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Abstract 
 

 Microplastics are ubiquitous in freshwater and terrestrial environments across the globe. 

Undoubtedly, plastics are entering Niagara (Ontario) water systems as well; entering as 

microplastics and microfibres derived from household products and materials. These microplastics 

are known to enter wastewater treatment plants with untreated municipal influent and exit with the 

treated effluent (up to 99%), making their way into water bodies where they may be taken up by 

aquatic organisms. Furthermore, wastewater biosolids are applied to agricultural fields as fertilizer 

throughout southern Ontario. Thus, microplastics may be making their way into agricultural soils 

where runoff can further transport these particles to downstream environments.  

To investigate the microplastic pathways facilitated by the wastewater treatment system to the 

environment, monthly effluent sampling was conducted on a local wastewater treatment plant, and 

monthly tap water sampling at three sites in the Niagara Region. Surface waters upstream and 

downstream of effluent discharge were also sampled. Wastewater effluent had an average 

concentration of 1.22±1.59 microplastics per litre, dominantly polyester fibres. In surface waters, 

greater microplastic concentrations were found downstream than upstream (3.17±2.37 and 

0.35±0.33 microplastics per m3, respectively), dominantly polyethylene. In tap water, an average 

of 0.89 microplastics per litre was recovered (dominantly polyester). One year of monthly effluent 

sampling showed significant seasonal differences in microplastic concentrations, suggesting that 

longer studies are necessary to account for seasonal change. This study also highlights the 

influence of combined sewer overflows on microplastic concentrations in surface waters, which 

has not been thoroughly discussed in previous studies.   
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To investigate microplastic accumulation in agricultural soils in Niagara, two receiving 

biosolid application and one control site were investigated. An average concentration of 4.4±4.8 

and 4.3±2.4 microplastics per gram was found in soils and biosolids, respectively. Controlled-

release plastic fertilizer coatings were found to be a dominant source of microplastics to 

agricultural soils. This study is the first to our knowledge to highlight the accumulation of 

polymeric fertilizer coatings in agricultural soils.  
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CHAPTER ONE  

 

General Introduction and Background 
 

Plastic pollution is a growing environmental concern because (1) plastic production and use is 

widespread and continues to increase, and (2) plastic persists in the environment for long periods 

of time due to its stability. Thus, plastics pose a threat to biota (including humans) in both terrestrial 

and aquatic ecosystems. The pervasiveness of plastic pollution in aquatic systems was first given 

consideration after noticeable volumes of plastic debris became apparent on the shorelines and 

open waters of oceans in the 1970s (Carpenter and Smith, 1972; Colton et al., 1974; Gregory, 

1978; Merrell, 1980; Morris, 1980; Corcoran et al., 2015).  

Microplastics (MPs) became a topic of discussion in the early 2000s, when Thompson et al. 

(2004) demonstrated that MP particles were common pollutants in marine environments (beaches 

and estuarine sediments), suggesting that recovered microplastics were a result of the degradation 

of larger plastic debris (Thompson et al., 2004; Ryan, 2015). This seminal study initiated more in-

depth research on the environmental impact of plastic pollution in marine environments. Extensive 

research has been conducted on shorelines and open oceans (Barnes et al., 2009; Claessens et al., 

2011; Leslie et al., 2013; Lusher et al., 2015; Schmidt et al., 2017; Zobkov and Esiukova, 2017), 

although freshwater studies are becoming an important area of research due to the dominance of 

land-based and urban (anthropogenic) sources of plastic pollution that can ultimately make their 

way to oceans (Andrady, 2011). Moreover, urban inputs of MPs have an greater impact in 

freshwater bodies due to varying seasonal conditions, elevated populations in urban centres 



2 
 

situated close to water bodies, and the heightened impact of plastic inputs on relatively small 

bodies of water such as lakes and rivers (Corcoran et al., 2015).  

Microplastics are broadly defined as any plastic fragment less than 5 mm in size (Arthur et al., 

2009), and have proliferated in the environment through various urban pathways. MPs are often 

divided into two main categories, primary and secondary MPs.  Primary MPs are manufactured 

for an intended use (e.g., microbeads and microfibres).  Secondary MPs arise from the breakdown 

of larger plastic particles that are broken down through mechanical and chemical processes into 

smaller particles compared to the original source material. Common sources of MPs to the 

environment include synthetic and semi-synthetic clothing fibres (e.g., polyester, nylon, acrylic, 

cellulose acetate), household and industrial paints, car tires (e.g., polypropylene), fishing nets and 

ropes, industrial abrasives, and personal care products (e.g., microbeads). Morphologically, 

microplastics are often classified as fibres, fragments, foams, films, and beads.  

Due to their small size, MPs can easily be ingested by biota. Microplastic ingestion can cause 

abrasion and blockage of the gastrointestinal tract and internal bleeding in aquatic organisms 

(Wright et al., 2013). Microplastics that reach sizes of <1 μm (da Costa et al., 2016) or <100 nm 

(Koelmans et al., 2015) are classified as nanoplastics, which are small enough to cause cell clotting 

and apoptosis (Samuelsen et al., 2009; McGuinnes et al., 2011; Choudhury et al., 2018). 

Nanoplastics are an emerging field of MP research and have been considered to be more hazardous 

than MPs.  However, nanoplastics are difficult to detect due to their small size and require 

sophisticated imaging/processing for their analysis.  Therefore, nanoplastics are not considered in 

this study. Additionally, some medical studies have identified potential health concerns that may 

originate from nanoplastic ingestion. For example, polystyrene particles (~0.5-4 μm in size) may 
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cause lesions in organs (Samuelsen et al., 2009; Choudhury et al., 2018), although their impact on 

human health remains relatively unknown.  

Microplastics may act as vectors for environmental contaminants in freshwater systems, either 

through the adsorption of contaminants to MP surfaces (e.g. Brennecke et al., 2016) or the 

migration and release of plastic additives during degradation (e.g. Tanaka et al., 2013). Numerous 

additive compounds are added during plastic manufacturing processes to increase their durability, 

pliability, and reduce flammability (Choudhury et al., 2018). These potentially toxic, carcinogenic, 

and endocrine-disrupting chemicals can be released into the environment when plastics degrade 

through physical weathering and photo-oxidative processes via UV radiation (Barnes et al., 2009). 

Persistent organic pollutants (POPs) and other environmental contaminants can also adhere to 

plastic surfaces and may biomagnify as they travel up the food chain (Farrell and Nelson, 2013). 

Other widely recognized detriments associated with microplastics in freshwater include their 

potential for transporting invasive microorganisms (Barnes, 2002; Gregory, 2009) and pathogens 

(Kirstein et al., 2016; Kovač Viršek et al., 2017), and problems associated with ingestion causing 

internal damage, blockages, and other adverse effects (Wright et al., 2013).  

A major pathway for MP contamination in urban environments include wastewater treatment 

plants (WWTPs), which are unable to fully remove these small particles. Microplastics from 

domestic effluent, including microfibres from synthetic clothing and secondary microplastics from 

personal care products (e.g. microbeads), enter the wastewater treatment system with untreated 

influent. WWTPs capture a majority of MPs with some estimates suggesting over 90% of MPs are 

sequestered in biosolids (Nizzetto et al., 2016).  However, even small concentrations of MPs in 

final effluent can cause significant MP contamination when large volumes are discharged into 

adjacent water bodies (Mason et al., 2016; Ziajahromi et al., 2017; Gies et al., 2018). Most WWTPs 



4 
 

are unable to completely remove all low density particles less than 0.5 mm in diameter (Eriksen et 

al., 2013), therefore discharging many thousands of plastic particles in the final effluent.  

Although >90% of MPs are sequestered in sludge or biosolids during secondary treatment, 

these MPs can reach the environment when biosolids are commodified and applied to agricultural 

soils as fertilizer. In the Niagara Region (Ontario), biosolids are applied to fields from late August 

to November. In 1996, the Canadian Ministry of the Environment stated that up to 8 tonnes of 

biosolids may be applied per hectare of agricultural fields (Garofolo, 1996). Up to 99 % of MPs 

(and other anthropogenic litter) removed during wastewater treatment can then reach adjacent 

water bodies via non-point source runoff (Michielssen et al., 2016). This undermines wastewater 

treatment technology and its efforts to prevent anthropogenic outputs from entering freshwater 

bodies. The potential impact of MP application to crops may also have consequences for crop 

quality and physical soil properties (Rillig, 2012), potentially leading to increased pesticide runoff 

and/or adherence of agrochemicals to MP surfaces (Steinmetz et al., 2016). The long-term impacts 

of biosolid application on fields are difficult to analyze and have not been well studied, as 

standardized methods for examining organic-rich substrates are underdeveloped at present. Across 

short time scales, plastic in soils can deplete soil nutrients and carbon stocks, and long-term 

breakdown of MPs can release toxic additives into soils (Steinmetz et al., 2016). Pathways for 

plastic accumulation in agricultural fields include plastic mulching (Steinmetz et al., 2016, e.g.), 

fertilizer and seed coatings, and airborne sources from landfill/urban litter or adjacent fields 

applied with biosolids. Previous studies have found MPs accumulating at depth in agricultural soils 

(10-25 cm depth) up to 15 years after biosolid application (Zubris and Richards, 2005). MPs have 

also been found to accumulate in agricultural runoff (Nizzetto et al., 2016) and may enter nearby 

streams.  This suggests that MPs could migrate through the soil column and contaminate ground 
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and nearby surface water (Panno et al., 2019; Hurley and Nizzetto, 2018), potentially impacting 

drinking water reserves, although this has not been quantified at present.   

The objectives of this study are:  

1. To quantify the prevalence of microplastics in the Niagara Region (Ontario, Canada) 

wastewater treatment system (influent, effluent, sludge/biosolids, and tap water). 

2. Determine the ways in which the wastewater treatment system facilitates microplastic 

pollution in Niagara.  

3. To determine if microplastics are being applied to Niagara Region agricultural fields via 

biosolids application, or other potential sources.   

4. To determine if microplastics are entering Niagara streams via effluent discharge or other 

potential urban pathways.  

 

The format of this thesis is as follows.  Chapter 1 provided a broad overview of the problem 

of microplastics in the environment.  Chapter two presents the previous literature on microplastics 

and the methods involved in research concerning microplastics in terrestrial and aquatic 

ecosystems.  Chapter three is a data chapter presented in manuscript format detailing the findings 

of research on MP concentrations in wastewater, tap water, and surface waters in the Niagara 

Region. Chapter four will consider the effect of biosolids application on MP concentration and 

accumulation on agricultural fields in the Niagara Region. Investigating these systems will give a 

more complete picture of the extent of the wastewater treatment system’s influence on microplastic 

contamination in Niagara.  Chapter five presents the overall conclusions of the thesis and discusses 

future research opportunities that have developed as a result of the current research.  
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CHAPTER TWO 

Literature Review 
 

2.0. Environmental Threat of Microplastics 
 

2.1. Vectors for Environmental Contaminants 
 

 In addition to potential health concerns associated with MPs via ingestion (e.g. internal 

physical damage and blockages), concerns have arisen over the slurry of environmental 

contaminants that MPs encounter in nearshore and offshore waters, many of which are toxic, 

carcinogenic, and/or endocrine disrupting. 

It has been demonstrated in laboratory studies that microplastics can adsorb environmental 

contaminants on their surfaces and act as vectors for these contaminants (Rochman et al., 2013; 

Bakir et al., 2014; Velzeboer et al., 2014). The potential for contaminant sorption is dependant on 

the polymer type, porosity, and surface area of the particle in question (Rusina et al., 2010; Ziccardi 

et al., 2016). As surface area of MPs increases, its potential adsorption capacity also increases. 

MPs degrade via photo-oxidation, which can cause cracks to form on surfaces as polymer bonds 

break, increasing surface area (Hartmann et al., 2017). Moreover, as photo-oxidative weathering 

increases polymer polarity due to the formation of oxygen functional groups, the potential for 

adsorption of hydrophobic organic compounds may also increase (Brennecke et al., 2016). Particle 

age or residence time in the aquatic environment can also impact adsorption potential, as aged 

particles (which are more highly degraded) are often irregular in shape, having a greater surface 

area to volume ratio (Brennecke et al., 2016). 



10 
 

Current research surrounding microplastics as vectors for environmental contaminants 

tends to focus on laboratory simulations of real-world conditions. Bakir et al. (2014) investigated 

the ability of common persistent organic pollutants to sorb to PVC and polyethylene (PE) surfaces 

and found that DDT particularly had a high affinity for both plastics.  The potential for heavy 

metals to adsorb to MP surfaces was investigated by Brennecke et al. (2016). In this study, aged 

PVC fragments and virgin polystyrene (PS) fragments were exposed to copper and zinc for 14 

days. Results showed that adsorption of copper (and zinc to a lesser extent) was significantly 

greater on aged PVC fragments than virgin PS fragments (levels increased to 1100 ug Cu/g on PS, 

and 1320 ug Cu/g on PVC). An additional experiment involving exposure to antifouling paint 

(high in heavy metals) observed heavy metal transfer from the paint to PS and PVC particles. Aged 

PVC fragments specifically absorbed higher levels of heavy metals due to their increased surface 

area (due to aging and degradation) and its polarity due to the presence of a polar chlorine group. 

This study demonstrated the high affinity that heavy metals have for polymeric surfaces. This is 

especially problematic, as it has been suggested that heavy metals are highly bioavailable in the 

environment (Holmes, 2014; Brennecke et al., 2016).  

2.2. Health Impacts 
 

Research is underdeveloped regarding contaminant desorption from plastic surfaces to 

biota, and the subsequent impact on organism health. Rochman et al. (2013) was one of the first 

studies demonstrating the potential for MPs to adsorb contaminants and transport them to aquatic 

organisms. To simulate marine conditions, medaka fish (Oryzias latipes) were fed LDPE (Low 

density polyethylene) fragments that had been left in the San Diego harbour for 3 months at similar 

concentrations to what fish are exposed to in the environment (approximately 8 ng of plastic per 

ml of water). After the 3-month exposure time, PAHs, PBDEs, and PCBs were detected and 
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measured on LDPE surfaces. This was followed by three laboratory treatments where medaka fish 

were 1) fed a diet of 10% LDPE “marine” plastic 2) virgin LDPE, and 3) a negative control (no 

LDPE) for 2 months. The results after 2 months of exposure indicated that fish fed marine plastic 

exhibited signs of stress, including fatty vacuolation, single cell necrosis, and severe glycogen 

depletion. In one fish exposed to marine plastic, a tumor formed in its liver tissue, whereas one 

fish fed virgin plastic exhibited cellular alteration (a precursor to a tumor) in its liver. This study 

heightened the importance of studying and understanding the combined impact of plastic 

consumption and the dangerous contaminants that they transport. However, it has been suggested 

that artificial laboratory studies such as Rochman et al. (2013) consider plastic diet concentrations 

(up to 10%) that are too high compared to natural diets, thus presenting a worst-case scenario. 

Similarly, Browne et al. (2013) exposed lugworms (Arenicola marina) to the contaminants 

nonylphenol and phenanthrene adsorbed to sand and 5% microplastic particles. It was observed 

that these chemicals were transferred from the particles to the gut tissues of the lugworms, causing 

reduced immunity (through nonylphenol exposure). Avio et al. (2015) observed substantial 

bioaccumulation of PAHs in the digestive gland and gills of mussels (Mytilus galloprovincialis) 

exposed to sorbed PE and PS, indicating potential for these sorbed contaminants to bioaccumulate 

in the food web. A more recent study by O’Donovan et al. (2018) investigated exposure of clams 

(Scrobicularia plana) to persistent organic pollutants (benzopyrene and PFOS) adsorbed to LDPE 

MPs. After 14 days of exposure, significant increases in benzopyrene in clam tissues were 

observed. After 14 days of exposure to PFOS sorbed to LDPE, oxidative damage, neurotoxicity, 

and DNA breakage (genotoxicity) were observed. This study showed that MPs have a high affinity 

to act as vectors for persistent organic pollutants, although the study acknowledges that adsorption 

and desorption mechanisms (following MP ingestion) remain poorly understood. Regarding 
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desorption mechanisms, Bakir et al. (2014) found that desorption rates were greatly enhanced 

(following consumption of PVC and PE sorbed with DDT and other POPs) when encountering gut 

surfactants. This demonstrated that gut conditions (e.g. temperature and pH) play a role in 

desorption rates of contaminants from plastic surfaces.  

2.3. Plastic Additives  
 

 Plastic additives, which are added during plastic production to give plastic its characteristic 

properties, also present a threat to biota due to toxicity, endocrine disruption, and potential 

carcinogenicity. Additives have been noted to be potentially more dangerous than sorbed 

contaminants because concentrations in plastics are 7-10 orders of magnitude higher (Hahladakis 

et al., 2018; Koelmans et al., 2013; Teuten et al., 2009). Additionally, plastic additives have been 

observed to migrate through plastic to its surface in response to prolonged heating and degradation 

(Hahladakis et al., 2018; Tawfik and Huyghebaert, 1998). This poses a threat to aquatic organisms 

that are encountering and consuming these particles in the aquatic environment. For example, 

Bisphenol A, a common antioxidant added during production of polycarbonate plastic to increase 

its shelf life, has been observed to migrate out of polycarbonate containers and into food/beverages 

(Biles et al., 1997). Moreover, the ingestion of MP particles has been shown to pose a potential 

threat to biota health due to the potential for additives to migrate into tissues following ingestion. 

Tanaka et al. (2013) investigated this effect by examining the contents of the stomachs of 12 shirt-

tailed shearwater birds (Puffinus tenuirostris), finding MPs in all 12 birds. The tissues of these 

birds were examined, discovering PBDE additives similar in chemical structure to PBDEs 

contained in stomach plastics. This study suggested that additives have the potential to be released 

from MP particles and migrate and subsequently accumulate in the gut tissue following ingestion.  
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2.4. Wastewater Treatment 
 

2.4.1. Wastewater treatment mechanisms and technology 

 

 Wastewater treatment plants (WWTPs) in Canada are either primary, secondary, or tertiary 

plants. The primary stage involves interception of untreated influent, followed by gravity 

separation and coarse screening-grit removal. Aeration tanks and settling of reactivated sludge 

occurs in the secondary stage, while gravity sand filtration occurs in the tertiary stage to remove 

excess particulates, although this additional step is less cost effective and therefore less commonly 

found in Canadian WWTPs. Secondary wastewater processing is the method most commonly used 

in Canada. Varying removal technology also impacts the type and volume of particles removed 

from domestic inputs. The most common technology employed in WWTPs includes granular sand 

filtration, membrane biofilters, membrane filtration, and activated sludge (Michielssen et al., 

2016). The most commonly used method in conventional secondary WWTPs in Canada is aerobic 

digestion (Environment and Climate Change Canada, 2011).  

2.4.2. Wastewater treatment and microplastics 

 

In Ontario, Canada, WWTPs are not required to monitor MPs in influent and effluent under 

the Ontario Environmental Protection Act of 1990 (Ballent et al., 2016; Driedger et al., 2015). In 

urban environments, WWTPs are known pathways for MPs, facilitating their transport and release 

into the environment. Despite extensive research in recent years on MPs in WWTP influent and 

effluent, it is still somewhat ambiguous as to how much WWTPs contribute to MP pollution 

(Ballent et al., 2016). Washing machine effluent has been identified as a dominant source of MPs 

to WWTPs, as the laundering of synthetic clothing fibres releases  >1900 microfibres per wash 

(Browne et al., 2011). Napper and Thompson (2016) estimated that over 700,000 microfibres could 
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be released per 6 kg load of acrylic textiles (Napper and Thompson, 2016). As WWTPs are 

typically not equipped to remove small particles (and especially microfibres), WWTPs are 

potentially introducing MPs to tributaries, especially via high sewage outflows during heavy 

precipitation (Eriksen et al., 2013). Numerous studies have investigated the effectiveness of 

WWTPs in removing these MPs, as well as daily and annual rates of discharge of MPs into adjacent 

water bodies via effluent (Magnussen and Noren, 2014; Mason et al., 2016; Michielssen et al., 

2016; Mintenig et al., 2017). WWTP technology is also taken into consideration in these studies, 

as the type of treatment process often influences the dominant MP morphologies found in the 

system. A study in Ireland investigated the effects of different wastewater processing methods, 

including anaerobic digestion (also employed by the Niagara Region), thermal drying, and lime 

stabilization, on microplastic morphologies (Mahon et al., 2017). Mahon et al. (2017) found that 

different WWTP mechanisms altered MP morphology.  For example, thermal drying caused MPs 

to blister, and lime stabilization shredded MPs. Mahon et al. (2017) concluded that the type of 

WWTP process may be affecting the risk of MP pollution even before sludge is spread on fields 

due to further degradation of MPs in response to these processing methods. If this is the case, 

conventional WWTP technology may be increasing the surface area of MPs available for 

environmental pollutants to adhere to.  

2.4.3. Biosolids management in Canada  

 

 Biosolids are applied to agricultural fields as fertilizer between summer and early fall (from 

May to October) and are regulated in Ontario under the Nutrient Management Act (2002) and the 

Nutrient Management Regulation. Biosolids are defined as the solids removed during wastewater 

treatment, which have undergone additional treatment to remove micro-organisms and odours 

(Ontario Ministry of Agriculture, Food, and Rural Affairs, 2019). These are applied to fields due 
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to their high mineral and organic nitrogen content, although they are also known to contain trace 

concentrations of heavy metals such as arsenic, lead, and mercury (Ontario Ministry of 

Agriculture, Food, and Rural Affairs, 2019). In Niagara, 50% of total biosolids are dewatered using 

an N-Viro process prior to field application (Niagara Region, n.d.). The perceived benefits of 

biosolids application to fields include (but are not limited to) reducing landfill space, reducing soil 

erosion, less expensive than other fertilization methods, and improves soil quality and structure 

through increased moisture retention (Niagara Region, n.d.).  

