on cytotoxicity. The 

reduction or elimination of MPs leads to a decrease in toxicity in mussels’ 

hemolymph. These results support the effectiveness of the filter in retaining MPs and 

mitigating toxic effects on organisms. 

The data show greater lysosomal stability, although not comparable to the control, 

which instead exhibits superior stability. This is because mussels treated with 

wastewater also assimilate other toxic substances, such as metals and 
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cyanobacteria, which have a toxic effect that adds to MPs toxic effects (Millar et al., 

2022; Morais et al., 2023; Oliveira et al., 2020). 

A study examined the genotoxicity and cytotoxicity of polystyrene (PS) MPs and NPs 

with different sizes (2 μm and 80 nm) in human lung cells A549.  

The genotoxicity and cytotoxicity observed in A549 cells due to PS were higher for 

the nano-level compared to the micro-level, affecting cellular vitality, and inducing 

micronuclei (MN) (Shi et al., 2022). 

The results of this project confirm the high mutagenicity when mussels are exposed 

to untreated wastewater with 42 mean values and a reduction in micronuclei when 

mussels are exposed to post-filtration wastewater with a reduction in MPs 

concentration, with 15 mean micronuclei values. 

The genotoxic effects of MPs (10-45 μm, polyethylene) on human peripheral 

lymphocytes were studied by measuring micronucleation (MN), highlighting strong 

genomic instability (Çobanoğlu et al., 2021). The micronucleus (MN) test is 

commonly used as an index of accumulated genetic damage in cells and has been 

successfully applied to various wild and transplanted aquatic species (Banni et al., 

2010; Bolognesi et al., 1999). 

The genotoxic effects of environmental water pollution have been mainly studied with 

bivalves and fish. The frequently targeted tissues for MN determination in bivalves 

include hemocytes and gill cells. The MN test has been widely validated and 

successfully used in many field studies using bivalves of the genus Mytilus (Barsiene 

et al., 2006; Bolognesi and Hayashi, 2011). 

A multi-biomarker approach was used to examine the vector effect of exposure of 

Mediterranean mussels (Mytilus galloprovincialis) to polystyrene MPs with adsorbed 

fluoranthene. The micronucleus was used to assess DNA damage in hemocytes, 
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counting micronuclei produced by errors during mitosis caused by mutagenic agents 

(Kolarević et al., 2023). 

Literature studies indicate micronuclei increase in mussels exposed to toxic 

substances such as IPA (Avio et al., 2015), mercury (Pytharopoulou et al., 2013), 

okadaic acid (OA) (Carvalho Pinto-Silva et al., 2003), benzo[a]pyrene (Dolcetti and 

Venier, 2002; Venier et al., 1997), UV radiation, pentachlorophenol (PCP), and 

copper sulphate (CuSO4) (Villela et al., 2006), titanium dioxide nanoparticles (TiO2-

NP) (Rocco et al., 2015), chlorine dioxide (Wrisberg and van der Gaag, 1992), metals 

(Cartagena and Portman), IPA, PCBs, and DDT, as well as antioxidant enzyme 

activity and environmental variables (temperature and salinity) (Fernández et al., 

2011), and MPs, indicating an increase in toxicity (Jiang et al., 2019). 

Therefore, the MNF test provided valuable genotoxic information on the toxicity 

induced by MPs in mussels, confirming a reduction in this toxicity when mussels are 

treated with wastewater subjected to filtration. 

The toxicity verify can also be done through the gene expression analysis of some 

tumour suppressors, or pro or anti-apoptotic genes involved in stress such as p53, 

DNA ligase, Bax, Bcl-2, and Casp-3. 

The p53 gene is an essential transcription factor for cancer prevention that regulates 

the cell cycle. Transcription increases when exposed to pollutants and mutagens 

(Bourdon, 2007; Harris and Levine, 2005). 

DNA ligase is an enzyme capable of binding two DNA fragments that have 

undergone double-strand breaks, such as in DNA repair processes (Tabor, 1989; 

Tomkinson et al., 2006). 

Bax, a pro-apoptotic protein, and Bcl-2, an anti-apoptotic protein, are inversely 

related; if the expression of Bax increases, so Bcl-2 decreases, and vice versa, 

regulating the permeability of the outer mitochondrial membrane. 
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After apoptotic stimuli, Bax expression is elevated, serving a tumour-suppressive 

function as well as carrying mutations in certain tumours, while Bcl-2 has an 

antagonistic function (Antonsson et al., 1997; Brady and Gil-Gómez, 1998). 

Caspase-3 is a caspase protein encoded by CASP3 gene. The sequential activation 

of caspases plays a crucial role in programmed cell death (apoptosis) (Asadi et al., 

2022; Porter and Jänicke, 1999). The expression of these genes involved in 

apoptotic and DNA repair processes is upregulated in response to pollutant and 

mutagen exposures, indicating a potential activation of the apoptotic pathway. 