2.5. Field Methods  
 

2.5.1. Wastewater 

 

A crucial problem of freshwater microplastic studies is that there are presently no 

standardized sampling methods, making study comparisons difficult (Hidalgo-Ruz et al., 2012). 

Thus, various sample sizes have been considered by previous studies. Leslie et al. (2013) took a 

total of 12 samples from 3 different WWTPs. Murphy et al. (2016) collected 30 to 50 litres at 

different stages of wastewater treatment from one large WWTP in Scotland; whereas Magnussen 

and Noren (2014) collected 4 samples of 1 cubic metre of effluent from a Sweden WWTP. The 

longest temporal WWTP study to date collected wastewater and sludge once every two weeks for 

3 months (Lares et al., 2018). More recent studies are stressing that WWTP studies need to analyze 

MP pollution over longer periods of time (e.g. 3 months) rather than a few weeks to capture 

temporal variability (Lares et al., 2018; Lusher et al., 2018). Lares et al. (2018) found that it is 

possible that there are diurnal and seasonal variations in influent MP concentrations due to 

daily/seasonal changes in MP usage. Some studies collect, sieve and filter samples directly on site, 

leaving sieves directly in the influent and effluent stream to process larger sample volumes  (Carr 
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et al., 2016; Dyachenko et al., 2017; Lares et al., 2018). Others processed and sieved wastewater 

grab samples in a laboratory setting (Michielssen et al., 2016; Murphy et al., 2016). Although 

advantageous to sample larger volumes via direct sieving of the influent and effluent plume, this 

is often not feasible due to WWTP regulations and biofouling of sieves.  

2.5.2. Surface water 

 

Surface water trawls were first used by Carpenter and Smith (1972), where a neuston net 

(0.33 mm mesh) was employed in coastal and open water areas of the Sargasso Sea, finding ~3500 

particles per km2. Colton et al. (1974) and Morris et al. (1980) further developed this research by 

employing a neuston sledge (0.32 mm mesh size) at 25 to 40-minute intervals in the North and 

South Atlantic, capturing 0-4 MPs per trawl. These studies greatly underestimate MP 

concentrations due to insufficient lower limits (e.g. mesh sizes are too large to capture a majority 

of MPs) and underdeveloped characterization and isolation methods, as white pellets are recovered 

almost exclusively in these three studies. In the 2010s, the manta trawl was developed as a 

standardized trawling method for sampling open surface waters (Table 2-1). Dris et al. (2015) 

employed a manta trawl (333 μm net) and a plankton net (80 μm) in the River Seine, capturing a 

variety of MP types. The manta trawl captured lower concentrations than the plankton net (Dris et 

al., 2015) and sampling was conducted from bridges using a device coupling a plankton net and a 

propeller-type current meter, which measures velocity simultaneously. Additionally, seasonal 

variability in MP concentrations were observed by Dris et al. (2015), which was attributed to a 

water flow decrease of approximately 20%. Eriksen et al. (2013) employed a 333 μm manta trawl 

net at 60-minute intervals in three of the Great Lakes (Lake Erie, Lake Superior, and Lake Huron), 

collecting 21 trawl samples. Tow length multiplied by the width of the trawl calculated the area 

sampled to allow the calculation of particle abundance per km2 (Eriksen et al., 2013). Eriksen et 
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al. also rinsed samples in salt water to float most of the plastic to the surface for removal, and 

soaked plastics in HCl in lab to remove biofouling. Estahbanti (2016) collected samples upstream 

and downstream of a WWTP in New Jersey using a 153 μm plankton net for 1-hour intervals, 

rinsing net contents with DI water. Alternatively, Magnussen and Noren (2014) employed a 

plankton net (300 µm) at the mouth of the effluent discharge tube. Vermaire et al. (2017) employed 

a 100 μm Manta trawl, in addition to nearshore 100-L bottle sampling. A more recent criticism of 

manta nets has suggested that standard net mesh sizes (e.g. 333 μm) will not capture the extent of 

MP pollution in surface waters, especially microfibres, which may pass through most mesh net 

sizes due to their small cross-sectional diameter (Setälä et al., 2016; Tamminga et al., 2018). Dris 

et al. (2015) suggested that standard manta trawls (333 µm) should be employed in conjunction 

with smaller plankton nets (~100 µm) to maximize MP capture, although a lower limit of 100 µm 

is still considerably low when considering modern detection limits in mediums such as bottled 

water and drinking water, which are nanometres in size.  

2.5.3. Agricultural soils  

 

Microplastics on agricultural fields have been detected up to 15 years following biosolid 

application (Zubris and Richards, 2005). This system has not been well studied at present, despite 

suggestions that agricultural fields and other terrestrial sources may be a more significant source 

of MPs than marine systems. Samples are often collected in transects or rows (Zubris and Richards, 

2005). Standard agricultural field sampling methods have been suggested to employ a diamond-

sampling pattern or systematic unaligned grid pattern, which is a modification of the standard 

systematic grid pattern (Wollenhaupt and Wolkowski, 1994). The standard grid method is not ideal 

for agricultural fields because fertilizer application, drainage, cropping patterns, and tilling 

patterns all typically follow a regular grid-like pattern and can therefore result in bias in conducting 
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grid-like sampling (Wollenhaupt and Wolkowski, 1994). Moreover, Zubris and Richards (2005) 

investigated long-term soil characteristics by extracting large, undisturbed soil columns of a 

variety of soil types and applying biosolids to them over 4 cropping cycles. Richards (1998) 

applied a blue dye to indicate percolation within the soil column over time, and sampling was 

conducted at depths of 0-10, 10-25, and 25-50 cm.  

2.6. Laboratory Methods  
 

2.6.1. Wastewater and surface water 

 

Regarding wastewater processing, there are presently no standardized methods for 

isolating MPs from wastewater (Table 2-2). Effluent samples are often sieved if organic matter 

content is sufficiently low. Dyachenko et al. (2017) diverted effluent through stacked sieves of 5 

mm to 125 μm size at peak flow for 2 hours, while also passing secondary effluent samples across 

5 mm, 1mm, 333 μm, and 125 μm sieves. Ballent et al. (2016) sieved treated sludge samples 

through sieves of 5.6 mm, 2 mm, and 63 μm mesh sizes. Estahbanati (2016) used 4000, 2000, 500, 

250, 125, and 63 μm sieves. Carr et al. (2016) employed mesh sizes from 400 to 45 μm to filter 

effluent from a Southern California plant. Leslie et al. (2013) classified MPs into 1-300 μm and 

300-5000 μm groups, which are the standard ranges investigated in marine systems. Alternatively, 

Magnussen and Noren (2014) filtered influent and effluent samples through a plankton net (300 

µm) before employing vacuum filtration. Mesh sieving was identified to be 92% efficient for 25 

μm mesh sizes to 99% efficient for 500 μm mesh sizes by Ziajahromi et al. (2017).   

Wet peroxide oxidation (WPO) is commonly used to remove organics from wastewater by 

adding 30% hydrogen peroxide and heating the solution to 70℃ to digest organic material 

(Dyachenko et al., 2017; Mason et al., 2016). This is typically followed by sieving and/or vacuum 
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filtration of the digested sample (Carr et al., 2016; Murphy et al., 2016; Dyachenko et al., 2017). 

However, wet peroxide oxidation has been shown to leave material such as cellulose undigested, 

which is typically found in high quantities in wastewater (Sutton et al., 2016), although Rodrigues 

et al. (2018) found that WPO had a 95.59% removal efficiency of MPs from environmental 

samples. Fenton’s reagent has been employed in more recent studies (Simon et al., 2018), 

improving upon the wet peroxide method.  Fenton’s reagent involves the reaction of 30% H2O2 

and an iron catalyst (FeSO4) to promote the digestion of organic material (Tagg et al., 2017). By 

using an iron (FeSO4) catalyst, Fenton’s reagent accelerates the 30% hydrogen peroxide digestion 

and eliminates the need to excessively heat the solution. Other methods for separating MPs from 

wastewater include centrifuging (Rocha-Santos and Duarte, 2015; Maes et al., 2017; Tagg et al., 

2017; Ziajahromi et al., 2017), although this method has been rejected by Dyachenko et al., 2017 

as it may degrade MPs. Enzyme digestion (Primpke et al., 2017) and microwave digestion (Carr 

et al., 2016) have also been employed in some studies, although these have also been rejected due 

to potential MP degradation (Dyachenko et al., 2017).  

Density separation is also commonly used to separate MPs from wastewater. Some studies 

employ a Munich Plastic Sediment Separator when conducting density separation (Imhof et al., 

2012). However, Coppock et al. (2017) proposed the Sediment-Microplastic Isolation (SMI) unit, 

a column composed of PVC piping and a ball valve (which prevents higher density solids from 

intermixing with floating supernatant) to facilitate density separation efficiency and improve 

affordability (Figure 2-1). NaCl (d=1.2) is commonly used because of its availability and low cost 

(Claessens et al., 2011; Leslie et al., 2013). For example, Claessens et al. (2011) added NaCl 

solution to 1 kg wet weight of sediment and allowed this to settle before sorting MPs into fibres, 

granules, films, and spheres. However, some studies have shown NaCl to be an ineffective density 
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separation salt because cellulose fibres have similar densities to MPs (Dyachenko et al., 2017; 

Lares et al., 2018), and some plastic polymers, such as PVC (Poly-vinyl chloride, d=1.3-1.45) and 

PET (Polyethylene terephthalate, d=1.38) are more dense than saturated NaCl solutions (Rocha-

Santos and Duarte, 2015; Coppock et al., 2017) . Biofouling of MP particles also increases their 

density, rendering lower-density separation salts such as NaCl insufficient. More recent studies 

have employed NaI (d=1.6) (Nuelle et al., 2014; Rocha-Santos and Duarte, 2015; Ziajahromi et 

al., 2017; Lusher et al., 2018), ZnCl2 (d=1.6) (Rocha-Santos and Duarte, 2015; Coppock et al., 

2017; Maes et al., 2017; Mahon et al., 2017; Zobkov and Esiukova, 2017; Rodrigues et al., 2018), 

and sodium polytungstate (d=1.8) (Corcoran et al., 2015; Ballent et al., 2016; Käppler et al., 2016; 

Quinn et al., 2017) to improve MP removal efficiency, although these density solutions are less 

cost effective and typically toxic. 

2.6.2. Agricultural soils and biosolids  

 

Zubris and Richards (2005) extracted MPs (specifically fibres) from test soils that had been 

air-dried, ground with a mortar and pestle, and passed through a 2mm screen. Distilled water (25 

ml) was added to 3g soil samples; solids were allowed to settle to the bottom and the surface water 

was pipetted from the top of the flask. Wet peroxide oxidation is also commonly used to digest 

organic matter in soil samples (Olesen et al., 2017). The hot bleach method has also been employed 

in some studies (Sujathan et al., 2017). More recently, studies have began using Fenton’s reagent 

to digest biosolid and soil samples (Lusher et al., 2018; Simon et al., 2018).  Proposed by Tagg et 

al. (2017), Fenton’s reagent is a mixture of an iron catalyst and 30% H2O2, which accelerates 

processing times compared to traditional peroxide oxidation. Habib et al. (1998) prepared thin 

sections of sludge pellets, as well as separating fibres from pellets and mounting on slides to 

identify biosolid application in soils and the presence of fibres in New York composts (Habib et 
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al., 1998). Zhang et al. (2018) found that using a heating method (heating plastics at 130 ℃ for 3-

5 seconds, which causes MPs to become flat discs) followed by distilled water floatation recovered 

~90% of low-density MPs (PE and PP) in soils, which are commonly used in agricultural practices 

(e.g. plastic mulching) to increase soil temperature and decrease evaporation (Zhang et al., 2018).  

It has been suggested that dry weight samples are more useful to use in MP studies, as wet weight 

is more variable (Leslie et al., 2013). Moreover, Lusher et al. (2018) outlines robust methods for 

analyzing MPs in wastewater biosolids, which involves organic matter removal using Fenton’s 

reagent (20 ml 30% H2O2; 10 ml iron catalyst) followed by two density separations (low density 

with distilled water removing 62% of MPs, followed by high density separation using NaI, which 

removed the remaining 38% of MPs).  

2.6.3. Visual identification 

 

 Following laboratory analysis, suspected MPs are typically classified into categories, 

which may include fibres, fragments, films, foams, and beads. Particles are also often categorized 

based on size (e.g. 63-250 µm; 250-500 µm). As microfibres include several synthetic (polyester, 

nylon, acrylic) and semi-synthetic (cellulose acetate, rayon) materials in addition to natural fibres 

(cotton, wood, linen), fibres are easy to misidentify and thus various criteria must be met for a 

microfibre to be considered polymeric. The criteria to visually distinguish synthetic (polymeric) 

fibres from organic fibres are as follows:  

1) Fibres must be equally thick through the entire length.  

2) Fibres cannot be entirely straight (indicating biologically-derived).  

3) Absence of cellular/organic structures (Dris et al., 2015).  

4) Fibres are not segmented, or appear as twisted, flat ribbons (Mohamed Nor and Obbard, 

2014).  
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5) Fibres should not be tapered at the ends (Mohamed Nor and Obbard, 2014; Mahon et al., 

2017).  

6) Coloured particles are homogenously coloured (Mohamed Nor and Obbard, 2014).  

7) Particles are not shiny (Mohamed Nor and Obbard, 2014).  

There are difficulties surrounding visual identification of MPs, including a tendency to 

overestimate red and blue fibres compared to other particles because they are easier to identify 

(Dris et al., 2015). Some studies also found that particles identified as MPs were actually aluminum 

silicates (Eerkes-Medrano et al., 2015). Polarized light microscopy has also been used extensively 

to identify synthetic fibres (Habib et al., 1998). Additionally, Lares et al. (2018) have used white 

and black backgrounds to maximize recovery of coloured MPs. Some studies also corroborate 

visual examination with the use of a scanning electron microscope (SEM) to examine surface 

textures (Mahon et al., 2017). A hot pin has also been employed by some studies to identify plastics 

by induced melting (Mahon et al., 2017; Lusher et al., 2018) .  

Stains and dyes have also been used to tag MPs, including Nile Red fluorescent dye, which 

relies on individual staining and further visual analysis to count the tagged MPs (Maes et al., 2017). 

Using this stain also allowed the MPs to be sorted into polar polymers (nylon, PET) and 

hydrophobic polymers (polyethylene, polypropylene, polystyrene) (Maes et al., 2017). Other 

common stains used to identify MPs include Rose Bengal solution (Lachenmeier et al., 2015), 

which stains non-plastic particles. However, Rose Bengal may stain cellulose and starches, 

creating false positives (Lachenmeier et al., 2015).  

Fibre length can also be analysed using the software Histolab (Dris et al., 2016, 2015). 

Leslie et al. (2013) indicated that if a MP breaks into two fragments, there will be a doubling in 

the MP count, while the volume of MPs is constant. As the count increases with fracturing, it might 
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appear that the plastic content is increasing, while the actual amount of plastic has not changed. 

Leslie et al. (2013) advised indicating size, number, and total mass of MPs in sediments to better 

understand the quantity of MPs in environmental samples. Additionally, total weight of MPs in 

samples has also been employed to eliminate counting bias. Corradini et al. (2019) estimated MP 

weight using densities of known polymeric materials to eliminate counting bias. Simon et al. 

(2018) calculated weight of MPs in influent and effluent, finding no significant difference in the 

mass of MPs between these samples. 

2.6.4. Spectroscopic methods  

 

 To chemically fingerprint MPs, several methods are used. The most commonly employed 

methods include (micro) FTIR spectroscopy, (micro) Raman spectroscopy, and SEM. Less 

commonly used methods include gas chromatography mass spectrometry (GC/MS) (Dekiff et al., 

2014) and thermogravimetric analysis (Majewsky et al., 2016), but these methods are destructive 

sampling methods. Multiple studies state that spectroscopic or elemental analysis must be 

performed on all (Eriksen et al., 2013; Dyachenko et al., 2017; Lares et al., 2018) or representative 

(Magnusson and Norén, 2014; Lares et al., 2018) suspected MPs, although some studies rely solely 

on visual identification (Talvitie and Heinonen, 2014; Dris et al., 2015; Mason et al., 2016; 

Michielssen et al., 2016; Sutton et al., 2016). Many studies highlight the problems with relying 

solely on visual identification without spectroscopic/elemental analysis (Dekiff et al., 2014; 

Käppler et al., 2016; Primpke et al., 2017), mainly leading to an overestimation of MPs.  

Several complications arise when analyzing MPs from environmental samples with 

spectroscopic methods. Mainly, the presence of organic matter on MPs interferes with the analysis, 

and thus MPs will not completely match with reference spectra (Lares et al., 2018). Bacterial 

colonization can also interfere with spectroscopic analysis and degrades polymers (Maes et al., 
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2017) and degraded MP surfaces may attenuate spectral data or interfere with spectra interpretation 

(Magnusson and Norén, 2014).  

2.6.4.1. FTIR  

 

 Fourier Transform Infrared Spectroscopy (FTIR) is the most commonly used method for 

analyzing MPs from environmental samples. ATR-FTIR (Attenuated Total Reflectance – Fourier 

Transform Infrared) tends to be the dominant spectroscopic method due to its short analysis time, 

reliability and ability to analyze small particles, especially in combination with microscopy (Kovač 

Viršek et al., 2016; Primpke et al., 2017). FTIR does not require sample preparation and is non-

destructive, making it the simplest spectroscopic method used for identifying MPs.  

There are some complications in using IR spectroscopy to identify MPs, mainly due to the 

technical expertise involved in using spectral fingerprints from IR to assign a particular polymer 

to the MP in question and therefore these are sometimes prone to human error (Maes et al., 2017). 

Some studies have difficulties assigning spectra from fibres, often omitting FTIR fibre analysis 

from study (Magnusson and Norén, 2014). However, this problem has been solved by employing 

micro-FTIR, which allows easy identification of MPs down to 5 µm in size, including microfibres, 

which are hard to analyze due to their small diameter (Chen et al., 2015; Rocha-Santos and Duarte, 

2015). Obtaining an FTIR spectra also becomes difficult when organic matter is on the MP surface 

because particles are too rough; light is scattered due to irregular morphologies and changes in 

chemical composition as MPs persist in the environment (Simon et al., 2018). More recent studies 

have suggested that µFTIR cannot confidently identify MPs smaller than 20 µm in size 

(Schymanski et al., 2018). Considering some of these problems surrounding FTIR, Wagner et al. 

(2017) suggested that FTIR in concert with SEM and/or Raman may be most useful following 

visual analysis.  
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Results of FTIR analysis found that a majority of MP fragments in surface water were 

polyethylene (PE) (Wagner et al., 2017; Sighicelli et al., 2018). Claessens et al. (2011) employed 

FTIR after sorting MPs into fibres, granules, films, and spheres. Fibres were identified as 

polypropylene, nylon, and polyvinyl alcohol; whereas granules were identified as polypropylene, 

polyethylene, or polystyrene. In wastewater, the dominant plastic has varied between PE 

(Magnusson and Norén, 2014), polyester (Gies et al., 2018; Lares et al., 2018), and polyamide 

(nylon) (Vollersten and Hansen, 2017). In sediments and biosolids, the dominant plastic was found 

to be PE (Claessens et al., 2011; Coppock et al., 2017; Lusher et al., 2018) and polypropylene (PP) 

(Dekiff et al., 2014; Vollersten and Hansen, 2017).  

2.6.4.2. Raman  

 

Raman spectroscopy is often used instead of FTIR to identify MPs of a much smaller size. 

Sujathan et al (2017) found that using Raman spectroscopy lowered the MP lower size threshold  

to 0.48 µm (Sujathan et al., 2017). However, FTIR is often preferred over Raman due to Raman’s 

long measurement time (Käppler et al., 2016). More recent studies on bottled mineral water have 

employed micro-Raman to chemically analyze very small particles (<5 µm) (Oßmann et al., 2018; 

Schymanski et al., 2018). Micro-Raman spectroscopy typically employs a microscope and 

microspectrometer to analyze smaller MPs, and has a higher resolution than micro-FTIR, 

confidently detecting particles of 1 µm (Schymanski et al., 2018).  

Kappler et al (2016) found that FTIR significantly underestimated MP counts by ~35% 

compared to Raman spectroscopy. However, Ziajahromi et al. (2017) found that 22-90 % of 

suspected MPs analyzed with FTIR were non-plastic material, while Hidalgo-Ruiz et al. (2012) 

found that 70% of visually identified suspected plastic particles were plastic. Common 
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misidentified non-plastic material include chitin, cellulose, sodium phosphate, silicates, proteins 

and carbohydrates (Wagner et al., 2017).  

2.6.4.3. SEM  

 

Scanning Electron Microscopy (SEM) has also been employed by some studies to examine 

MP surfaces (Eriksen et al., 2013; Mahon et al., 2017; McCormick et al., 2014; Wagner et al., 

2017), which is useful in determining surface morphology (e.g., if MPs are wrinkled, shredded, or 

fractured, indicating physical weathering and/or indicate extended time in the environment). SEM 

can also be used to determine if a microplastic is primary or secondary (McCormick et al., 2014). 

SEM performs elemental analysis rather than chemical analysis like FTIR and Raman, although it 

is also helpful in observing physical properties.  

2.7. Observed Microplastic Concentrations   
 

2.7.1. Wastewater influent and effluent 

 

High MP concentrations have been recovered in wastewater influent, indicating that the 

wastewater treatment system receives high quantities of MPs from domestic and urban sources. 

Magnusson and Norén (2014) recovered 15,000 MPs (> 300 µm) per m3 of influent (3,200,000 

MPs per hour). Dris et al. (2015) found only 1 spherical particle in wastewater influent and MP 

concentrations between 50,000 and 120,000 particles per m3 after primary treatment, with fibre 

size and length decreasing following primary treatment. Fibres were the dominant MP in influent 

in most wastewater studies (Michielssen et al., 2016; Murphy et al., 2016; Talvitie et al., 2017; 

Gies et al., 2018; Lares et al., 2018) .  

In final effluent, concentration was observed to decrease to 1.1-1.8 MPs per m3 or 1,770 

MPs per hour (Magnusson and Norén, 2014). Dris et al. (2015) found that counts were reduced to 
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14,000-50,000 particles per m3, corresponding to a removal efficiency of 83 to 95%. Dris et al. 

(2015) also found that WWTPs appeared to be more efficient at removing longer fibres. An 

average of 0.05 MPs/L of effluent was found by Mason et al. (2016). It has been suggested that 

most WWTPs are unable to capture particles 0.5 mm or smaller (Eriksen et al., 2013). Lares et al. 

(2018) found that a Finland WWTP had a 98.3% efficiency rate of capture, with the final effluent 

containing 1 MP per litre, with most of the MPs being sequestered in activated sludge.  

Microplastic morphologies found in wastewater effluent vary between studies. The 

dominant morphology in treated effluent is typically fibres (Talvitie and Heinonen, 2014; Dris et 

al., 2015; Mason et al., 2016; Michielssen et al., 2016; Murphy et al., 2016; Sutton et al., 2016; 

Vollersten and Hansen, 2017; Gies et al., 2018; Lares et al., 2018) . Literature has reported 59% 

of MPs as fibres in effluent (Mason et al., 2016) and 65.6% in influent and effluent (Gies et al., 

2018). Often, the dominant microfibre type is polyester (96.3%; Lares et al., 2018).  

2.7.2. Microplastics in the Laurentian Great Lakes and other surface waters 

 

 In the Great Lakes Basin, surface trawling has been employed on Lake Erie, Lake Huron, 

and Lake Michigan by Eriksen et al. (2013), recovering 43,000 MPs per km2 of surface water, and 

an average of 466,000 MPs per km2 downstream from 3 major cities: Detroit, MI, Cleveland, OH, 

and Erie, PA. Lake Erie had the highest MP concentration in surface waters across this Great Lakes 

study. However, most of the plastics recovered by Eriksen et al. were microbeads, likely due to 

their lower detection limit of 355 µm. McCormick et al. (2014) found higher concentrations of 

MPs downstream of a Chicago WWTP than concentrations found in some oceanic studies (1.94 

MPs/m3 upstream; 17.93 MPs/m3 downstream). Additionally, as plastic debris makes up 80% of 

litter on the Great Lakes shorelines (Driedger et al., 2015), beach and shoreline studies have also 
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been conducted in the Great Lakes basin. Ballent et al. (2016) found MP abundances of 20 to 

27,830 particles per kg in Lake Ontario shoreline sediments (Toronto Harbour and Humber Bay), 

and Corcoran et al. (2015) recovered 16.34 plastic pellets and 4.05 fragments per m2 from a 

Humber Bay (Lake Ontario) beach. Furthermore, Hoffman and Hittinger (2017) estimated 0.0211, 

1.44, and 4.41 metric tons of plastic entering lakes Superior, Huron, and Erie, respectively, on an 

annual basis (Figure 2-2).  

Outside of the Great Lakes basin, surface water MP studies have been conducted in Lake 

Hoysgol, Mongolia (Free et al., 2014), Austria (Lechner and Ramler, 2015), Paris, France (Dris et 

al., 2015), San Francisco, CA (Sutton et al., 2016), New Jersey (Estahbanati, 2016), Ottawa, 

Ontario (Vermaire et al., 2017), Chao Phraya River, Bangkok (Ericsson and Johansson, 2018), and 

three Italian lakes (Sighicelli et al., 2018). Vermaire et al. (2017) found significantly higher 

concentrations of MPs downstream (1.99 MPs/m3) than upstream (0.71 MPs/m3) of a WWTP 

effluent stream in the Ottawa River, ON, with the dominant MP morphology being red and blue 

microfibres. Dris et al. (2015) found a variety of plastic morphologies in the River Seine with 

densities ranging from 0.28 to 0.47 MPs per m3 of surface water. Varying results from surface 

water studies show that surface water MP concentrations are often site specific and vary greatly 

depending on sampling methods, lower detection limits, patterns of plastic usage in specific 

localities and population densities. These varying results also emphasize the importance of 

considering differences in impacts, pressures, and dilution that may influence surface water MP 

concentration (Dris et al., 2015; Lechner and Ramler, 2015).   

2.7.3. Agricultural soils  

 

Results of soil sampling in the Netherlands found 100 to 3600 MPs per kg dry sediment 

(Leslie et al., 2013). The results of Zubris and Richards (2005) found 1.21 fibres/g in soil applied 
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with dewatered sludge and biosolids, and 1.08 fibres/g soil applied with pelletized sludge. Greater 

concentrations were found at depths of 10-25 cm than 0-10 cm depth, likely because soils are 

turned following biosolid application. Additionally, Corradini et al. (2019) found that agricultural 

soils receiving 1-5 applications of wastewater biosolids had MP concentrations ranging from 1.1 

to 3.5 particles/g(d.w.), with statistically significant differences in MP concentration relating to the 

number of sludge applications received by a field (Corradini et al., 2019). This suggests that the 

number of consecutive biosolid applications over a span of 5-10 years on fields is important when 

considering the contribution of biosolids application to MP accumulation on fields. Steinmetz et 

al. (2016) also found that plastic mulching, a common practice in agriculture involving the use of 

plastic covers to suppress weed growth and improve crop quality, may be resulting in plastic 

degradation into MPs (Steinmetz et al., 2016). Despite recent research on MPs in agricultural soils 

(Table 2-3 & 2-4), agricultural field sampling for MPs is underdeveloped at present and additional 

sources of MPs to fields as well as quantifying potential runoff are poorly understood.   

2.7.4. Tap and drinking water microplastic concentrations 

 

Past research fails to confidently identify MP concentrations in tap water. Tap water is 

often used as a control for freshwater MP studies (Vermaire et al., 2017; Ziajahromi et al., 2017; 

Gies et al., 2018). Vermaire found that 80% of (control) tap water samples contained MPs, 

although this study attributed this to airborne contamination of microfibres.  Only three studies to 

date have examined MP concentrations in drinking water (Mason et al., 2018; Oßmann et al., 2018; 

Schymanski et al., 2018). Bottled water was tested by Schymanski et al. (2018) using vacuum 

filtration and imaging analysis of filters using dark field mode and computer image analysis, where 

each particle was tested using Raman spectroscopy. Oßmann et al. (2018) used micro-Raman 

spectroscopy to analyze particles from bottled water directly on the filter surface. Schymanski et 
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al. (2018) found MP concentrations up to 118 ± 88 MPs/L; whereas Oßmann et al. (2018) found 

concentrations up to 6292 ± 10521 MPs/L in bottled water (with a lower detection limit of 1 µm). 

Oßmann et al. (2018) suggested that these MPs originated from the PET packaging.  

2.7.5. Airborne and atmospheric contamination  

 

Airborne contamination has been mentioned as one of the biggest sources of MPs to the 

human body (Prata, 2018). Airborne contamination has been quantified by some studies (Dris et 

al., 2016 and 2015), highlighting the need for further quantification of airborne contamination in 

indoor and outdoor monitoring, as well its significance as an urban pathway for MP contamination. 

In urban environments, sources of airborne MPs include fragments and fibres from textiles and 

house furniture (Dris et al., 2017, 2016), building materials, landfills (Dris et al., 2016), industrial 

emissions, particles from traffic emissions, and biosolids applied to agricultural fields as fertilizer. 

It is challenging, however, to confidently pinpoint exact sources of MP contamination to drinking 

water and wastewater when exposure to air is inevitable. Dris et al. (2016) found that atmospheric 

fallout of microfibres was reduced during dry periods compared to rainy periods and estimated 

that based on their year-long monitoring of atmospheric microfibre fallout, 3 to 10 tons of MPs 

are being deposited annually (Dris et al., 2016). Other studies found urban airborne contamination 

levels of 118 MPs/m2/day (Dris et al., 2015) and 110 and 53 airborne particles/m2/day (Dris et al., 

2016).  
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2.8. Figures and Tables  

 

Table 2-1: Previously used laboratory methods and resulting microplastic concentrations in 

surface waters examined in previous studies. Surface water trawling is the most commonly used 

method; however, the lower size detection limit varies between studies.  

 

Study Location Method MP concentration in 

surface water 

Eriksen et al., 2013 Great Lakes 333 µm manta trawl 466,000 MPs/km2 

downstream from 2 

major cities 

Free et al., 2014 Lake Hovsgol, 

Mongolia 

333 µm mesh net 997-44,435 

particles/km2  

McCormick et al., 

2014 

Chicago, Illinois 333 µm net 1.94 MPs/m3 upstream, 

17.93 MPs/m3 

downstream of WWTP 

Dris et al., 2015 Paris, France 330 µm manta trawl, 80 

µm plankton net 

0.28 – 0.45 MPs/m3 

Sutton et al., 2016 San Francisco, 

California 

333 µm manta trawl 700,000 MPs/km2 

Estahbanati, 2016 New Jersey 153 µm plankton net. 

No difference observed 

between upstream and 

downstream sampling. 

~50.5±35.4 MPs/m3 

upstream, 71.7±60.2 

MPs/m3 downstream 

 

Anderson et al., 2017 

 

Lake Winnipeg, 

Manitoba 

333 µm manta trawl 52,508 at inflow of lake 

to 748,027 MPs/km2 at 

outflow of lake 

Vermaire et al., 2017 Ottawa, Ontario 100 µm manta trawl 0.71 MPs/m3 upstream, 

1.99 MPs/m3 

downstream of WWTP 

Sighicelli et al., 2018 Italy 300 µm manta trawl 40,000 MPs/km2; 

39,000 MPs/km2 in 

Lake Maggiore; 25,000 

MPs/km2 in Lake Garda 

Ericsson and 

Johansson, 2018 

Bangkok, Thailand Constructed filter and 

pump system 
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Table 2-2: Various study methods and resulting microplastic concentrations in WWTP effluent 

from previous studies. As there are no standardized methods at present, previous studies vary 

considerably in terms of size fractions and filtration methods.  

 

Study Location Method  MP concentration in 

effluent 

Magnussen and 

Noren, 2014 

Sweden Vacuum filtration 1.1 – 1.8 MPs/m3 

Talvitie and 

Heinonen, 2014 

St. Petersburg, 

Russia 

Constructed a filter (sizes 

300, 100, and 20 µm) 

16 fibres, 7 synthetic 

particles, 125 black 

particles per litre of 

effluent 

Carr et al., 2016 Southern California Stacked sieves (400 to 40 

µm), vacuum filtration.   

0 MPs/L 

Murphy et al., 2016 Glasgow, Scotland Sieving (65 µm), vacuum 

filtration.  

0.25 MPs/L 

Michielssen et al., 

2016 

Detroit Stacked sieves (4.7mm – 200 

µm).  

0.5-5.9 MPs/L 

Mason et al., 2016 New York, 

California, Ohio, 

Wisconsin 

Stacked sieves, wet peroxide 

oxidation 

0.05 MPs/L 

Sutton et al., 2016 San Francisco, 

California 

Stacked sieves (355, 125 µm) 0.022 – 0.19 MPs/L 

Dyachenko et al., 

2017 

Oakland, California Stacked sieves (5 mm, 1 mm, 

355, 125 µm), wet peroxide 

oxidation, vacuum filtration.  

0.005 – 0.17 MPs/L 

Vollersten and 

Hansen, 2017 

Denmark Sieving (500 µm) 5800 MPs/L (0.02 

mg/L) 

Lares et al., 2018 Finland Sieving (500, 250 µm) 1.05 MPs/L 

Gies et al., 2018 Vancouver, British 

Columbia 

Wet peroxide oxidation, 

vacuum filtration, oil 

extraction protocol.  

0.5 MPs/L 

 

Table 2-3: Previous studies investigating MP concentration in agricultural soils.  

Study Location Method Separation 

salt 

MP concentration in 

soil 

Zubris and 

Richards, 2005 

New York State Distilled water added to 

3 gram soil samples to 

fill flask; surface water 

was pipetted and 

filtered.  

N/A 1.21 microfibres/g 

soil (field applied 

with dewatered 

sludge) 
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(Corradini et al., 

2019) 

Chile Sample centrifuged, 

supernatant filtered, 

NaCl added and sample 

centrifuged (low density 

separation); ZnCl2 added 

and centrifuged (high 

density separation).   

NaCl; ZnCl2 0.6-10.4 particles/g 

 

Table 2-4: Previous studies investigating MP concentrations in wastewater biosolids.   

Study Location Method Separation Salt MP 

concentration 

in sludge  

     

Mahon et al., 

2017 

Ireland – looked 

at sludge from 7 

WWTPs 

Sieved; 250 µm 

size rinsed into a 

separatory funnel  

ZnCl2 4196 to 15,385 

particles/kg (d.w.) 

of sludge 

 

(Li et al., 2018) China 20 grams 

dewatered sludge 

was added to 

saturated NaCl 

solution, 

supernatant 

vacuum filtered 

NaCl 22.7 ± 12.1 x 103 

particles/kg (d.w.) 

sludge 

Lusher et al., 

2018 

Norway Fenton’s reagent 

and density 

separation 

NaI 6077 

particles/kg 

Corradini et al., 

2019 

Chile Centrifuged, 

supernatant 

filtered, NaCl and 

ZnCl2 density 

separation 

NaCl, ZnCl2 18 to 41 

particles/g of 

sludge 
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Figure 2-1. Sediment – Microplastic Isolation (SMI) unit, as proposed by Coppock et al. (2017). 

The ball valve is left open during density separation, left for ~24 hours, and then (B) closed before 

pouring off supernatant.  

 

 

Figure 2-2. Average density of MP particles in Great Lakes surface waters, estimated from 

2009-2014 (modified from Hoffman and Hittinger, 2017). 
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CHAPTER THREE 

The Occurrence of Microplastics and Microfibres in the Municipal 

Water System of the Niagara Region, Ontario. 

 

Emily R. Ham and Michael F.J. Pisaric. 

A modified version of this chapter will be submitted to the journal, “Environmental Pollution”. 

 

3.1. Introduction 
 

 Since the expansion of plastic as a commonplace material beginning in the 1960s, plastic 

production has drastically increased and is ubiquitous across virtually all ecosystems, including 

the Great Lakes. Approximately 9,900 metric tonnes of plastic enter the Great Lakes annually 

(Hoffman and Hittinger, 2017). In light of this, microplastic pollution has become an increasing 

threat to aquatic biota in the Great Lakes. Despite the global threat of microplastic pollution, 

knowledge of the extent and impact of microplastic pollution remains incomplete. It is well known 

that wastewater treatment plants (WWTPs) are a major urban pathway for microplastic pollution 

in urban aquatic environments, although the sources of these microplastics are abundant and not 

always well understood. National bans on microbeads in personal care products have been enacted 

in Canada as of July 2018 (Walker and Xanthos, 2018), however, other urban sources of 

microplastics, such as domestic washing machine effluent have yet to be mitigated. In Ontario 

(Canada), WWTPs are not required to monitor microplastics in influent and effluent under the 

Ontario Environmental Protection Act of 1990 (Ballent et al., 2016; Driedger et al., 2015). 

Microplastics (MPs) are plastic particles less than 5 mm in size (Arthur et al., 2009). They are 

typically classified into fibres, fragments, foams (styrofoam), and films.  Microplastics are 

classified as either primary MPs (manufactured for specific use), or secondary MPs (arising from 
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the fragmenting of larger plastics). Major sources of MPs in freshwater environments include 

microbeads from personal care products, microfibres from synthetic clothing, and plastics such as 

PET (Polyethylene terephthalate) from plastic products (e.g., water bottles and some types of 

packaging). MPs degrade at extremely slow rates, mineralizing completely in 100s to 1000s of 

years (Andrady, 2011).  Often larger pieces of plastics fragment in the environment into smaller 

particles overtime. In freshwater environments, MPs have proliferated throughout the water 

column mainly via land-based urban pathways.  

Urban pathways for MP proliferation primarily include WWTPs. Many household personal 

care products contain MPs, which can enter the wastewater system via domestic effluent. Current 

WWTP technology is not capable of filtering out these small particles, especially microfibres, 

which have a diameter of approximately 15 µm (Napper and Thompson, 2016). Washing machine 

effluent has been identified as a dominant source of MP pollution to WWTPs, releasing up to 1900 

fibres in a single wash (Browne et al., 2011). Extensive research has been conducted on MP 

discharge via WWTP effluent (Magnusson and Norén, 2014; Talvitie and Heinonen, 2014; Mason 

et al., 2016; Murphy et al., 2016; Mintenig et al., 2017), however, most of these studies are short-

term and represent a snapshot in time. Therefore, comparison of the results of these studies is 

difficult, especially as MP sampling and isolation methods vary among studies. For example, MP 

concentrations ranging from 0 (Carr et al., 2016) to 5.9 MPs/L (Michielssen et al., 2016) reflect 

discrepancies in processing methods, varying WWT technologies (secondary vs tertiary 

treatment), as well as spatial variance and varying inputs depending on the urban population size 

being served. More recent tap water studies have identified upwards of 1000 MPs/L of water 

contained in a multi-use PET bottle, highlighting the presence of nanoplastics in freshwater due to 

plastic lids and packaging (Schymanski et al., 2018). Additionally, seasonal and diurnal variation 



44 
 

is evident in WWTPs, reflecting the varying treatment technology, volume, and inputs throughout 

the year (Gies et al., 2018). Wastewater treatment technology in WWTPs in the Niagara Region, 

Canada, is typically anaerobic digestion, which digests organic matter through the use of 

microorganisms.  

As microplastics are discharged from WWTPs with wastewater effluent, they can concentrate 

in open freshwaters. Because many types of plastic (e.g., PVC and PET) are denser than water, 

coupled with the influence of biofouling on MP particle density which accelerates vertical 

transport ( Long et al., 2015; Kooi et al., 2017), MPs can be found throughout the water column 

and in sediment accumulating in lakes and lower energy lentic environments. MP concentration in 

surface water has been examined in a number of previous studies (Eriksen et al., 2013; Dris et al., 

2015; McCormick et al., 2014; Sutton et al., 2016; Vermaire et al., 2017; Sighicelli et al., 2018), 

with results indicating a wide range of concentrations and detection limits. Stormwater input can 

also impact surface water concentrations of MPs during high flows and overflow due to 

precipitation (Prata, 2018).  

Freshwater studies have often adopted established oceanic methods for analyzing MP 

concentrations in open waters by employing manta trawls (e.g., Vermaire et al., 2017), or plankton 

nets (Dris et al., 2015, e.g.) that collect particles floating on the water surface. In the Lake Ontario 

basin, MP studies have been undertaken along the shoreline and open water surface trawls (Eriksen 

et al., 2013), within lake bottom sediments (Ballent et al., 2016; Corcoran et al., 2015) and 

nearshore and tributary sampling (Ballent et al., 2016). 

MPs found in the water column can be easily consumed by aquatic freshwater organisms, 

causing digestive tract abrasion, blockages, pseudo satiation due to MP intake, and potentially 

death and impairment (Duis and Coors, 2016). Additionally, MPs can impact biota through the 
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adherence of environmental contaminants to the polar surfaces of MPs, which can pass into tissues 

of aquatic organisms following ingestion (Browne et al., 2013; Rochman et al., 2013; O'Donovan 

et al., 2018). Environmental contaminants can then accumulate in aquatic organisms overtime and 

biomagnify as they travel up the food chain (Farrell and Nelson, 2013).  

The objectives of this study are: (1) to determine MP concentrations in all stages of the 

wastewater treatment process (influent, biosolids, and effluent) in the Niagara Region, Canada; (2) 

to determine MP concentrations in local tap water from three locations in the Niagara Region; and 

(3) to determine if MPs are entering local streams via wastewater effluent discharge or other major 

pathways. This study marks the longest temporal analysis on MP concentrations in effluent to date, 

collecting monthly effluent samples from January 2018 to December 2018.  

3.2. Methods and Study Sites  

 

To quantify MP concentration in the wastewater treatment system, influent and effluent 

were collected from the Port Dalhousie Wastewater Treatment Plant in St. Catharines, Ontario, 

Canada (Figure 3-1).  The Port Dalhousie facility is an anaerobic digestion plant that services a 

population of 75,000 (west St. Catharines and north Thorold, Ontario). This plant is a conventional 

activated sludge secondary treatment plant, currently operating at 67% capacity and discharging 

an average of 61,350 m3/day of effluent into Twelve Mile Creek, a small tributary of Lake Ontario 

(Niagara Region, 2008). The Twelve Mile Creek tributary drains a watershed of ~178 km2 and is 

subdivided into six sub-watersheds.  The headwaters of Twelve Mile Creek are located in the Town 

of Pelham and are characterised by mostly natural forests and agricultural landscapes.  The lower 

reaches of Twelve Mile Creek flow through the urban environment of Thorold, St. Catharines, and 

Port Dalhousie, Ontario.       
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3.2.1. Field methods  

 

Sludge undergoes two-stage anaerobic digestion, which is then transported as “biosolids” 

to a biosolids storage facility (Niagara Region, 2008). For this study, 40 1-litre influent samples 

were collected in October 2017 from a manhole just before untreated wastewater entered the coarse 

screening phase of the Port Dalhousie wastewater treatment plant (Figure 3-2a). Beginning in 

January 2018, 15 1-litre samples of effluent were collected at the end of each month. Sampling 

was continued monthly until December 2018, resulting in a complete year of effluent sampling. 