The mRNA expression of these genes identifies their involvement in the mediated 

apoptotic process, and gene expression can be calculated with real-time PCR (Banni 

et al., 2014, 2011; Dondero et al., 2011; Negri et al., 2013; Pfaffl et al., 2002). The 

mRNA expression results indicate that the process caused by certain substances 

involves the upregulation of the tumour suppressor p53, pro-apoptotic Bax, and 

Caspase-3 in combination with a reduction of the anti-apoptotic Bcl-2. This confirms 

programmed cell death through apoptosis (Mitupatum et al., 2016). 

Mussels' exposure to MPs, especially polyethylene (PE), has triggered apoptotic 

responses and modifications in energy metabolism, allowing coping with the negative 

effects associated with stimulus accumulation (Mai et al., 2023). The impact of 

mussel exposure to different concentrations of PE MPs (0.008, 10, and 100 μg L−1) 

on gene expression levels related to detoxification, immune system, cytoskeleton, 

and cell cycle control was evaluated using quantitative RT-qPCR. The results 

highlighted variations in expression levels about the plastic degradation status and 

exposure mode (aged or non-aged, in vitro, or in vivo) (Jaouani et al., 2023). 

Exposure to MPs has generated evident damage to gene expression related to 

antioxidants, bioaccumulation, and cell damage. Signs of oxidative stress emerged 

with increased H2O2 levels in groups with high concentrations of 0.2 µm spheres. 
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MPs of 500 nm and 30 μm showed immunotoxicity, influencing hemocyte count, 

blood cell composition, phagocytic activity, intracellular ROS content, Ca2+ 

concentration, lysozyme, and lysozyme activity. The expression of six genes related 

to the immune system, Ca2+ signalling, and apoptosis was significantly altered by 

MPs exposure, with smaller sizes (500 nm) causing greater toxicity (Kim et al., 2023; 

Tang et al., 2020). 

Some studies have shown that mussel exposure to MPs triggered apoptosis and 

DNA repair processes, with a significant increase after one day and further changes 

after three days with an increase in Bax, Cas-3, and p53, and a decrease in Bcl-2 

and DNA ligase. Additionally, MPs ingestion altered the gene expressions related to 

inflammation in liver tissues through the NF-κB signalling pathway (Romdhani et al., 

2022; Zhao et al., 2021). 

This PhD work demonstrates an increase in p53, Bax, and Casp3 and a reduction in 

DNA ligase and Bcl-2 levels in hemolymph samples processed with pre-filtration 

waters richer in MPs. These contaminants activate the apoptotic process. In contrast, 

hemolymph samples treated with post-filtration wastewaters, featuring a lower MPs 

concentration, exhibit opposing outcomes. 

The results unequivocally confirm the genotoxic effect of MPs, thus highlighting the 

real efficacy of the filter in retaining MPs and, consequently, in reducing genotoxicity 

in the marine environment. 

In this study, mussels (Mytilus galloprovincialis) exposed to pre- and post-filtration 

wastewater showed changes in lysosomal stability. These results support the real 

effectiveness of the filter in retaining MPs and, consequently, in reducing toxic effects 

on organisms. The MNF test confirmed a reduction in this toxicity when mussels are 

treated with filtered wastewater. 
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These emerging micropollutants activate the apoptotic process. The results 

unequivocally confirm the genotoxic effect of MPs, thus highlighting the real 

effectiveness of the filter in retaining MPs and, consequently, in reducing genotoxicity 

in the marine environment.  
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Conclusions 

This PhD thesis has focused on the issue of environmental pollution arising from 

MPs, specifically highlighting filtration systems. Filtration systems have been 

developed as laboratory prototypes with the intention of potentially scaling them up 

for industrial use in the near future. The aim is to have the capability to capture 

smaller-sized MPs, which are more hazardous for environmental pollution, and they 

can have inflammatory and health effects on humans. 

Cytotoxic and genotoxic responses in Mytilus galloprovincialis were also evaluated 

using pre- and post-filtration wastewater to demonstrate the toxicity trends before 

and after the use of the filter that has demonstrated superior effectiveness in 

capturing microplastic particles. 

The future goal is to patent the most efficient filter that has been tested to produce 

industrial-scale filters applicable in wastewater treatment plants and smaller-sized 

filters suitable for domestic use in washing devices. The next goal is to address the 

issue upstream, capturing MPs before they reach treatment plants, and subsequently 

trapping plastic microspheres in outlet from WWTPs to prevent environmental 

pollution in rivers, lakes, seas, as well as soil and atmosphere. Additionally, this aims 

to prevent harm to humans through the food chain and geological cycle. 

The future prospects are aimed at preventing MPs from becoming an increasingly 

unmanageable issue, considering that they are already an emerging pollutant, 

causing global concern as a ubiquitous pollutant. With these promising results and 

outlined objectives, conditions are being created for the widespread improvement 

and development of the filter, aiming to enhance the management of an emerging 

pollutant like microplastics. 
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Future perspectives aim to prevent MPs from becoming an increasingly difficult 

problem to manage, considering that they are already a ubiquitous pollutant. With 

these promising results, the filter is being patented to manage an emerging pollutant 

more effectively such as MPs.  
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