Samples were skimmed from the surface (approx. 0-10 cm depth) of the effluent stream, just prior 

to its discharge point from the treatment plant into Twelve Mile Creek and Port Dalhousie harbour.  

Samples were collected using a metal bucket. Samples were collected in plastic sample containers 

and blanks were collected to quantify potential contamination from the container itself. 

Additionally, tap water samples were collected monthly in conjunction with effluent samples. 

Triplicate 1-litre samples were collected from each of three sites, including tap water from Brock 

University, St. Catharines, Ontario; a domestic tap water source from Lincoln, Ontario; and a 

second domestic tap water source from Fort Erie, Ontario (Figure 3-1). Initially, a single 1-litre 

sample was collected at each site, but this was increased to triplicate sampling in April 2018. These 

samples were collected in 1-litre plastic Nalgene containers, in addition to blanks (distilled water). 

Because it is impossible to ensure that samples were not contaminated during field sampling, field 

blanks were not collected.  

To quantify microplastic contamination in surface waters, sampling was conducted in the 

Port Dalhousie harbour of St. Catharines, Ontario in summer (August) and fall (October) 2018. 

This harbour is an extension of the Twelve Mile Creek watershed, draining into Lake Ontario. 

Effluent discharges into the harbour from the Port Dalhousie WWTP. To understand the impact of 
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effluent discharge on MP concentrations in the stream system, sampling was conducted upstream 

and downstream of the WWTP effluent plume, which is located below the water surface. Sampling 

was conducted following 2-3 days of no precipitation. Upstream sampling was conducted in 

Martindale Pond and Twelve Mile Creek (Figure 3-1b, 3-2b).  Downstream sampling was 

conducted in the harbour and Lake Ontario outlet below the effluent plume. Sampling was 

conducted following procedures outlined by NOAA (Nickels, 2016; NOAA, 2014) and Kovač 

Viršek et al. (2016). A 100 µm manta trawl was employed on the port side of a motorboat (constant 

speed of approx. 2 knots) for 10 to 15-minute sampling intervals. Six upstream and 8 downstream 

trawls were conducted in total, typically in the middle of each basin, oriented north-south in the 

harbour below the plume and northeast-southwest in the upstream stretches of the Twelve Mile 

Creek. Fewer upstream samples were collected than downstream samples due to biofouling of the 

mesh net. A mechanical flow metre and GPS tracking were used to calculate volume of surface 

water sampled from total distance travelled per trawl. Following each trawl, the sock end of the 

net was removed and rinsed with distilled water into 1-litre plastic containers. The net was 

backwashed in the stream water twice between sampling sessions. Samples were brought back to 

lab to be sieved and sorted.  

3.2.2. Laboratory methods  

 To isolate MPs from influent, approximately 20 ml of 30% H2O2 was added to each 1-litre 

sample (to digest organic material) before passing the sample through stacked sieves of varying 

sizes (1.4 mm, 500 µm, 250 µm, 125 µm, and 63 µm). Effluent, tap water, and surface water 

samples were also passed through these stacked sieves. Each sieve was observed under a dissecting 

microscope and suspected microplastic particles were isolated from the sieves using tweezers and 

placed on glass slides for further visual analysis. Each slide was examined under a biological 
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microscope and non-plastic material was eliminated from final MP counts based on visual analysis. 

Suspected MPs were further classified morphologically into fibres, fragments, and films. 

Regarding fibres, the following guidelines were used to classify fibres as MPs:  

1. MP fibres cannot be entirely straight (indicating biological origin) (Dris et al., 2015).  

2. MP fibres must be absent of cellular and organic structures (Dris et al., 2015).  

3. MP fibres cannot be segmented, break easily, or appear twisted or ribbon-like 

(characteristic of cellulosic fibres) (Mohamed Nor and Obbard, 2014).  

4. MP fibres should not be tapered at the ends (Mohamed Nor and Obbard, 2014).  

5. MP fibres are homogeneously coloured (Mohamed Nor and Obbard, 2014).  

Additionally, a microfibre identification key was developed to aid with visual analysis and 

classification of microfibres (Figure 3-3). This was developed using known characteristics of 

common synthetic, semi-synthetic, and natural fibres, categorizing fibres based on their cross-

sectional appearance, thickness, and surficial characteristics such as the presence of striations or 

roughness. These visual assessments were further aided by an online microscope image database 

(Microlab NW Photomicrograph Gallery, 2007).  Natural microfibres such as cotton and cellulose 

were not quantified in this study, however, semi-synthetic fibres (rayon, cellulose acetate) were 

included in overall microfibre counts. Cotton fibres are described as having a flat cross section and 

ribbon-like appearance. Polyester fibres are identified by their round cross section and smooth, 

straight appearance. Acrylonitrile fibres are described as flat with a dog-boned cross section. Nylon 

is described as having a trilobal cross section. Rayon is distinguished from cellulose acetate by 

differences in cross sectional appearance (rayon is flat, cellulose acetate is lobed).  Cellulose fibres 

were identified by their translucent to transparent appearance, rough surface, flat cross section, and 

tapered ends (Lares et al., 2018).  
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To confirm the visual identifications, a subsample (~9%) of the suspected microplastics were 

analyzed by micro-Fourier Transform Infrared Spectroscopy (µFTIR) using a Bruker Tensor II 

spectrometer equipped with a Hyperion 2000 microscope. Individual particles were transferred to 

a diamond compression cell and analyzed in transmitted light mode. FTIR is sensitive to 

components that are present in concentrations greater than ~3-5 % of the total. This analysis was 

performed at the University of Western Ontario, London, Ontario. FTIR subsamples were selected 

from representative MPs to confirm their MP identification, and following this, corrections were 

applied to previous visual identifications. Not all particles were tested due to FTIR availability and 

cost. 

To limit contamination, a cotton lab coat was worn during processing to limit airborne fibre 

contamination. Surfaces and vessels were checked for fibres, glassware was used as often as 

possible, and all samples and vessels in use were covered with aluminum foil during processing. 

Plastic vessels were employed for collecting wastewater and surface water samples and tap water 

samples were kept in PET bottles. Fibre traps were also employed in three areas of the lab where 

samples were processed: near the laboratory sink where samples were rinsed; the lab bench where 

the dissecting microscope used for counting and identifying microplastics was located; and an 

adjacent laboratory bench.  Fibre traps comprised a glass petri dish with glycerin. Fibre traps were 

left out for the duration of sample processing and sample processing times were noted so that 

airborne microfibre deposition rates could be subtracted from sample MP concentrations. Despite 

efforts to limit contamination, airborne contamination was possible considering the laboratory 

space was occupied by multiple researchers, all of whom could increase fibre concentration in the 

air via synthetic clothing. However, efforts were made to limit and quantify contamination as 

efficiently as possible.  
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3.3. Results  

 

3.3.1. Influent  

 

 Results of influent sampling indicate that substantial microplastic concentrations are 

entering Niagara WWTPs from domestic sources (Figure 3-4 & 3-5). An average of 9.07±4.48 

MPs/L were recovered from influent samples (n=40) (range of 0 to 18 MPs/L of influent). Most 

of the recovered MPs are fibres (74.7%), followed by fragments (22.0%) and films (3.3%). Types 

of plastic recovered from influent samples and confirmed by FTIR include polyester (PET) 

(55.4%), acrylic paint chips (6.8%), polypropylene (6.8%), rayon (6.5%), polyethylene (5.0%), 

polyacrylonitrile (4.3%), cellulose acetate (1.5%), polyurethane (1.0%), polyamide (nylon) 

(0.2%), glitter (0.3%), and unknowns (12.1%) (Figure 3-6).  

3.3.2. Effluent 

 

 Results of monthly effluent sampling indicate an average MP concentration of 1.22±1.59 

MPs/L (0 to 10.18 MPs/L) in the twelve months of study (Figure 3-5). A majority of these MPs 

are fibres (86.4%), followed by fragments (9.1%) and films (4.5%). Regarding seasonal variability, 

fibre concentrations in winter months (December to February) (2.04 MPs/L) were significantly 

higher than summer concentrations (June to August) (0.42 MPs/L) (p=0.049). Monthly effluent 

MP counts (January-December) were significantly different across the entire year (p=3.15x10-6), 

and seasonally (p=1.64x10-5) (winter>fall>spring>summer; average count = 2.04>1.22>1.17>0.42 

MPs/L). Two-tailed t-tests were computed between individual months and determined that January 

has the most significantly different concentration of MPs per litre (p=0.0003 between 

concentrations in January and August effluent), whereas February and March concentrations 

differed from summer months (p<0.05).  Additionally, volume calculations were also performed 
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for each individual MP particle to account for any potential bias in MP counting, which may 

overstate the amount of plastic recovered from treated effluent. Volumetric calculations indicate 

that volume of MPs in samples amounts to an average total of 0.016 mm3 per month (Figure 3-

5b). Volumes of plastic in samples were converted to weights based on known densities of 

identified polymers (Figure 3-5c). Resulting weights showed that an average total weight of 0.0017 

mg of MPs is found per litre of effluent. This amounts to a total input of 26.3±31.9 kg of MPs from 

Port Dalhousie WWTP effluent to Lake Ontario in 2018 (Table 3-1). Sieve efficiency was tested 

using spiked glitter particles (n=100) and was found to be 90%. Laboratory blanks (distilled water) 

(n=3) had an average concentration of 0.5 MPs/L. Comparisons between average influent 

concentration (9.07 MPs/L) and average effluent concentration (1.22 MPs/L) suggest the Port 

Dalhousie WWTP has a removal efficiency of 86.5%.  

Results of Fourier Transform Infrared Spectroscopy (FTIR) confirmed 55% of suspected MPs in 

effluent were plastic. Approximately 60 particles from effluent were quantified with FTIR, and the 

results were used to inform all other identifications. All suspected MPs from samples were also 

catalogued such that each particle could be re-examined and identified using representative FTIR 

analyses. Types of plastic (including semi-synthetic fibres) found in effluent samples include 

polyester (PET) (60.0%), rayon (12.2%), polyacrylonitrile (10.5%), cellulose acetate (5.8%), 

polytetrafluoroethylene (3.7%), polyamide (nylon) (2.4%), polyurethane (2.0%), paint chips 

(1.7%), and unknown fragments (1.4%) (Figure 3-6) (See Appendix A for reference FTIR spectra).  

The remaining 45 % of MP particles visually identified as plastic were determined by FTIR to be 

hydrocarbon waxes, cellulose/cotton fibres, and clay.  

3.3.3. Tap Water 
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  Monthly tap water sampling in 2018 from 3 sites in the Niagara Region (Ontario) 

yielded an average of 0.89 MPs/L of tap water (0 to 5.44 MPs/L) (Figure 3-7a). Of the MPs found 

in the tap water samples, 92.9 % were fibres and 7.1 % were fragments. Types of plastic found in 

tap water samples include polyester (PET) (74.5%), polyacrylonitrile (6.9%), rayon (4.9%), 

polyurethane (4.9%), cellulose acetate (2.9%), polyamide (nylon) (0.98%), paint chips (0.98%), 

and unknown fragments (3.9%) (Figure 3-6). ANOVA was performed on the monthly MP 

concentrations from the three sites (St. Catharines, Lincoln, and Fort Erie), showing that there was 

no significant difference in MP concentrations between the three sites during each month of 

sampling (Appendix B, Table B-3). February had the highest MP concentrations per litre of tap 

water across all three sites (average = 3.77 MPs/L) (p≤0.01). Fort Erie had the highest average 

monthly MP concentration (1.21 MPs/L), although not significantly different from the other sites 

in all months of study (Appendix B, Table B-3).  

 Daily domestic MP discharge from St. Catharines, Lincoln and Fort Erie was also 

calculated using average monthly MP concentrations from the three sites and average water use 

per day per household (where 1 household = 2.3 people) (Statistics Canada). The average 

household daily MP discharge from St. Catharines homes is 310 MPs/day, 893 MPs/day from 

households in the town of Lincoln, and 594 MPs/day from households in the town of Fort Erie 

(Figure 3-7b).  

3.3.4. Surface Water 

 

 Results of surface water sampling in a Lake Ontario outlet (Twelve Mile Creek, Niagara 

Ontario) indicate higher MP concentrations downstream than upstream of the Port Dalhousie 

WWTP during both sampling dates, although not significant when treated as separate events 

(summer and fall; p=0.2, p=0.07) (Figure 3-8). When combining summer and fall MP 
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concentrations, there is a significant difference in downstream and upstream concentrations 

(p≤0.05). An average of 3.17±2.37 MPs/m3 of surface water were recovered downstream of the 

WWTP (0.61 to 6.41 MPs/m3); an average of 0.35±0.33 MPs/m3 of surface water were recovered 

upstream of the WWTP (0 to 0.91 MPs/m3). Most particles recovered were fragments (79.2%), 

followed by fibres (20.5%) and films (1.3%) (Figure 3-8d). Types of plastic recovered from surface 

water samples include polyethylene (63.3%), polyester (PET) (14.9%), polystyrene (4.7%), paint 

chips (2.2%), polyacrylonitrile (2.2%), polypropylene (1.9%), polytetrafluoroethylene (0.95%), 

rayon (0.95%), cellulose acetate (0.63%), polyacrylate (0.63%), acrylonitrile butadiene styrene 

(ABS) (0.32%), polyamide (nylon) (0.32%), polyurethane (0.32%), and unknowns (6.6%) (Figure 

3-6 & 3-9).  

3.4. Discussion  
 

3.4.1. Wastewater treatment system 

 

Results of the WWTP analysis indicate that there is substantial MP contamination in all 

aspects of the municipal wastewater system and associated freshwater bodies investigated in 

this study in the Niagara Region.  The analysis of MP concentrations upstream and downstream 

of wastewater effluent discharge in this study are largely in agreement with other WWTP 

studies (Dris et al., 2015; McCormick et al., 2016; Vermaire et al., 2017), although results from 

Estahbanati (2016) in New Jersey show important differences. Most notably, substantially 

higher concentrations of MPs were observed both upstream and downstream of a New Jersey 

WWTP, up to 71.7±60.2 MPs/m3, in addition to finding no significant difference in upstream 

and downstream concentrations. The noted differences could be due to alternative processing 

methods, as arguably the greatest challenge to the evolution of microplastic research is the lack 
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of standardized processing and sampling methods (Gies et al., 2018). This makes comparisons 

between different studies and findings concerning MPs concentrations difficult. Additionally, 

differences in the population density and size serviced by the WWTP in consideration will 

impact resulting MP concentrations in surface waters. Based on monthly concentrations, it can 

be concluded that effluent discharge contributes substantial microplastic from domestic 

sources to the Great Lakes system, and specifically Lake Ontario.  

3.4.1.1.       Microplastic removal efficiency   

The removal efficiency of the Port Dalhousie WWTP (86.5%) is low compared to removal 

efficiencies in other studies where removal efficiencies varied from 95.6% (Detroit WWTP) 

to 99.3% (Denmark WWTP) (Lares et al., 2018; Michielssen et al., 2016; Murphy et al., 2016; 

Simon et al., 2018). The lower removal efficiency of the Port Dalhousie WWTP could be 

related to the older age of the plant, which was built between 1965 and 1968 (Niagara 

Airphotos Library, 1968) and despite being a conventional secondary activated sludge 

treatment plant it does not have advanced tertiary filtration methods that are common in plants 

servicing larger populations across Canada and globally (Canadian Water Network, 2018). For 

example, tertiary treatments such as gravity sand filtration, microfiltration and membrane 

bioreactors may increase anthropogenic litter removal efficiency in WWTP final treatment, 

removing ~99% of material entering final treatment. However, the primary treatment phase 

still removes many microplastics (78%) (Michielssen et al., 2016). Although only 13.5% of 

MPs are being discharged with treated effluent, this amounts to large volumes of MPs entering 

water systems.  For example, on February 22, 2018, an estimated 206,557,959 MPs were 

discharged based on the volume of discharge effluent and the average number of MPs per litre 

of effluent (2.61 MPs/L) collected for this day (Table 3-1). The monthly data implies that a 
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total of 26.3±31.9 kg of MPs (or 18.45±20.33 billion MPs) entered Lake Ontario from the Port 

Dalhousie WWTP effluent in 2018.  

It is also possible that solids removal technology in this WWTP is contributing to MP 

breakdown. Mahon et al. (2017) suggested that anaerobic digestion could degrade 

microplastics due to potential microbial polymer degradation. Mahon et al. (2017) reported 

deep, distinct cleavage in MP samples recovered from sludge from an anaerobic digestion plant 

in Ireland. Although deep cleavage was not observed in MPs recovered from influent and 

effluent (although biofouling was present) in this study, it is possible that anaerobic digestion 

contributed to secondary fragment breakdown and/or microfibre degradation. The effect of 

anaerobic digestion on polymer appearance and degradation is a topic requiring further 

investigation and analysis.  

3.4.1.2. Dominant microplastic morphologies  

 

Fibres were the dominant microplastic morphology in both influent and effluent samples 

(74.7% and 83.1%, respectively). These findings are similar to other studies of MPs occurrence 

in WWTPs throughout the world (Talvitie and Heinonen, 2014; Dris et al., 2015; Mason et al., 

2016; Michielssen et al., 2016; Sutton et al., 2016; Vollersten and Hansen, 2017; Gies et al., 

2018; Lares et al., 2018). The primary source for most of these microfibres observed in influent 

and effluent of WWTPs is likely domestic washing machine effluent, as Browne et al. (2011) 

reported that the laundering of textiles can release >1900 fibres per garment per wash. In 

addition, although there are greater concentrations of MPs in influent than effluent, the quantity 

of MPs leaving the WWTP is proportionally 10% higher in fibre concentration than the 

quantity entering the plant. This is likely due to the fact that more fragments enter with 
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untreated wastewater and are subsequently removed during primary treatment due to their 

morphology and larger size.  

Both synthetic and semi-synthetic fibres were included in overall microfibre counts. 

Natural fibres such as cotton were not included in overall MP concentrations.  However, more 

recent studies have suggested that cotton fibres have equal (or greater) potential to adsorb 

environmental contaminants compared to synthetic fibres depending on contaminant type 

(Saini et al., 2016).  This is in addition to hazards associated with synthetic dyes and textile 

coatings that are often applied to cotton fibres. Cotton fibres were difficult to quantify in this 

study, because it was difficult to distinguish between cotton fibres from laboratory coats 

compared to cotton fibres present in the sample itself. Thus, cotton fibres were excluded from 

overall microfibre counts and the resulting volume and weight calculations.  

Monthly effluent sampling indicates that there is a significant seasonal difference in MP 

concentration in treated effluent, especially microfibres. Elevated MP concentrations in winter 

effluent (2.04 MPs/L) compared to summer effluent (0.42 MPs/L) (p0.05) are likely due to 

the increased laundering of textiles and bulkier material during colder months. Alternatively, 

fibre concentrations may be elevated in winter due to differences in WWTP dilution, increased 

bacterial activity in summer, differences in the time of sampling, recent weather, or varying 

rates of input in the winter, as effluent discharge is variable throughout the day. Microplastic 

concentrations were lowest in August (0.31 MPs/L), which probably is due to less laundering 

of bulky textiles. Additionally, t-tests confirmed that January effluent MP concentrations were 

significantly different from August effluent MP concentrations (p0.0003), further 

emphasizing the seasonality of microfibre concentration in effluent.  
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Secondary MP fragments were not recovered in wastewater effluent samples in substantial 

concentrations (9%). Influent samples contained secondary fragments (22%), typically 

biofouled, and included glitter fragments in addition to a wide variety of morphologies and 

sizes and colours. These are likely sourced from combined sewer overflows and urban runoff.  

Interestingly, few to no microbeads were recovered in wastewater influent and effluent. 

Although it is possible that microbeads are not present in Niagara wastewater in high 

concentrations due to 2018 Canadian legislation banning microbeads from personal care 

products in Canada (both in manufacturing and imports) (Government of Canada, 2018), it 

should be noted that microbeads are typically made of polyethylene terephthalate (PET), which 

has a density of 1.38 g/cm2 and were likely not captured by simply skimming the surface during 

sampling due to settling and sinking. Despite this and because of their large size (~ 100 µm), 

they are likely being removed during wastewater processing, either being removed during 

primary screening or becoming sequestered in biosolids.  

3.4.1.3. Polymeric breakdown 

 

The variety of MP morphologies and polymers recovered from wastewater influent and 

effluent indicate some diversity in the domestic use of microplastic-containing products in the 

Niagara Region. µFTIR analyses allowed estimation of polymeric breakdown in wastewater. 

As mentioned, synthetic and semi-synthetic microfibres were the dominant MP recovered from 

samples in all stages of wastewater treatment (74.7% in influent, 83.1% in effluent). Synthetic 

microfibre polymers included polyester (PET) (which was the most dominant polymer in both 

influent (55%) and effluent (60%), respectively), polyamide/nylon and acrylonitrile fibres. 

Polyester concentrations are similar to those found in previous studies, including Browne et al. 

(2011), which found that 67% of recovered MPs were polyester in effluent and Lares et al. 
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(2018) which found 79% of recovered MPs in wastewater effluent, sludge, and surface waters 

were polyester fibres.   

Semi-synthetic fibres recovered in samples included rayon/viscose and cellulose acetate, 

which are cellulose-based. These fibres are anthropogenic in nature due to regeneration and 

polymerization processes during manufacturing, which can also accumulate contaminants 

from air and release into laundry water during laundering (Saini et al., 2016). These fibres can 

also interact with environmental contaminants (e.g. Persistent Organic Pollutants (POPs)) in 

aquatic environments.  

In addition to occasional blue polyurethane fragments recovered in wastewater influent and 

effluent (2%), PTFE (Teflon) films were also recovered throughout the year (3.7%) and most 

abundantly in March and April effluent; 7 out of the total 11 films recovered in effluent were 

found in March and April samples. Because these MPs were recovered in low concentrations 

and often in isolated 1-litre samples, it is possible that these results are time-specific and 

perhaps not representative of the entire MP output in Niagara WW effluent.  

3.4.1.4. Potential pathways of microplastics in wastewater 

 

The polymers detected in this study have a variety of potential exposure pathways. 

Cellulose acetate, a semi-synthetic fibre derived from cellulose was commonly detected in 

wastewater samples and are a known component of cigarette filters. Thus, cellulose acetate is 

plausibly sourced from urban runoff entering via combined sewage and stormwater. Rayon, 

nylon and acrylonitrile clothing fibres were also commonly detected in influent and effluent 

and are common textiles, thus sourced from laundry effluent. Interestingly, acrylonitrile fibres, 

a common component of sweaters due to its ability to mimic insulative properties of natural 
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wool fibres, was detected almost exclusively in winter months when laundering of bulkier 

textiles would be more common during these colder months. Additionally, Teflon 

(polytetrafluoroethylene, PTFE) was detected in wastewater samples, which may be derived 

from WWTP membranes (which can be composed of PTFE) or from domestic use in products 

such as non-stick pans. PTFEs may also be derived from the coatings of plastic wrappings 

(e.g., fast food wrappers), which are coated with grease-resistant compounds. It has been 

suggested that fluoropolymers such as PTFE may contain Perfluorooctanesulfonic acid (PFOS) 

and Perfluorooctanoic acid (PFOA), which have implications for human health, including 

carcinogenic implications and physiological impacts on fetal growth (Vestergren and Cousins, 

2009). Polyurethane was also recovered in influent and effluent samples and may be sourced 

from the wastewater treatment system itself as polyurethane foams are commonly used in 

activated sludge wastewater treatment to aid in the removal of nitrogen and organics (Chu and 

Wang, 2011). Paint chips may also be derived from the wastewater treatment system, or 

alternatively from domestic sources. Glitter is composed of PET and has an aluminum coating 

and may be sourced from cosmetics and other domestic uses. Polypropylene and polyethylene 

(LDPE and HDPE) fragments were also recovered in influent and are likely secondary 

microplastics derived from the breakdown of larger macroplastics entering via stormwater and 

being incorporated with combined sewer overflows (CSOs). The variety of MP sources 

suggests that with larger sample sizes, more polymer diversity may have been observed as 

many recovered MPs, such as glitter and nylon, were observed in single samples. This also 

may suggest that these polymers recovered in small concentrations are present at greater 

concentrations within the influent and effluent plume at depth, especially as glitter (PET) and 

nylon densities exceed the density of water (1.38 and 1.15 g/cc, respectively).  



60 
 

3.4.1.5. Weight and volume of microplastics 

 

Microplastics recovered in wastewater were quantified based on both total count (per litre) 

and total weight (estimated from particle volume calculations). Quantifying weight eliminates 

counting bias, where counting may give the impression of greater amounts of plastic than are 

present. For example, a fibre with a length of 2000 µm and another with a length of 1000 µm 

would each be counted as 1 microplastic, despite one being double in volume. In addition, 

some MPs can become separated during processing, therefore increasing the number of MP 

particles quantified in counts.  By determining the weight of MPs per sample, these biases are 

avoided.  When considering the average weight of MPs in monthly sampling, April has the 

largest average weight of MPs per litre (0.0047 mg/L) followed by March (0.0045 mg/L).  

These results differ from the counts of MP particles, where the month of February had the 

highest average MP count (Figure 3-5a). This information would have been missed if solely 

relying on MP count. The types of MPs recovered in April effluent were dominantly 

microfibres (86%) and films (13.8%). Elevated average MP weights are likely recorded in 

April (and March) due to the occurrence of large Teflon films in these samples. One film 

recovered in April effluent had a volume of 0.023 mm3, which also corresponds to an elevated 

weight of MPs in April.  

3.4.2. Tap water  

 

Results of tap water analysis indicate that there is an average of 0.89±1.17 MPs per litre of 

Niagara tap water. This is much lower than concentrations reported in other tap water/bottled water 

studies (Oßmann et al., 2018; Schymanski et al., 2018), where concentrations up to 2649 ± 2857 

particles/L are reported. These high MP concentrations reported in previous studies are considered 



61 
 

to be mostly from nanoparticles, arising from the plastic water bottle caps and the bottles 

themselves. These particles are too small to be recovered from the samples in this study due to the 

equipment and imaging analysis technology available and thus the results reported here should be 

considered minimum concentrations. Therefore, it is possible that even higher MP concentrations 

are occurring in domestic tap water in the Niagara Region than reported here.  

 Most of the recovered MPs were microfibres (~93%). The concentrations found in Niagara 

tap water may be a product of airborne contamination, especially considering that tap water 

filtration in Lincoln was filtered using a 1 µm UV filter. It is also possible that microfibres entered 

tap water following collection, whether airborne fibres entered the sample during collection from 

the faucet, or alternatively prior to collection if tap water filter size was large enough to allow 

microfibres to pass through (less than 20 µm). Furthermore, an airborne contamination rate of 

0.037 MPs/cm2/hour was subtracted from tap water MP counts. As airborne contamination 

subtraction was performed based on sample processing times (the time that the filtration sieve was 

exposed to air), this does not account for potential contamination during sample collection. Thus, 

it is possible that some of the recovered fibres entered during sample collection.  

 

3.4.2.1. Implications for municipal drinking water 

 

Based on MP concentrations recovered from tap water samples and average tap water use 

in households in Lincoln, Fort Erie, and St. Catharines (Ontario), there are up to 4111 MPs being 

discharged per day in February tap water in Lincoln (Figure 3-7a). Lincoln tap water had the 

highest average MP discharge per day (894 MPs/day), followed by Fort Erie (594 MPs/day) and 

St. Catharines (310 MPs/day) (Figure 3-7b). High concentrations in Lincoln were unexpected, as 

the population of Lincoln, Ontario is only 21,863 (as of 2017) compared to the much higher 
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population of St. Catharines (133,113 as of 2016). Both Lincoln and St. Catharines receive their 

drinking water from the Decew Water Treatment Plant, which sources water from Lake Erie (St. 

Catharines.ca), while Fort Erie sources drinking water from the Rosehill Water Treatment Plant, 

also from Lake Erie.  It is unknown as to why estimated MP (especially microfibre) release from 

Lincoln tap water are much higher than the other municipalities, although many households in 

Lincoln rely on water from the municipal (St. Catharines) system, transported by trucks and 

discharged into holding tanks (cisterns) for domestic use.  

3.4.3. Surface water  

 

In light of wastewater effluent results, an average of 51.6±55.7 million MPs might be 

discharged into the Twelve Mile Creek stream system each day via treated effluent (Table 3-1). 

Despite low concentrations in effluent, effluent may discharge up to 76,926 m3/day (in 2018) 

contribute substantial MPs to Twelve Mile Creek and subsequently Lake Ontario.  

Microplastic concentrations in the surface waters of the Twelve Mile Creek (3.23±2.37 

MPs/m3 downstream and 0.35±0.33 MPs/m3 upstream) are comparable to concentrations reported 

in Vermaire et al. (2017), who found 1.99 MPs/m3 downstream and 0.7 MPs/m3 upstream of a City 

of Ottawa WWTP. Vermaire et al. (2017) likely found fewer MPs downstream of the Ottawa 

WWTP compared to the Port Dalhousie WWTP due to the contribution of stormwater and 

combined sewer overflows (CSO) in the Twelve Mile Creek. Results are low compared to 

concentrations reported by McCormick et al. (2014), which found 1.94 MPs/m3 upstream and 

17.93 MPs/m3 downstream of a WWTP in Chicago. Additionally, Estahbanati (2016) found ~50.5 

MPs/m3 upstream and ~71.7 MPs/m3 downstream of a WWTP in New Jersey. These differences 

may be due to differences in trawl net mesh size, as McCormick et al. (2014) employed a 333 µm 

mesh net and Estahbanati (2016) employed a 153 µm plankton net. Differing results may also 



63 
 

reflect site-specific differences in MP inputs, differing sampling conditions, or differing basin 

geometries/characteristics. Atmospheric deposition of airborne MPs may also be a factor here. The 

Port Dalhousie harbour is oriented north to south and has a width of ~200 m at its widest section, 

length of ~1.3 km, with effluent travelling approximately 0.7 km downstream before reaching 

Lake Ontario (Figure 3-1).  Conversely, the North Shore Channel investigated by McCormick et 

al. (2014) is 12 kilometres in length, with effluent discharge travelling 5.6 km before reaching the 

Chicago River. Although this basin would have greater dilution than the Port Dalhousie harbour, 

the population served by this WWTP would be significantly higher. In freshwater bodies, dilution 

is dependant on anthropogenic pressures as well as the velocity of the tributaries draining into the 

basin (Dris et al., 2015). In the case of Twelve Mile Creek, located in the city of St. Catharines 

(population ~113,000) and compounded by the impact of the Port Dalhousie WWTP (servicing a 

population of approximately 75,000), there is considerable anthropogenic pressure on the stream 

system and ultimately Lake Ontario. In addition, the small size of the Port Dalhousie harbour itself 

may contribute to a lower dilution factor. Although the tributary in this study is much smaller and 

less diluted than the North Shore Channel (Chicago) investigated by McCormick et al. (2014), 

anthropogenic pressures are not as substantial. This likely explains the difference in resulting MP 

concentrations in surface water, in addition to site-specific differences in plastic use in these urban 

environments.   

3.4.3.1. Dominant microplastic morphologies and polymers 

 

Fragments were the dominant MP morphology recovered in surface water samples (~79%), 

prominently secondary fragments. Secondary fragments were not typically recovered in 

wastewater samples, suggesting that there is likely a more dominant source of MPs than effluent 

discharge to this stream system. Many fragments were heavily biofouled, suggesting that 
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potentially higher concentrations of MPs may be found at depth due to sinking of dense particles. 

This also poses a hazard to aquatic organisms because algae and biofilms on MP surfaces increase 

the surface area for contaminants to adhere to. 

 MP fibres were also recovered in surface water samples, particularly during October 

sampling (average of 1.59 fibres/m3 downstream). Polyester was the most commonly recovered 

microfibre (~15 % of recovered MPs), as expected considering the effluent results. Significantly 

higher microfibre concentrations in the fall are expected due to the seasonality of microfibre 

release from WWTPs as laundering of textiles increases in colder months. Little to no microfibres 

were recovered in summer (August) samples (average of 0.12 fibres/m3 downstream), again due 

to less laundering of bulky textiles, as well as potential limitations of the manta trawl, which had 

a mesh size of 100 µm and may not have captured smaller-size fibres. Additionally, films were 

also recovered in small concentrations (1.35 %). These were primarily unknown films and PTFE 

(Teflon), which was commonly recovered in wastewater effluent, and thus likely sourced from 

effluent discharge.  

 Analysis of the recovered MPs using µFTIR (n=20), indicated that the dominant polymer 

in surface waters was polyethylene (PE) (63.3%). This includes both LDPE and HDPE, which are 

difficult to distinguish between using visual and FTIR spectra methods. Since PE fragments, in 

addition to most of the secondary fragments recovered in surface waters, were not recovered in 

wastewater effluent, it is possible that these fragments entered the stream system with urban runoff 

or combined sewer overflow (CSO) during heavy precipitation. Polypropylene (PP) was also 

recovered in surface waters (~1.9%) as secondary fragments and is another common plastic 

pollutant used in plastic packaging (e.g. microwaveable food containers) due to its higher melting 

point compared to PE. Polystyrene (PS) and Acrylonitrile butadiene styrene (ABS) were also 
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identified in surface waters from ATR-FTIR analysis. This wide variety of different polymers of 

secondary fragments indicates that these are likely sourced from urban litter originating as larger 

macroplastics.  

3.4.3.2.Wastewater treatment and combined sewer overflow 

 

Results of MP counts in surface water indicate that there is significantly more MPs 

downstream of the Port Dalhousie WWTP compared to upstream (p=0.009). This is as expected, 

as the presence of the wastewater effluent plume in the Port Dalhousie harbour acts a source of 

MPs (especially microfibres) to the stream system. Excess flows in the Port Dalhousie WWTP 

bypass conventional anaerobic digestion and activated sludge removal, and are treated in a 

stormwater treatment facility via flocculation and sedimentation before discharge into Twelve 

Mile Creek (Niagara Region, 2008). In 2018, 60 total overflows were recorded at the Port 

Dalhousie WWTP, totalling approximately 787 million litres of combined stormwater and sewage 

overflow (Niagara Region, 2019). These overflows may have facilitated the release of larger 

microplastic fragments into the stream system. It would be expected that if flows exceeding 

WWTP capacity were the primary source of these fragments, fragment concentrations in the 

October surface water sampling session would be significantly higher than in August samples due 

to higher precipitation in fall compared to summer. However, no overflow events were recorded 

in October (although 3 overflows were recorded in September), while one large event was recorded 

in August (Aug 21, 2018; 3.16 million litres), which may explain why higher fragment 

concentrations were observed in August surface water compared to October. Therefore, the 

secondary MP fragment concentrations in samples from the two sampling periods appear to 

coincide with heavy precipitation events, suggesting that these fragments may have entered with 

combined sewer overflow.  
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3.5. Conclusions 

 

Microplastics are prevalent in Niagara wastewater influent and effluent, in addition to the 

surface waters of (Twelve Mile Creek). As a tributary of Lake Ontario, this has implications for 

MP pollution in the Great Lakes basin, which is already receiving a substantial amount of plastics 

and MPs each year.  A recent study suggests as much as 10,000 tons of plastics are entering the 

Great Lakes each year (Hoffman and Hittinger, 2017). This Niagara WWTP may be contributing 

0.0263±0.035 tonnes of MPs per year to Lake Ontario through effluent discharge. This study has 

found that clothing fibres from domestic laundry contribute substantially to MP pollution in 

wastewater effluent, and microfibre release from effluent varies seasonally (there is a significant 

difference between summer and winter microfibre concentrations), although these fibres may have 

been missing from surface waters due to turbulent flow and sinking. Solutions have been proposed 

to reduce microfibre concentrations in laundry water, such as producing textiles using a 

combination of synthetic and natural fibres (Napper and Thompson, 2016), as well as improving 

textile production through tighter knitting and weaving, which could help decrease the amount of 

microfibres released from garments during laundering (Carney Almroth et al., 2018). In addition, 

the impact of CSOs on MP concentrations in urban freshwater environments needs to be further 

addressed and quantified. This study found that although wastewater effluent is a major contributor 

to MP pollution in urban freshwater environments, CSOs are likely facilitating the release of a 

more diverse suite of MPs (e.g., various secondary fragments and films). However, CSOs have not 

been properly discussed in the previous literature. Thus, while WWTPs are known conduits for 

MPs and advanced removal technology is beneficial in removing microfibres from washing 

machine effluent, WWTPs will likely continue to be a source of MPs to surface waters if CSOs 
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are not properly treated and controlled. As climate continues to change, it is suggested that this 

Niagara WWTP update and adapt in order to handle more frequent precipitation events. 
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3.6. Figures and Tables  

 

Figure 3-1. (A) Site locations of Port Dalhousie and the Twelve Mile Creek outlet and tap water sampling sites in St. Catharines (Brock University), 

Lincoln, and Fort Erie (domestic tap water), Ontario, Canada. (B) The Port Dalhousie WWTP discharges treated effluent into the Twelve Mile Creek 

water course, and subsequently Lake Ontario. Manta trawls downstream and upstream of the Port Dalhousie WWTP were conducted in August and 

October 2018.  
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Figure 3-2. (A) Conducting influent sampling in fall 2017. Sampling was conducted from a manhole just before the influent reaches the Port Dalhousie 

WWTP.  The top 0-10 cm of water were skimmed and collected in 1-litre sample bottles (n=40). (B) Surface water sampling upstream and downstream 

of the Port Dalhousie WWTP using a 100 µm mesh manta trawl. Trawls were collected at 15-minute intervals on the port side of the boat in the Port 

Dalhousie harbour, St. Catharines, Ontario.  
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Figure 3-3.  Key for identifying synthetic (polyamide nylon, acrylic, polyester) and semi-synthetic (cellulose acetate, rayon) fibres. Microplastic fibres 

must be sufficiently thick (>10 µm), smooth in appearance, and are further classified based on their cross-sectional shape/characteristics.  
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Figure 3-4. Images of microplastics recovered from influent and effluent samples. (A) Glitter fragment, recovered from influent sample PD46. (B) 

Polypropylene fragment, recovered from sample PD45. (C) Unknown film recovered from influent sample PD15. (D) Nylon fibre from November 

effluent sample (NE2);  (E) Polyester from October effluent sample; (F) Polyurethane from October sample (OctE4); (G) Cellulose acetate fibre from 

February effluent sample (PFE3); (H) Acrylic fibre from October effluent sample (OctE14); (I) Polytetrafluoroethylene from May effluent sample 

(MayE15). 
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Figure 3-5. (A) Results of influent and effluent monthly sampling (n=15 per month) after applying 

airborne laboratory contamination and FTIR corrections. Average microplastic counts were 

calculated based on 15 1-litre effluent samples and classified based on types. Fibres (blue) were 

the dominant microplastic type recovered in wastewater effluent (86.4%), followed by fragments 

(9.1%) and films (4.5%). (B) Total volume of MPs in monthly effluent sampling. Volumes are 

approximated from measured x and y axes (using AmScope) and estimated z axes (depending on 

particle type). (C) Total weight of MPs in monthly effluent samples. Weights are approximated 

from individual particle volumes (x- and y-dimensions measured using AmScope; z-dimension 

approximated based on particle type – Films were assumed to have a z-dimension of 13 µm; z-

dimension of fragments was assumed to be equal to its shortest measurement; fibres have a z-
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dimension equal to its width). Individual weight of each particle was then calculated from known 

densities of identified MPs. 

 

 

Figure 3-6.  Synthetic and semi-synthetic polymers present in water samples analyzed in this 

study. Polyester (PET) was the dominant polymer recovered in wastewater influent (55%) and 
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effluent (60%), as well as domestic tap water (74%). Polyethylene (low density and high density) 

were the dominant polymer recovered in surface water samples (63%).  

 

 

 

Table 3-1. Effluent discharge and sludge volume pumped on monthly effluent sampling dates in 

2018. The number of microplastics discharged in wastewater effluent per sampling day was 

calculated based on average monthly effluent counts (n=15). Influent flow data was not available 

from this wastewater treatment plant.  

 

Date Effluent flow 

(m3) 

Raw sludge 

pumped (m3) 

Average MPs 

(/L) 

Number of 

MPs/day 

Weight of 

MPs/day (g) 

Jan 19 28,720 177 2.72 78,056,748 90.47 

Feb 22 76,926 186 2.68 206,557,959 129.87 

Mar 22 30,050 159 1.33 39,988,857 135.49 

Apr 26 65,527 146 1.07 70,132,936 309.82 

May 31 29,850 187 0.94 27,968,176 17.84 

Jun 28 25,424  132 0.45 11,441,478 22.61 

Jul 27 23,295 134 0.42 9,891,119 25.25 

Aug 30 18,493 150 0.38 7,019,386 4.87 

Sep 27 21,420 188 1.24 26,476,891 24.25 

Oct 31 44,812   66 1.94 87,040,558 71.06 

Nov 26 60,980 187 0.49 29,728,970 15.06 

Dec 17 26,392 161 0.97 25,580,182 26.65 
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Figure 3-7. (A) Monthly tap water sampling results from three sites in Niagara (January-April: 

n=1; May-December: n=3 per site). Site 1 was located at Brock University (St. Catharines, Ontario, 

Canada), where tap water was collected from a laboratory sink faucet. Site 2 was in Lincoln, 

Ontario, where domestic tap water was collected. Site 3 was located in Fort Erie, Ontario, where 

domestic tap water was collected. (B) Number of microplastics in daily domestic tap water in the 

Niagara Region (Lincoln, Fort Erie, and St. Catharines). Values are based on average microplastic 

concentrations from samples collected from these three areas and are estimated based on the 

average water use per day per household (average household size in Niagara according to Statistics 

Canada is 2.3 people). Volumes of domestic water consumption were found on the Town of 

Lincoln, Town of Fort Erie, and Niagara Region websites. Daily consumption daily by households 

in Lincoln is 23 m3, 15 m3 in Fort Erie, and 14.16 m3 in St. Catharines.  
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Figure 3-8. (A) Microplastic concentrations in surface water downstream and upstream of the Port 

Dalhousie wastewater treatment plant in summer/fall 2018 following corrections for biases related 

to possible contamination and FTIR correction. (B) Total weight of microplastics in surface water 

samples collected downstream and upstream of the Port Dalhousie WWTP in St. Catharines, 

Ontario. As with MP count and volume calculations, total weight of MPs was greatest downstream. 

(C) Average MP types in downstream and upstream samples. (D) Microplastic types recovered 

from surface water samples in the Twelve Mile Creek, St. Catharines, Ontario. The dominant type 

of recovered MPs both upstream and downstream of the WWTP was fragments, which are 

suspected to be secondary microplastic fragments derived from MP breakdown. 
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Figure 3-9. Captured images of MPs recovered from surface waters of the Twelve Mile Creek and 

Lake Ontario. (A) Polyethylene fragment from an August downstream sample (MTDB); (B) 

Polypropylene fragment recovered in August from a downstream sample (MTDB); (C) 

Polystyrene fragment recovered from the October downstream sample (MTDF); (D) ABS 

(Acrylonitrile butadiene styrene) (MTDB); (E) Acrylic fragment recovered from August upstream 

sample (MTUD); (F) Acrylic-polypropylene fragment recovered from an August downstream 

sample (MTDA). 
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CHAPTER FOUR 

 

Microplastics and Microfibres in Agricultural Fields and Biosolids of the 

Niagara Region, Ontario 

 

 

Emily R. Ham and Michael F.J. Pisaric 

A modified version of this chapter will be submitted to the journal “Environmental Pollution”.  

 

4.1. Introduction 

 

Microplastics (MPs) are ubiquitous in the environment and their presence has been confirmed in 

the remote corners of the world, including Arctic waters (Lusher et al., 2015; Obbard et al., 2014), 

the deep ocean (Peng et al., 2018) and many other oceanic and freshwater biomes. Undoubtedly, 

these microplastics enter oceanic and freshwater systems from terrestrial-based sources, 

particularly urban centres where anthropogenic activity is heightened, and thus plastic production 

and usage are greatest. Domestic sourced microplastics, such as synthetic fibres from textile 

washing, and manufactured microplastics from personal care products can enter the wastewater 

treatment system where over 99 % of plastic material can be sequestered in wastewater sludge 

(Lares et al., 2018). Wastewater sludge is converted to biosolids, removing odours and biological 

pathogens, while the remaining treated material is discharged from the wastewater treatment plant 

with wastewater effluent into adjacent waterbodies. Biosolids are sold as an agricultural fertilizer 

and applied to agricultural fields in the Niagara Region during the late summer to early fall. Land 

application of biosolids is governed by regulations under the Ontario Water Resources Act, the 

Environmental Protection Act, and the Nutrient Management Act (WEAO Residuals & Biosolids 

Committee, 2009), and can be applied directly via surface spreading, injection, or irrigation 
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(Garofolo, 1996). Application can occur once every 5-10 years on a field and up to 8 tonnes of 

solids per hectare over a five-year period (Garofolo, 1996).  Application of biosolids to agricultural 

lands is a common practice in Canada, the United States and Europe. In the United States, biosolid 

application is federally regulated, but is not restricted in terms of volume (Mahon et al., 2017). In 

Canada, biosolid application is regulated provincially. Microplastics that become trapped in 

wastewater biosolids can then make their way onto agricultural fields where they can accumulate 

over time and then be transported to nearby waterbodies during periods of heavy rainfall or 

snowmelt (Nizzetto et al., 2016). Moreover, if microplastics accumulate in fields at depth, they 

can migrate overtime through the soil column into groundwater (Rillig et al., 2017), further 

increasing their occurrence in the environment.  

Microplastics can also be introduced into agricultural soils through some agricultural practices. 

Plastic mulching has been commonly used to reduce weed growth and pest problems, reduce 

fertilizer use, and decrease erosion. However, it has also been shown to contribute to plastic 

loading on fields, although short-term studies have identified some benefits to plastic mulching 

including, higher yields and quality and increasing water use efficiency (Lamont Jr., 1993; 

Steinmetz et al., 2016). This is likely due to the adherence of agrochemicals to the surfaces of MPs, 

allowing these chemicals to persist longer on fields and provide prolonged benefits to plants 

(Steinmetz et al., 2016). Long-term, plastic mulching has also been shown to accelerate the release 

of greenhouse gases from soils by accelerating carbon and nitrogen metabolism, which is also true 

for plastics (Steinmetz et al., 2016).  Microplastics can also enter agricultural fields through 

atmospheric deposition, precipitation (Dris et al., 2016), or via overland flow (Rillig, 2012; Rezaei 

et al., 2019). Microplastics can also enter fields through agricultural practices, such as seed 

coatings, polymeric fertilizer coatings, and plastic seed bags (Figure 4-1). Once microplastics enter 
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terrestrial environments, they can be incorporated into soil via bioturbation (de Souza Machado et 

al., 2018) and water percolation (Zubris and Richards, 2005).  

The impact of MP application on crops is not well understood. However, MP loading on 

fields has been shown to negatively impact biota (Browne et al., 2013; Rillig, 2012). As plastic is 

resistant to degradation in soils, accumulations of plastics may impact the biodiversity and physical 

properties of the soil biome (Rillig, 2012). MP ingestion from agricultural soils can lead to 

accumulation of additive chemicals and sorbed contaminants into organism tissues. For example, 

Browne et al. (2013) investigated the impact of sorbed MPs and additives on lugworms (Arenicola 

marina) in agricultural fields, finding that chemicals such as nonylphenol and phenanthrene and 

additives such as Triclosan and PBDE-47 migrated from ingested MPs into organism gut tissues 

(Browne et al., 2013).  

While there are potential negative impacts of MPs on soil biota, MP loading on fields has 

been shown to increase the efficacy of applied fertilizers.  Rillig, (2012) suggested agro-chemicals 

can adhere to MP surfaces and therefore persist for longer time periods in the soil. Additionally, 

de Souza Machado et al. (2018) hypothesized that MP fibres in soils may cause changes to 

biophysical properties of soil due to the linear morphology of fibres leading to clumping of soil 

particles as fibres entangle. de Souza Machado et al. (2018) also found that polyester fibres 

increased the water holding capacity of soil, which may have implications for evapotranspiration 

and soil moisture.  

Standardized methods for isolating MPs from organic based material and environmental 

samples have not been fully established. Coppock et al. (2017) proposed a prototype for a 

sediment-microplastic isolation (SMI) unit as a cost-effective, reproducible solution to isolating 

MPs from sediment samples. Density separation has been common practice in many studies 
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investigating MPs in samples containing high organics.  However, plastic polymers in 

environmental samples can have densities up to 1.6 g/cc due to biofouling (PET, polyethylene 

terephthalate; d=1.38 g/cc), exceeding commonly used density separation solutions such as saline 

solution (d=1.2 g/cc). Additionally, MP particles in environmental samples are subject to 

biofouling on their surfaces, further increasing their density (Anderson et al., 2016). The higher-

density alternatives, such as sodium polytungstate (SPT) (d=1.8 g/cc), zinc chloride (ZnCl2) (d=1.6 

g/cc), and sodium iodide (NaI) (d=1.6-1.8 g/cc) are not cost effective, as large quantities of salts 

are required to produce sufficient volumes of saturated separation solution.  

The objectives of this study are: 1) to investigate microplastic concentrations in surface 

soils of agricultural fields in the Niagara Region that receive applications of biosolids; 2) to 

determine microplastic concentrations in wastewater biosolids; and 3) to determine the sources of 

MP loading on agricultural fields. This research will contribute to the knowledge base of 

microplastics in the agricultural system, which is not well studied and thus poorly understood. This 

research will also inform agricultural practices at the local, national and international levels about 

the environmental impact of biosolids application.    

4.2. Methods and Study Site 

 

To determine if microplastics have made their way into soils of agricultural fields in the 

Niagara Region from biosolid application, three fields (two with biosolid application, one without) 

were investigated in Wellandport, Pelham, and Campden (Ontario, Canada), respectively (Figure 

4-2). Site 1 (Wellandport) received biosolids application in late summer/early fall 2016 and is 

currently on a soybean rotation. Site 2 (Pelham) received biosolids for the first time in 2018 and 

is also on a soybean rotation. Site 3 (Campden) did not receive biosolids in the past 10-15 years 
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and is currently on a wheat-corn-soybeans rotation. None of the sampled fields practice plastic 

mulching.  

Soil samples were collected in the summer and fall 2018, collecting 500-ml samples in 

aluminum sample containers at surface depth (0-10 cm), before being stored at ~4℃ until 

processing. Sampling was conducted following 2-3 days of no precipitation. Samples were 

processed as 10-gram subsamples, following procedures outlined by Lusher et al. (2018). Fenton’s 

reagent (20 ml 30% H2O2 + 10 ml FeSO4 iron catalyst solution) was used to digest organic material 

for each 10-gram soil sample. To separate microplastics from digested soil samples, density 

separation was performed using a sediment-microplastic isolation (SMI) unit (Coppock et al., 

2017). Density separation was primarily carried out using distilled water to separate low density 

material and plastics (d<1.0 g/cc). The digested sample was poured into the SMI unit with the ball 

valve open, and the sample was left to settle for approximately 24 hours. The supernatant was 

poured off, and the denser (settled) fraction was sieved (63 µm) to remove clay content. High-

density separation was performed on the settled portion using a saturated NaI solution (d = 1.8 

g/cc) in the SMI unit, as in the low-density separation.  

The low-density fraction and high-density supernatant were vacuum filtered onto 1.6 µm 

(pore size) Whatman glass microfibre filter paper and examined under a dissecting microscope. 

Suspected MPs were removed from the filter paper with tweezers and placed on glass slides for 

further visual analysis. Under a biological microscope, suspected MPs were examined and 

categorized based on size and morphology (fibres, fragments, and films). A subsample of 

suspected MPs from the soil samples were analyzed by micro-Fourier Transform Infrared 

Spectroscopy (µFTIR) using a Bruker Tensor II spectrometer equipped with a Hyperion 2000 

microscope. Individual particles were transferred to a diamond compression cell and analyzed in 
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transmitted light mode. µFTIR is sensitive to components that are present in concentrations greater 

than ~3-5 % of the total. This analysis was performed at the Surface Science Laboratory at Western 

University in London, Ontario. Supplemental FTIR analysis was also performed at Brock 

University (St. Catharines, Ontario) using a Bruker ATR-FTIR. Supplementary pyro-GC/MS 

analysis was performed at the Illinois Sustainable Technology Center in Champaign, Illinois.  

The efficiency of the SMI unit was tested by adding 100 glitter particles to the SMI unit 

and performing low- and high-density separation as outlined above. Reagent blanks (NaI, H2O2, 

distilled water) were also collected three times during sample processing and vacuum filtered.  

Digested biosolid samples (n=3) were collected in spring 2019 from the Port Dalhousie 

Wastewater Treatment Plant (St. Catharines, Ontario, Canada), a secondary wastewater treatment 

facility utilizing anaerobic digestion (Figure 4-1). Biosolid samples were collected directly from 

an access pipe in 500-ml sample bottles and processed as 10 g(dw) samples following Lusher et al. 

(2018). Fenton’s reagent was used to digest organic material, followed by low density (distilled 

water) and high density (NaI) separation, in a similar manner to the agricultural soil samples 

discussed above. 

To limit contamination, a cotton lab coat was always worn during sample processing, all 

reagents and samples were covered with aluminum foil when not in use, surfaces and vessels were 

checked under a microscope for microfibres before use, and plastic vessels were avoided wherever 

possible. To quantify synthetic fibre contamination, fibre traps were employed in the lab (glass 

petri dish and glycerin) and sample processing times were noted so that the airborne fibre 

deposition rate could be calculated and subtracted from samples. Despite these precautions, it is 

acknowledged that contamination is possible.  
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4.3. Results  
 

4.3.1. Agricultural soils 

 

The average MP concentration in agricultural soil is 0.7 MPs/g(dw) (Figure 4-3; 4-4a). This is 

excluding the high quantity of unknown films that were recovered in samples from sites 2 (S2) 

(Pelham/Thorold) and 3 (S3) (control). Including these unknown films increased the average 

concentration of microplastics to 4.4±4.8 MPs/g(dw) (Figure 4-4b & c). Overall, the majority of 

microplastics found in the agricultural soil samples were films (83.4%), followed by fibres (14.5%) 

and fragments (2.1%). Recovered polymers included unknown films (82.7%), polyester (13.0%), 

polyethylene (1.1%), acrylonitrile (0.85%), polytetrafluoroethylene (0.71%), rayon (0.42%), 

polyurethane (0.32%), polypropylene (0.28%), polystyrene (0.14%), cellulose acetate (0.14%), 

and unknown fragments (0.28%).  

Representative types of suspected MPs were tested using µFTIR.  In total, approximately 1.1% 

of all the samples were confirmed using µFTIR. The percent of suspected MPs tested with µFTIR 

is low due to the high concentration of unknown films in samples (~500 particles of the 729 

suspected MPs), where only representative films were tested. Reagent blanks were performed on 

saturated NaI solution following several high-density separations, yielding a MP concentration of 

3 MPs/L. Reagent blanks were also performed on distilled water (1 MP/L), and hydrogen peroxide 

(0 MPs/L) prior to use. The SMI efficiency test resulted in an MP isolation efficiency of 88%.  

Unknown films made up a large component of the suspected MPs recovered in agricultural 

soils from S1 (Wellandport) and S2 (Pelham/Thorold) (Figure 4-4c). The origin and composition 

of these films was unable to be identified with FTIR alone (resulting FTIR spectra were unable to 

match with one specific material, suggesting its composition is a mixture of materials – Figure 4-
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6; see Appendix A, Figure A-11 for FTIR spectra), their pliability, glossy appearance, and 

colourful and systematic surface patterns, all suggest they are plastic in origin and have thus been 

included in overall MP concentrations. Resulting µFTIR spectra may correspond to a number of 

materials, including alkyd resin, shellac resin, and polyurethane varnish (Figure 4-5). Polyurethane 

peaks at 2941, 2866, 1471, 1050, and 779 absorbance units somewhat correspond to absorbance 

peaks of unknown films. Alkyd resin peaks at 3479, 2924, 1732, and 1458 absorbance units 

correspond to unknown film spectra, as well as shellac resin peaks at 2921, 2852, 1463, and 1039 

absorbance peaks. Furthermore, supplementary pyro-GC/MS analysis was able to identify one of 

the components of the films as polystyrene due to the presence of its three main pyrolysis products: 

toluene, styrene, and methylstyrene (Figure 4-6). The pyrolysis product propylene was identified 

in the pyrograms, although no other products were identified, making identification of the 

secondary component difficult.   

ANOVA analyses were also performed on the MP concentrations between the three sites.  

When unknown films were included in MP concentrations in soil samples, the concentration of 

microplastics from the different sampling sites was found to be significantly different (p=0.002). 

Two-tailed t-tests were performed between sites, finding that S2 (Pelham/Thorold) had a 

significantly higher MP concentration than S1 (Wellandport) and S3control (S1-S2: p=0.003; S2-S3: 

p=0.03; S1-S3: p=0.09).  

4.3.2. Wastewater biosolids 

 

Analysis of biosolids found an average MP concentration of 4.3±2.4 MPs/g(dw) of wastewater 

biosolids (Figure 4-4b & c). Most of the recovered MPs were fibres (73.3%), fragments (25.2%) 

and films (1.5%). Recovered MPs included polyester (PET) (60%), polypropylene (19.6%), 

acrylonitrile (8.9%), fibre bundles (3.3%), glitter (1.8%), rayon (1.1%), polyethylene (0.4%), and 
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unknowns (4.8%). The volume and weight of MPs in biosolids samples was also calculated (Figure 

4-4d). ANOVA analyses demonstrated that sample S2 (Pelham/Thorold) had the most 

significantly different weight of MPs than S1 (Wellandport) and S3control (per 10g sample) 

(p=0.0001).  

4.4. Discussion  
 

The results of the current study indicate that microplastics are present in agricultural soils in 

Niagara. Microplastic research on agricultural fields remains understudied with only a handful of 

studies reporting MP concentrations in agricultural soils in response to biosolids application 

(Habib et al., 1998; Lusher et al., 2018; Corradini et al., 2019). Recent studies have focussed on 

MPs in freshwater, as concerns regarding urban sources of MPs have become of greater concern 

(e.g. Andrady, 2011; Dris et al., 2015). When considering urban sources, agricultural fields need 

to be examined as potential non-point sources of MP pollution.  

The microplastic concentrations in wastewater biosolids calculated in this study (4.33±2.37 

MPs/g – or 4330 MPs/kg(dw)) are lower than those described in other studies: Li et al. (2018) (1600-

56,400 MPs/kg(dw)); Lusher et al. (2018) (1701-19,837 MPs/ kg(dw)). It is important to note that 

microplastic concentrations in sludge and biosolids are site-specific, represent a snap shot in time, 

and are present in a wide range of concentrations. 

Microplastic concentrations on agricultural fields (average of 4.4±4.8 MPs/g) are present 

at comparable concentrations to those found by Zubris and Richards (2005) (1.21 microfibres/g) 

and Corradini et al. (2019) (0.6-10.4 MPs/g) when including unidentified films. Excluding these 

unidentified films (average concentration = 0.7 MPs/g), the MP concentrations in Niagara fields 

are similar to results found by Corradini et al. (2019) (0.6 to 10.4 MPs/g soil). The differences in 
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MP concentrations in agricultural soils in these studies (and globally) might reflect the site 

specificity of studies, differences in biosolids and agricultural regulations, population densities in 

proximity to agricultural fields, and possibly the dominant plastic usage of the surrounding area. 

These differences may also reflect different laboratory methods, including differences in density 

separation salts that could impact the isolation efficiency of organic material from microplastics.    

4.4.1. Dominant microplastic morphologies and polymers  

 

The dominant microplastic morphology in wastewater biosolids was fibres (73.3%). It is 

well known that biosolids capture microfibres due to the dominance of microfibres in wastewater 

influent from domestic laundry sources. Fragments were also recovered to a lesser extent (25.8 

%), with secondary fragments being prevalent, likely originating as larger macroplastics. The 

secondary fragments were predominantly polypropylene (19.6%) due to the prevalence of yellow 

foam-like fragments. These fragments were subsequently confirmed to be polypropylene using 

ATR-FTIR. In addition to high quantities of polypropylene fragments, a variety of polymer 

fragments, including polyethylene, glitter and paint chips were recovered, which may be sourced 

from urban runoff and stormwater and/or domestic effluent entering the WWTP and capturing 

these larger fragments in activated sludge.  

The dominant morphology in Niagara agricultural soils was an unidentified film (83.4%). 

In addition to this unidentified film, fibres were also recovered. At the two sites that received 

biosolids application (S1 - Wellandport and S2 – Pelham/Thorold), fibre concentrations of 0.77 

microfibres/g(dw) and 0.8 microfibres/g(dw) soil were observed, respectively. Microfibres were not 

recovered to a great extent at S3control (0.23 microfibres/g(dw)). These results suggest that 

microfibres in soils may be sourced from biosolids application (domestic washing machine 

effluent), especially as there is a significant difference between S2 (Pelham/Thorold) and S3control 
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fibre concentrations and overall MP concentrations when unidentified films are excluded from 

counts (p=0.04). However, this is complicated by the fact that microfibre concentrations at S1 

(Wellandport) and S3control were not significantly different (p=0.12). Thus, it is difficult to conclude 

that biosolids are the most dominant source of microfibres to agricultural fields, when microfibres 

were also recovered at the control site. It is possible that this is a result of contamination, or 

airborne fibre deposition.  

4.4.2. Spatial analysis  

 

The timing of sludge applications varied between sites. S1 (Wellandport) received its last 

biosolids application in fall of 2016. S2 (Pelham/Thorold) received its first biosolids application 

in its known history in 2017. Based on these biosolids application records, it would be expected 

that S2 (Pelham/Thorold) would have higher concentrations of microplastics due to more recent 

application, having less time for MPs to disperse. This is the case in this study, as there are more 

MPs in S2 (Pelham/Thorold) soils compared to S1 (Wellandport), thus it is possible that this is due 

to the timing of biosolids application. The number of applications also has implications for 

microplastic concentration and dispersal. This may explain why S1 (Wellandport) had the lowest 

concentration of MPs in addition to the lowest average weight of microplastics per gram of soil 

(0.027 MPs/g), as its previous application was less recent.  

 Urban sources of microplastics to these fields may include airborne and windblown 

particles from nearby urban areas such as the city of St. Catharines and Thorold. S2 

(Pelham/Thorold) was located closest to the most urbanized areas of Thorold. It is possible that 

airborne MPs could easily travel from nearby sources, becoming airborne during nearby sludge 

application and/or being deposited by atmospheric fallout (Dris et al., 2018). These may include 

lower density MP particles, such as LDPE and PS, which were both recovered in low 
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concentrations in soils, especially at S2 (Pelham/Thorold), where secondary MPs of PS and PE 

were recovered. These low-density fragments (in addition to being sourced from biosolid 

application) may be sourced from airborne litter and may further contribute to MP pollution in 

other nearby terrestrial environments. This may further complicate tracing MPs back to their 

exposure source.  

4.4.3. Unknown films  

 

A high concentration of unknown films was recovered at S2 (Pelham/Thorold) and S3control. 

These unknown films were tested using µFTIR, however the spectra were not able to be clearly 

matched to any reference spectra (See Appendix A – Figure A-10 & A-19), however these films 

appear to be manufactured due to the presence of four-colour printing on their surfaces as well as 

their glossy appearance. Associated µFTIR spectra for the unknown films appeared to have similar 

IR peaks in comparison to shellac, alkyd resins, polyurethane/polyolefin, in addition to bentonite 

clay residues (Figure 4-5).  Bentonite clay residues are expected as bentonite clay is often applied 

as an amendment to fields to improve crop yields (Mi et al., 2018). Additionally, pyro-GC/MS 

analysis results identified one component of the films to be polystyrene (Figure 4-6), although 

there are additional pyrolysis peaks in resulting pyrograms that were not accounted for and indicate 

that these films are made of a mixture of materials. Another potential component of these films 

may be polynobornene, as earlier pyrolysis peaks highlight propylene (in addition to carbon 

dioxide) as a pyrolysis product present in these films. Visually similar films were recovered by 

Vendel et al. (2017) in a Brazilian estuary.  However, no other studies describing these films were 

located in the microplastics literature. 

The colourful unidentified films found in the agricultural soils were not as abundant in 

wastewater biosolids, comprising only 1.5% of polymers detected in the wastewater biosolids. 



94 
 

 

 

Thus, it is likely that these films are not entering agricultural fields via biosolids application. 

Despite recovering high concentrations of films at S2 (Pelham/Thorold) and S3control, these films 

were completely absent from S1 (Wellandport). If these films resulted from windblown sources, 

such as urban litter, they would be expected to be found in some quantity at S1 (Wellandport) as 

well. The most likely scenario is that these films are sourced in-situ. In addition to biosolids, other 

amendments applied to fields include, but are not limited to fertilizers (nitrogen, sulfur), gypsum, 

potash, lime, manure, compost, and other organic material. Since many amendments were applied 

to these fields in the past, it is difficult to highlight a specific amendment as the source of these 

films, especially since MP concentrations in common agricultural amendments were not 

quantified. For example, S3control has received liquid nitrogen and phosphorous amendments, in 

addition to manure and potash. It is also possible that the unknown films are sourced from plastics 

used in the agricultural industry, such as seed bags incorporated into soil during rototilling, the 

abrasion of plastic materials and equipment, or polymeric fertilizer and seed coatings. Based on 

their synthetic appearance, glossy texture, abundance and absence from S1 (Wellandport), it is 

most likely that these films are sourced from polymeric controlled-release fertilizer coatings or 

polymeric seed coatings.  

Fertilizers are coated with hydrophobic materials to help control the rate of fertilizer release 

and improve the overall uptake of nutrients by plants, therefore requiring fewer fertilizer 

applications later in the season and decreasing nutrient losses (Tomaszewska et al., 2002; Trenkel, 

2010). Timed-release, thermoplastic coatings allow controlled release of nutrients over a number 

of months, triggered by moisture levels and temperature (Shaviv, 2000; Trenkel, 2010). This 

allows for fertilizer release to be synchronized with plant growth. Polymeric coatings of either 

thermoplastics or resins are ideal for controlled-release fertilizer coatings because they are 
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hydrophobic, resistant to degradation, and less sensitive to soil conditions than other controlled-

release fertilizers. However, most of these coatings are resistant to degradation due to their 

polymeric nature and can accumulate over time in fields at levels as high as 50 kg/hectare/year 

(Trenkel, 2010). Many polymeric coatings are also thermoset, meaning they become solidified and 

resistant to melting following the curing process. Commonly used fertilizer coating formulations 

in Ontario include Nutricote™, which is coated with the thermoplastic polyolefin; Osmocote™, 

composed of an alkyd resin coating; ESN™, which is urea coated with polyurethane; and Polyon™, 

which has a polyurethane coating (S. Heuchan, 2019). Comparing the unknown film’s µFTIR 

spectra to common fertilizer coatings used in southern Ontario, (Figure 4-5; also see Appendix A, 

Figure A-10 for FTIR spectra) the closest match is alkyd resin, which is a component of 

Osmocote™ fertilizer coatings. Additionally, polystyrene is a common component of controlled-

release fertilizer coatings due to having a high cumulative nitrogen release in water over one week 

due to the presence of 10-20 µm pinholes in polystyrene coatings (Salman, 1988; Yang et al., 

2012). Regarding the pyro-GC/MS analysis, PS was confidently identified as a major component 

of these films, while the other component was left unidentified due to the presence of many low-

weight molecular compounds. Alkyd resin does not appear to be a component of these films based 

on the pyrograms (Figure 4-6). As PS is the dominant component, we can classify these films as 

MPs. Moreover, formulations of fertilizer coatings containing PS include a bioblend of PS and 

polycaprolactone (PCL) (used to coat urea) (Sulaiman et al., 2016), as well as PS (inner coating) 

and Polyacrylic acid (outer coating), which further regulates nitrogen release (Liang and Liu, 

2006). Looking at the µFTIR spectra of uncoated urea, polystyrene, and polycaprolactone 

compared to the unknown film (Figure 4-7), each component appears to be a partial match to the 

unknown. Peaks at 2924, 1610, 1462, and 1031 correspond to PS, whereas 2924, 1727, and 1167 
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correspond to polycaprolactone, and 3430 and 1462 correspond to uncoated urea. Therefore, it is 

reasonable to suspect PS-PCL urea coatings to be the identity of these films, although this has not 

been corroborated by the individuals farming these fields.  

Additionally, seeds are often coated with plastic material such as absorbent polymers to 

improve their survival (especially in arid environments) (Su et al., 2017). There are a wide range 

of benefits for using plastic seed coatings. In addition to increasing survival rates, nutrients and 

fertilizers are often added to seed coatings to enhance seed germination and increase chances of 

seedling survival (Khodary, 2004; Su et al., 2017).  Seed coatings increase the weight of seeds 

such that they remain buried in soils and limit the chance of them becoming airborne (Su et al., 

2017).  Seed coatings can also protect against insects and disease (Scott, 1998). As S3control did not 

receive any known controlled-release fertilizers, it is possible that the colourful films recovered 

from this field are sourced from seed coatings or alternatively from past coated fertilizer or seed 

use.  

4.5. Conclusions  
 

Microplastics are a major contaminant in agricultural fields of the Niagara Region of southern 

Ontario, possibly facilitated by biosolids application, controlled-release fertilizer application, and 

coated seeds. This is the first study to highlight and describe polymeric fertilizer coatings as a 

microplastic. This is also the first study to highlight the presence and accumulation of these 

coatings in agricultural soils. As controlled release fertilizer coatings and polymeric seed coatings 

are global practices and not exclusive to southern Ontario, it is possible that these coatings could 

be accumulating at high concentrations in agricultural fields globally. Due to their prevalence on 

agricultural fields in Niagara, these films may pose a greater threat to soil biota than MPs from 

biosolids application. Although biodegradable fertilizer/seed coatings are being produced and used 
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(Heuchan, 2018), these films are likely accumulating in fields and may be making their way into 

groundwater resources. Biosolids application also contributes high concentrations of microplastic 

fibres from domestic washing machine effluent to agricultural soils. This study highlights the 

potential sources and extent of microplastic pollution in terrestrial environments, which is a facet 

of microplastic research that has not been thoroughly studied.  

The impact of the agricultural system on MP pollution and proliferation in terrestrial and 

aquatic environments should be given greater consideration in microplastics studies. Water courses 

may receive MPs from fields as non-point source pollution via agricultural runoff into ditches and 

streams.  Water movement through the soil column could also transport MPs to greater depths in 

the soil column before eventually entering groundwater. These mechanisms need to be further 

investigated to better understand the impact of agricultural systems on MP proliferation. 

Furthermore, MP use in the agricultural system may be reduced through alternative means. For 

example, developing biodegradable coatings for fertilizers, looking to biosolids alternatives, and 

reducing agricultural plastic waste (e.g., baler clippings) may reduce the loadings of MPs making 

their way onto agricultural lands and eventually into ground and surface water sources. 
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4.6. Tables and Figures  

 

 

Figure 4-1. Conceptual model demonstrating the various pathways for microplastic pollution in 

agricultural systems. Microplastics from urban sources can reach agricultural fields through point 

source and non-point source pollution, eventually entering aquatic systems through runoff and 

microplastic accumulation in soil pores (modified from Henseler et al., 2019). 
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Figure 4-2. Location of three sampling sites in the Niagara Region, Ontario. Site 1 was located in Wellandport (S1 – 43.017759 N, -79.430322 W); 

Site 2 was located in Pelham/Thorold (S2 – 43.074706 N, -79.251691 W); Site 3 was located in Campden/Lincoln (S3 – 43.144155 N, -79.443606 W). 

      

                          

                   

     

       

            

         

           

       

              

      

       

         

             

             

 

 

 



100 
 

 

 

 

 

Figure 4-3. Images of microplastics recovered from agricultural soils. (A) Red unknown polymeric fragment 

recovered from S1 (# 20 S1 LD).  (B) Polypropylene fragment recovered from S3 (# 03 S3 HD). (C) Low density 

polyester fibre recovered from S1 (# 20 S1 LD). (D) Polystyrene fragment recovered from S2 (# 15 S2 HD).  (E) 

Polyethylene fragment recovered from S3 (# 5 S3 HD).  (F) Acrylonitrile fibre recovered from S2 (# 24 S2 HD). 

(G) Unidentified films recovered from agricultural soil site S2 (# 28 S2 HD). Films are pliable, glossy, and often 

uniformly patterned, resembling a 4-colour printing process. (H) Unidentified blue and green films recovered 

from # 28 S2 HD. (I) Unidentified colourful film recovered from # 28 S2 HD.
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Figure 4-4. (A) Average MP concentrations in 10 g soil samples collected from 3 sites in the 

Niagara Region, Ontario (n=6 per site). Sites S1 and S2 received biosolids application while S3 

has not received biosolids in the last 15 years. This data does not include unknown films in total 

MP counts. (B) Boxplots illustrating MP concentrations in soil and biosolids samples. An average 

MP concentration of 4.4±4.8 MPs/g(dw) was found in agricultural soils. An average concentration 

of 4.3±2.4 MPs/g was found in wastewater biosolids. (C) MP concentrations in 10 g(dw) soil and 

biosolids samples including unknown film concentrations. Films were the dominant type 

recovered from samples due to the high concentration of unknown films found in S2 and S3 

samples. (D) Average weight of MPs in 10 g(dw) samples of soil and wastewater biosolids. 

Wastewater biosolids had an average of 2.6 mg MPs/10g; Agricultural soil samples had an average 

of 15.5 g MPs/10g.  
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Figure 4-5. FTIR spectra for the unknown films (A) and reference spectra for pure alkyd resin 

(B), shellac varnish (C), and polyurethane varnish (D). Based on the appearance and associated IR 

peaks, it is hypothesized that one of the components of (A) may be alkyd resin.  
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Figure 4-6. GC/MS analysis results for unknown films, including (a) green film; (b) yellow film; 

(c) blue film; (d) orange film. All four materials produced similar pyrograms and are thus most 

likely composed of the same materials. One of the components of these films was identified to be 

polystyrene, as the three main pyrolysis products for polystyrene (toluene, styrene, and 

methylstyrene) are present.  
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Figure 4-7. FTIR spectra for the unknown colourful film and the components of common 

controlled-release polystyrene-polycaprolactone (PCL) coated fertilizer. Peaks at 2924, 1610, 

1462, and 1031 match well with PS; peaks at 2924, 1727, and 1167 match well with PCL; and 

peaks at 3430 and 1462 match well with urea.  

    

  

   

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
   
 
 

 
 
 
 

       

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 

               



105 
 

 

 

 

4.7. Bibliography 

 

Anderson, J.C., Park, B.J., Palace, V.P., 2016. Microplastics in aquatic environments: 

Implications for Canadian ecosystems. Environ. Pollut. 218, 269–280. 

Andrady, A.L., 2011. Microplastics in the marine environment. Mar. Pollut. Bull. 62, 1596–

1605. 

Browne, M.A., Niven, S.J., Galloway, T.S., Rowland, S.J., Thompson, R.C., 2013. Microplastic 

Moves Pollutants and Additives to Worms, Reducing Functions Linked to Health and 

Biodiversity. Curr. Biol. 23, 2388–2392. https://doi.org/10.1016/j.cub.2013.10.01 

Coppock, R.L., Cole, M., Lindeque, P.K., Queiros, A.M., Galloway, T.S., 2017. A small-scale, 

portable method for extracting microplastics from marine sediments. Environ. Pollut. 

230, 829–837. 

Corradini, F., Meza, P., Eguiluz, R., Casado, F., Huerta-Lwanga, E., Giessen, V., 2019. Evidence 

of microplastic accumulation in agricultural soils from sewage sludge disposal. Sci. Total 

Environ. 671, 411–420. 

de Souza Machado, A.A., Lau, C.W., Till, J., Kloas, W., Lehmann, A., Becker, R., Rillig, M.C., 

2018. Impacts of Microplastics on the Soil Biophysical Environment. Environ. Sci. 

Technol. 52, 9656–9665. https://doi.org/10.1021/acs.est.8b02212 

Dris, R., Gasperi, J., Rocher, V., Saad, M., Renault, N., Tassin, B., 2015. Microplastic 

contamination in an urban area: a case study in Greater Paris. Environ. Chem. 12, 592. 

https://doi.org/10.1071/EN14167 

Dris, R., Gasperi, J., Saad, M., Mirande, C., Tassin, B., 2016. Synthetic fibers in atmospheric 

fallout: A source of microplastics in the environment? Mar. Pollut. Bull. 104, 290–293. 

https://doi.org/10.1016/j.marpolbul.2016.01.006 

Dris, R., Gasperi, J., Tassin, B., 2018. Sources and Fate of Microplastics in Urban Areas: A 

Focus on Paris Megacity, in: Wagner, M., Lambert, S. (Eds.), Freshwater Microplastics : 

Emerging Environmental Contaminants? Springer International Publishing, Cham, pp. 

69–83. https://doi.org/10.1007/978-3-319-61615-5_4 

Garofolo, P., 1996. Guidelines For The Utilization Of Biosolids And Other Wastes On 

Agricultural Land. Minist. Agric. Food Rural Aff. 71. 

Habib, D., Locke, D.C., Cannone, L.J., 1998. Synthetic fibers as indicators of municipal sewage 

 sludge, sludge products, and sewage treatment plant effluents. Water. Air. Soil Pollut. 

 103, 1–8. 

Henseler, M., Brandes, E., Kriens, P., 2019. Microplastics in agricultural soils: a new challenge 

not only for agro-environmental policy? 

Heuchan, S., 2018. Plant stimuli-responsive biodegradable polymers for the use in timed release 

fertilizer coatings (Graduate). University of Western Ontario. 

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the Marine 

Environment: A Review of the Methods Used for Identification and Quantification. 

Environ. Sci. Technol. 46, 3060–3075. https://doi.org/10.1021/es2031505 

Khodary, S.E.A., 2004. Effect of Salicylic Acid on the Growth, Photosynthesis and 

Carbohydrate Metabolism in Salt Stressed Maize Plants. Int. J. Agric. Biol. 6, 1560–

8530. 



106 
 

 

 

Lamont Jr., W.J., 1993. 3 - Plastic Mulches for the Production of Vegetable Crops, in: A Guide 

to the Manufacture, Performance, and Potential of Plastics in Agriculture. Elsevier, 

Pennsylvania State University, State College, PA, United States, pp. 45–60. 

Lares, M., Ncibi, M.C., Sillanpää, Markus, Sillanpää, Mika, 2018. Occurrence, identification and 

removal of microplastic particles and fibers in conventional activated sludge process and 

advanced MBR technology. Water Res. 133, 236–246. 

https://doi.org/10.1016/j.watres.2018.01.049 

Li, X., Chen, L., Mei, Q., Dong, B., Dai, X., Ding, G., Zeng, E.Y., 2018. Microplastics in sewage 

sludge from the wastewater treatment plants in China. Water Res. 142, 75–85. 

Liang, R., Liu, M., 2006. Preparation and Properties of a Double-Coated Slow-Release and 

Water-Retention Urea Fertilizer. J. Agric. Food Chem. 54, 1392–1398. 

Lusher, A., Vogelsang, C., Hurley, R., Nizzetto, L., Olsen, M., 2018. Mapping microplastics in 

sludge (No. 7215–2017). Norwegian Institute for Water Research. 

Lusher, A.L., Tirelli, V., O’Connor, I., Officer, R., 2015. Microplastics in Arctic polar waters: 

the first reported values of particles in surface and sub-surface samples. Sci. Rep. 5, 

14947. https://doi.org/10.1038/srep14947 

Mahon, A.M., O’Connell, B., Healy, M.G., O’Connor, I., Officer, R., Nash, R., Morrison, L., 

2017. Microplastics in Sewage Sludge: Effects of Treatment. Environ. Sci. Technol. 51, 

810–818. https://doi.org/10.1021/acs.est.6b04048 

Mi, J., Gregorich, E.G., Xu, S., McLaughlin, N.B., Liu, J., 2018. Effect of a one-time application 

of bentonite on soil enzymes in a semi-arid region. Can. J. Soil Sci. 98, 542–555. 

Microlab NW Photomicrograph Gallery, 2007. Clothing Fiber Under the Microscope [WWW 

Document]. URL http://www.microlabgallery.com/ClothingFiberFile.aspx (accessed 

5.30.19). 

Nizzetto, L., Bussi, G., Futter, M.N., Butterfield, D., Whitehead, P.G., 2016. A theoretical 

assessment of microplastic transport in river catchments and their retention by soils and 

river sediments. Environ. Sci. Process. Impacts 18, 1050–1059. 

https://doi.org/10.1039/C6EM00206D 

Obbard, R.W., Sadri, S., Wong, Y.Q., Khitun, A.A., Baker, I., Thompson, R.C., 2014. Global 

warming releases microplastic legacy frozen in Arctic Sea ice. Earths Future 2, 315–320. 

https://doi.org/10.1002/2014EF000240 

Peng, G., Zhu, B., Bai, M., Li, D., 2018. Microplastics in freshwater river sediments in Shanghai, 

China: A case study of risk assessment in mega-cities. Environ. Pollut. 234, 448–456. 

Rezaei, M., Riksen, M.J.P.M., Sirjani, E., Sameni, A., Geissen, V., 2019. Wind erosion as a 

driver for transport of light density microplastics. Sci. Total Environ. 669, 273–281. 

Rillig, M.C., 2012. Microplastic in Terrestrial Ecosystems and the Soil? Environ. Sci. Technol. 

46, 6453–6454. https://doi.org/10.1021/es302011r 

Rillig, M.C., Ingraffia, R., de Souza Machado, A.A., 2017. Microplastic Incorperation into Soil 

in Agroecosystems. Front. Plant Sci. 8, 1–4. 

Salman, O.A., 1988. Polymer coating on urea prills to reduce dissolution rate. J. Agric. Food 

Chem. 36, 616–621. https://doi.org/10.1021/jf00081a053 

Scott, J.M., 1998. Delivering Fertilizers Through Seed Coatings. J. Crop Prod. 1, 197–220. 

Shaviv, A., 2000. Advances in Controlled Release Fertilizers. Adv. Agron. 71, 1–49. 

Simon, M., van Alst, N., Vollersten, J., 2018. Quantification of microplastic mass and removal 

rates at wastewater treatment plants applying Focal Plane Array (FPA)-based Fourier 

Transform Infrared (FT-IR) imaging. Water Res. 142, 1–9. 



107 
 

 

 

Steinmetz, Z., Wollmann, C., Schaefer, M., Buchmann, C., David, J., Tröger, J., Muñoz, K., 

Frör, O., Schaumann, G.E., 2016. Plastic mulching in agriculture. Trading short-term 

agronomic benefits for long-term soil degradation? Sci. Total Environ. 550, 690–705. 

https://doi.org/10.1016/j.scitotenv.2016.01.153 

Su, L., Li, J., Xue, H., Wang, X., 2017. Super absorbant polymer seed coatings promote seed 

germination and seedling growth of Caragana korshinskii in drought. J. Zhejiang Univ. - 

Sci. B 18, 696–706. 

Sulaiman, S., Febriyenti, F., Dillasamola, D., 2016. Coating of Urea Granules for Slow Release 

Fertilizer Using Bioblend Polystyrene / Polycaprolactone. Res. J. Pharm. Biol. Chem. 

Sci. 7, 1691–1699. 

Tomaszewska, M., Jarosiewicz, A., Karakulski, K., 2002. Physical and chemical characteristics 

of polymer coatings in CRF formulation. Desalination 146, 319–323. 

Trenkel, M.E., 2010. Slow- and Controlled-Release and Stabilized Fertilizers: An Option for 

Enhancing Nutrient Use Efficiency in Agriculture. International Fertilizer Industry 

Association (IFA), Paris, France. 

Vendel, A.L., Bessa, F., Alves, V.E.N., Amorim, A.L.A., Patricio, J., Palma, A.R.T., 2017. 

Widespread microplastic ingestion by fish assemblages in tropical estuaries subjected to 

anthropogenic pressures. Mar. Pollut. Bull. 

Vermaire, J.C., Pomeroy, C., Herczegh, S.M., Haggart, O., Murphy, M., 2017. Microplastic 

abundance and distribution in the open water and sediment of the Ottawa River, Canada, 

and its tributaries. FACETS 2, 301–314. 

Vollersten, J., Hansen, A.A., 2017. Microplastic in Danish wastewater. Dan. Environ. Prot. 

Agency 55. 

WEAO Residuals & Biosolids Committee, 2009. Frequently Asked Questions on Biosolids 

Management. 

Yang, Y., Zhang, M., Fan, X., Geng, Y., 2012. Improving the Quality of Polymer-Coated Urea 

with Recycled Plastic, Proper Additives, and Large Tablets. J. Agric. Food Chem. 60, 

11229–11237. 

Zubris, K.A.V., Richards, B.K., 2005. Synthetic fibers as an indicator of land application of 

sludge. Environ. Pollut. 138, 201–211. https://doi.org/10.1016/j.envpol.2005.04.013 

 

 

 

 

 

 

 

 

 

 



108 
 

 

 

 

CHAPTER FIVE 

 

Conclusions and Recommendations for Future Research 
 

Microplastics are present in the Niagara Region wastewater treatment system (influent, 

effluent, biosolids), agricultural systems, and surface waters of aquatic systems. The importance 

of the wastewater treatment system for the proliferation of microplastics, in both terrestrial and 

aquatic environments, is apparent from this study through the identification of the multiple 

pathways of microplastics from urban sources to the environment. The major findings of this 

research are: 

1. The wastewater treatment system in the Niagara Region facilitates microplastic 

release into aquatic systems through direct effluent outputs. Microfibres, the most 

dominant microplastic recovered in wastewater in the Niagara Region, have implications 

for aquatic health due to their small diameter, which facilitates entanglement in the 

stomachs of aquatic organisms. Microplastic fragments, suspected to be sourced from 

combined sewer overflow and urban runoff, may cause environmental impacts due to the 

adherence of environmental contaminants to their surfaces. These fragments may also be 

incorporated into bottom sediments as they become biofouled, and thus accelerating 

sinking of microplastics.  

2. The wastewater treatment system may facilitate microplastic contamination in 

Niagara water systems through the application of wastewater biosolids as agricultural 

fertilizers. Niagara fields might be accumulating microplastic debris (especially 
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microfibres) through both the application of these biosolids, and more prevalently, the use 

of controlled-release polymeric fertilizer coatings and/or seed coatings.  

3. Microplastics are present in Niagara tap water from three different municipalities, at 

concentrations of 0.89±1.17 MPs/L.  

4. As an average of 1.22±1.59 MPs/L was found in effluent, wastewater effluent 

discharge is potentially contributing 18±20 billion MPs to Lake Ontario per year.  

The primary objective of this study was to quantify the prevalence of MPs in the Niagara 

Region wastewater treatment system. This objective was successfully completed, identifying that 

microfibres (particularly polyester) dominate in Niagara’s wastewater treatment system, and to a 

lesser extent, fragments and films (Average concentrations of 9.07±4.48 MPs/L in influent, 

1.22±1.59 MPs/L in effluent, and 0.89±1.17 MPs/L in tap water).  The second objective was to 

determine the ways in which Niagara’s wastewater system facilitates MP pollution. In addition to 

finding that microfibres (presumably from washing machine effluent) dominate effluent discharge 

and are thus a major pollutant to the Port Dalhousie Harbour (and subsequently Lake Ontario), 

combined sewer overflows were suggested as a potential source of larger fragments recovered in 

nearby surface waters. Combined sewer overflows (CSOs) have not been thoroughly discussed in 

the MP literature, and thus should be further investigated as a potential pathway for MPs to aquatic 

systems during heavy precipitation. Furthermore, wastewater biosolids in the Niagara Region 

sequester MPs during the wastewater treatment process (average of 4.3±2.4 MPs/g(dw)), which are 

applied to Niagara fields during the late summer to early fall, yielding another potential pathway 

for domestically derived MPs. This ties into the third objective of this study, which was to 

determine if MPs are being applied to agricultural fields via biosolids application. An average of 

4.4±4.8 MPs/g(dw) of soil were recovered from Niagara fields, with an abundance of microfibres 
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recovered from fields receiving biosolid application. It is possible that biosolids application does 

contribute MPs (especially microfibres) to agricultural soils, which can accumulate overtime and 

enter nearby ditches and streams via runoff. Polymeric fertilizer coatings contribute MP pollution 

to fields and soils to a much greater extent than other MPs. The final objective was to determine if 

MPs enter local streams through effluent discharge or other urban pathways. This process 

identified some fibres that can be attributed to effluent discharge. However, fibres from effluent 

were missing from surface water samples, likely due to sinking of fibres and the season during 

which sampling was conducted. Other urban means identified as potential sources of MPs to Port 

Dalhousie harbour and Lake Ontario include CSOs (urban litter, stormwater overflow) and 

polymeric fertilizer coatings (particularly polystyrene and polycaprolactone coatings).  

Future studies should focus on developing the knowledge basis for microplastics in agricultural 

soils and the ways that agricultural practices facilitate microplastic proliferation. This study is the 

first to highlight the accumulation of polymeric fertilizer coatings in agricultural soils. The long-

term impact and extent of the accumulation of these coatings in the environment is yet to be 

resolved. The presence of microplastics in other soil amendments has also not been quantified in 

the literature. Moreover, accumulation at depth in addition to the migration of microplastics from 

soils to ditches and tile drains is an area of study that should be investigated in the future, especially 

as microplastics in groundwater has implications for human exposure to microplastics and health. 

Regarding wastewater biosolids, their use as an agricultural amendment should be reviewed due 

to the uncertainties associated with microplastic accumulation and proliferation in agricultural 

soils.  

5.1. Study Limitations  
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5.1.1. Wastewater  
 

Limitations of the Niagara wastewater study included that wastewater sampling could only include 

grab type sample collection rather than continuous sampling. This was due to regulations outlined 

by the Niagara Region wastewater operations, as well as logistics surrounding positioning a mesh 

sieve in the effluent stream.  In addition, the problem of sieve biofouling during continuous 

sampling made this method difficult to implement. Skimming the surface water (0-10 cm depth) 

to collect influent and effluent samples was also a limitation because only low-density polymers 

(e.g. LDPE) float on the water column, while denser polymers (e.g. PVC, HDPE) can be found 

throughout the water column. Additionally, biofouling of MP particles can also increase their 

density and further influence settling rates.  

Another limitation is that contamination during sampling cannot be effectively quantified due 

to the many ways in which a sample can become contaminated. For example, airborne 

contamination is possible during sample collection, or due to textile fibres from the collector’s 

clothing. Standard PET wastewater collection vessels were used to collect wastewater samples for 

the convenience of collecting large sample sizes, although little to no polyethylene was recovered 

from wastewater samples. Sample processing was also a limitation. Airborne contamination was 

possible due to the nature of the lab, which is utilized by multiple researchers. In future studies, it 

is recommended that a quarantined space be implemented to reduce contamination, especially as 

a majority of the recovered MPs were microfibres.  

Regarding methods, sieving of wastewater samples was selected over vacuum filtration due to 

problems associated with over-fouling of filter papers. Difficulties arose regarding the transfer of 

suspected MPs from sieves to glass slides, and during micro-FTIR analysis, where some suspected 

MPs were lost to air during transfer. Future development of MP isolation methods is necessary to 
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ensure maximum MP removal from environmental samples, such as limiting MP transfers as much 

as possible and analysing suspected MPs directly from glass slides or filter papers. This is also 

problematic because MPs smaller than 100 µm are difficult to transfer due to loss to air. 

Additionally, challenges associated with MP transfer also present potential pathways for 

contamination. Suspected MPs were removed from sieves with tweezers and placed on glass slides 

for further visual analysis and to contain MPs so that they could be further manipulated and tested 

if necessary. Current methods for isolating MPs from environmental samples do not thoroughly 

explain storage methods for MPs. Common methods such as storing MPs on double-sided carbon 

tape presents a problem as airborne fibres land on tape and are difficult to remove. Keeping MPs 

on wetted filter paper in a petri dish is a challenge because once the filter paper dries, microfibres 

can become airborne and thus difficult to contain in the petri dish. Glass slides were employed to 

immobilize MPs, while also allowing for simple visual investigation and microscope measuring. 

Future studies need to further explain and develop MP isolation methods such that they maximize 

MP capture without compromising visual analysis.  

5.1.2. Tap water 

 

As in wastewater sampling, field blanks were not collected during tap water sampling due to 

the challenge of distinguishing airborne contamination fibres from microfibres in the sample itself. 

There are many instances in which an airborne fibre may enter a grab sample, despite efforts to 

limit exposure by keeping samples covered with aluminum foil and quantifying airborne 

contamination during sample processing. This is a limitation of this study, and future studies 

should develop more standardized approaches to limiting and quantifying airborne contamination. 

Tap water was not used when rinsing and processing any samples due to the presence of MPs. 

Future studies should eliminate the use of tap water and vacuum filter distilled water before use.  
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5.1.3. Surface water 

 

Limitations of surface water sampling are primarily that manta trawling (and other trawls) 

cannot capture all MPs due to lower size limitations. This is of particular concern because 

microfibres, which have a diameter of approximately 15 µm, may not be captured by a 100 µm 

mesh size. This may explain why few microfibres were recovered in surface water samples from 

both sampling sessions. Additionally, the manta trawl only skims and samples the top 10 cm of 

the water column, which likely excludes plastic polymers denser than water (e.g. HDPE, PET, 

PVC) and biofouled particles. In order to maximize MP capture in open water, current methods 

need to adapt to these limitations, potentially sampling throughout the water column. This is also 

the case for wastewater samples collected from the surface of the influent/effluent plume. Manta 

trawl sampling is also limited due to potential contamination between samples. Although the net 

was backwashed twice between surface water samples, rinsing the entire net with distilled water 

while on open waters was not possible. Future studies would benefit from employing a pump or 

similar mechanism to ensure all material in rinsed off the net between samples.  

Another limitation of testing a subsample of MPs from surface water with µFTIR is that there 

was a wide variety of secondary fragments; however, many polymers have similar visual 

appearances (e.g. PE and PP are visually indistinguishable). As µFTIR is an expensive procedure 

and was not readily available for this study, it is possible that some PP fragments were 

misidentified as PE, and vice-versa. Representative samples were tested to eliminate these 

problems as much as possible, and larger fragments were tested using ATR-FTIR to maximize MP 

characterization.  

5.1.4. Agricultural soils and biosolids 
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As soil sampling for this study was only conducted in the top 0-10 cm, concentrations of MPs 

in agricultural soils may be underestimated because as successive biosolids applications are 

applied, MPs can migrate deeper into the soil profile during crop rotations, tilling, and biotic and 

abiotic mechanisms, possibly leading to MP pollution in groundwater. Future studies should 

incorporate analyses of MPs at depth. Another limitation is the number of samples processed for 

each agricultural field. Ideally, 10-gram samples would have been extracted from these bulk 

samples to account for variability within 500-ml bulk samples. Future sampling would benefit 

from conducting triplicate sampling to account for variability and ensure that samples are 

representative. This analysis is currently being conducted to strengthen dataset.  

Biosolids from Niagara WWTPs are transported from plants and taken to holding tanks where 

they are stored for later distribution by a contractor. Because of this, applied biosolids may reflect 

a mixture of municipal sources. Understanding which WWTPs are contributing to applied 

biosolids and the composition of MPs in the biosolids of each WWTP would be beneficial in 

investigating sources and varying patterns of MPs in soils of agricultural fields of the Niagara 

Region and elsewhere.  

While a high quantity of suspected fertilizer coatings was recovered in agricultural soil samples 

in this study, not all of the components of these films were identified. Pyro-GC/MS analysis has 

identified one component to be polystyrene, and µFTIR analysis did not identify clear 

spectroscopy matches. At present, their identification as polymeric fertilizer coatings is still 

speculative. Also, other potential in-situ sources of MPs to agricultural fields in Niagara were not 

quantified. For example, soil amendments such as topsoil and liquid fertilizers, which may also 

contain MPs were not investigated in this study. Future studies should consider the combined 

impact of agricultural amendments, in addition to biosolids, which MP accumulation in fields is 
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commonly attributed to. However, there are a suite of potential pathways for MPs within the 

agricultural system itself.  

Additionally, the long-term history of these fields was not well understood. In most cases, land 

use records were only known for the past decade (e.g. the length of time that the farmers had owned 

the fields). It is possible that fields have not received biosolids in the past decade, but previous 

owners may have used biosolids. Ideally, the complete history of each of these fields would be 

better understood, including the brands and formulations of fertilizer used (e.g. liquid versus 

coatings), and complete history of soil amendments. This highlights the difficulty in tracing MPs 

to a specific source.  
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APPENDICES 

 

Appendix A: Reference FTIR Spectra 
 

 

Figure A-1: Polytetrafluoroethylene (Sample 24-04-HD). 

 

 

Figure A-2: PET (Polyethylene terephthalate – polyester) (Sample OctE10-0043). 
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Figure A-3: Acrylonitrile fibre (Sample PJE1-0036). 

 

 

Figure A-4: Polyurethane (Sample OctE4-0026). 
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Figure A-5: Polystyrene (Sample MTDH-1). 

 

 

Figure A-6: Polypropylene (Sample MTDB-4). 
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Figure A-7: Low Density Polyethylene (LDPE) (Sample MTDB-5). 

 

 

Figure A-8: Acrylic fragment (poly(methyl methacrylate)) (Sample MTUD). 
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Figure A-9: Unknown film. Some signature of CaCO3 present (Sample 14-S2-HD-1, Beige 

fragment) 

 

 

Figure A-10: Unknown film. Partial match with alkyd resin and shellac (Sample 28-S2-HD) 
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Figure A-11: Unknown film (Sample 24-S2-HD-5). 

 

 

Figure A-12: PMMA (Polymethylmethacrylate) or polyacrylate, poly(octadecyl methacrylate) 

(Sample PD45) 
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Appendix B: Raw Numbers and Additional Data  
 

 

i. Wastewater Influent  
 

Table B-1. Microplastic counts for influent data. 

Sample Fibres Fragments Films Total 

PD11 7 10 0 17 

PD12 4 0 0 4 

PD13 8 3 0 11 

PD14 8 0 0 8 

PD15 5 1 0 6 

PD16 4 1 0 5 

PD17 4 0 0 4 

PD18 9 1 0 10 

PD19 6 0 0 6 

PD20 7 3 0 10 

PD21 12 2 0 14 

PD22 8 0 0 8 

PD23 12 1 0 13 

PD24 4 1 0 5 

PD25 7 3 0 10 

PD26 10 0 0 10 

PD27 17 0 0 17 

PD28 12 4 0 16 

PD29 5 1 0 6 

PD30 13 2 0 15 

PD31 11 1 0 12 

PD32 4 3 0 7 
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PD33 8 4 0 12 

PD34 7 3 0 10 

PD35 16 2 0 18 

PD36 4 2 0 6 

PD37 6 0 0 6 

PD38 3 1 0 4 

PD39 4 3 0 7 

PD40 4 4 9 17 

PD41 2 5 0 7 

PD42 4 1 0 5 

PD43 5 4 0 9 

PD44 0 2 0 2 

PD45 
   

0 

PD46 5 2 2 9 

PD47 3 2 0 5 

PD48 3 8 1 12 

PD49 7 0 0 7 

PD50 13 0 0 13 

 

 

ii. Wastewater Effluent 
 

Table B-2: Microplastic counts for effluent data, from which contamination corrected total was 

calculated per 1-litre sample. Corrections were applied to fibre counts based on total time sample 

was exposed to air, subtracting a rate of 0.037 microfibres per cm2 per hour. FTIR corrections were 

also applied based on the percentage of suspected microplastics that were identified 

spectroscopically to be polymeric.  

Sample Fibres Fragments Films Total Total processing 

time (mins) 

Contamination 

corrected total (/L) 

PJE1 5 3 0 8 29 7.185 

PJE2 6 0 0 6 29 5.185 

PJE3 7 0 0 7 29 6.185 
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PJE4 1 0 0 1 29 0.185 

PJE5 4 0 0 4 29 3.185 

PJE6 4 0 0 4 29 3.185 

PJE7 4 0 0 4 29 3.185 

PJE8 2 0 0 2 29 1.185 

PJE9 2 0 0 2 29 1.185 

PJE10 2 0 0 2 29 1.185 

PJE11 2 0 0 2 29 1.185 

PJE12 2 0 0 2 29 1.185 

PJE13 2 0 0 2 29 1.185 

PJE14 2 0 0 2 29 1.185 

PJE15 5 0 0 5 29 4.185 

PFE1 11 0 0 11 29 10.185 

PFE2 5 0 0 5 29 4.185 

PFE3 6 0 0 6 29 5.185 

PFE4 6 0 0 6 45 4.735 

PFE5 2 0 0 2 30 0 

PFE6 4 0 0 4 0 4.000 

PFE7 
   

0 0 0 

PFE8 6 0 0 6 75 3.891 

PFE9 0 0 0 0 30 0 

PFE10 2 0 0 2 30 1.156 

PFE11 3 0 0 3 30 2.156 

PFE12 0 1 0 1 24 1.000 

PFE13 0 0 0 0 24 0 

PFE14 0 0 0 0 23 0 

PFE15 2 0 0 2 32 1.100 

PME1 1 0 0 1 15 0.578 

PME2 1 0 0 1 15 0.578 

PME3 1 0 0 1 30 0.156 

PME4 1 0 1 2 30 1.156 

PME5 1 0 0 1 20 0.438 

PME6 1 0 0 1 30 0.156 

PME7 1 0 0 1 23 0.353 

PME8 1 0 1 2 30 1.000 

PME9 2 0 0 2 34 1.044 

PME10 1 1 0 2 34 1.044 

PME11 2 0 0 2 27 1.241 

PME12 6 0 0 6 28 5.213 

PME13 1 0 0 1 30 0.156 

PME14 4 0 1 5 21 4.409 

PME15 2 0 1 3 20 2.438 

PAE1 0 0 0 0 27 0 
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PAE2 2 0 1 3 24 2.325 

PAE3 3 0 0 3 20 2.438 

PAE4 1 0 0 1 21 0.409 

PAE5 1 0 0 1 59 0 

PAE6 2 0 0 2 22 1.381 

PAE7 1 0 0 1 30 0.156 

PAE8 1 0 0 1 21 0.409 

PAE9 2 0 0 2 33 1.072 

PAE10 1 0 0 1 27 0.241 

PAE11 4 0 1 5 25 1.000 

PAE12 3 0 1 4 33 3.072 

PAE13 7 0 0 7 48 5.650 

PAE14 1 0 0 1 22 0.381 

PAE15 1 0 0 1 22 0.381 

MayE1 0 0 0 0 26 0 

MayE2 2 0 0 2 30 1.156 

MayE3 4 0 0 4 9 3.747 

MayE4 0 0 0 0 19 0 

MayE5 1 0 0 1 16 0.550 

MayE6 0 0 0 0 27 0 

MayE7 0 0 0 0 21 0 

MayE8 2 0 0 2 28 1.213 

MayE9 1 0 0 1 23 0.353 

MayE10 3 0 0 3 25 2.297 

MayE11 1 0 0 1 22 0.381 

MayE12 1 0 0 1 25 0.297 

MayE13 2 0 0 2 22 1.381 

MayE14 2 0 0 2 28 1.213 

MayE15 1 0 1 2 19 1.466 

JuneE1 0 0 0 0 25 0 

JuneE2 0 0 0 0 15 0 

JuneE3 1 0 0 1 17 0.522 

JuneE4 0 0 0 0 13 0 

JuneE5 0 0 0 0 13 0 

JuneE6 0 1 0 1 21 1.000 

JuneE7 0 0 0 0 24 0 

JuneE8 0 0 0 0 19 0 

JuneE9 0 1 0 1 14 1.000 

JuneE10 1 0 0 1 13 0.634 

JuneE11 1 0 0 1 15 0.578 

JuneE12 1 0 0 1 19 0.466 

JuneE13 0 0 0 0 14 0 

JuneE14 0 1 0 1 15 1.000 
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JuneE15 2 0 0 2 16 1.550 

JulyE1 1 0 0 1 17 0.522 

JulyE2 0 0 0 0 13 0 

JulyE3 0 0 0 0 16 0 

JulyE4 1 0 1 2 13 1.634 

JulyE5 0 1 0 1 11 1.000 

JulyE6 0 0 0 0 11 0 

JulyE7 0 0 0 0 13 0 

JulyE8 0 0 0 0 13 0 

JulyE9 0 0 0 0 11 0 

JulyE10 1 0 0 1 13 0.634 

JulyE11 0 0 0 0 11 0 

JulyE12 0 0 0 0 11 0 

JulyE13 2 0 0 2 15 1.578 

JulyE14 0 0 0 0 11 0 

JulyE15 0 1 0 1 15 1.000 

AugE1 0 0 0 0 14 0 

AugE2 0 0 0 0 17 0 

AugE3 2 0 0 2 15 1.578 

AugE4 
   

0 11 0 

AugE5 1 0 0 1 14 0.606 

AugE6 0 0 0 0 16 0 

AugE7 0 0 0 0 12 0 

AugE8 0 0 0 0 11 0 

AugE9 0 0 0 0 17 0 

AugE10 2 0 0 2 13 1.634 

AugE11 0 1 0 1 17 1.000 

AugE12 0 0 0 0 16 0 

AugE13 0 0 0 0 20 0 

AugE14 0 0 0 0 11 0 

AugE15 1 0 0 1 7 0.803 

SepE1 2 2 0 4 13 3.634 

SepE2 0 0 1 1 17 1.000 

SepE3 0 0 0 0 12 0 

SepE4 4 0 0 4 17 3.522 

SepE5 2 1 0 3 15 2.578 

SepE6 3 0 0 3 12 2.663 

SepE7 0 0 0 0 14 0 

SepE8 2 0 0 2 20 1.438 

SepE9 0 0 0 0 25 0 

SepE10 2 0 0 2 11 1.691 

SepE11 1 0 0 1 12 0.663 

SepE12 1 0 0 1 14 0.606 
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SepE13 1 0 0 1 9 0.747 

SepE14 0 0 0 0 7 0 

SepE15 0 0 0 0 13 0 

OctE1 2 0 0 2 14 1.606 

OctE2 4 1 0 5 13 4.634 

OctE3 2 0 1 3 17 2.522 

OctE4 2 1 0 3 14 2.606 

OctE5 0 0 0 0 7 0 

OctE6 2 0 0 2 10 1.719 

OctE7 2 0 0 2 11 1.691 

OctE8 0 0 0 0 10 0 

OctE9 2 0 0 2 12 1.663 

OctE10 2 0 0 2 10 1.719 

OctE11 4 0 0 4 30 3.156 

OctE12 0 0 0 0 9 0 

OctE13 3 0 0 3 15 2.578 

OctE14 5 0 0 5 15 4.578 

OctE15 1 0 0 1 12 0.663 

NE1 0 0 0 0 15 0 

NE2 2 0 0 2 11 1.691 

NE3 0 0 0 0 10 0 

NE4 0 0 0 0 22 0 

NE5 2 0 0 2 13 1.634 

NE6 0 0 0 0 9 0 

NE7 2 0 0 2 15 1.578 

NE8 2 0 0 2 12 1.663 

NE9 0 0 0 0 8 0 

NE10 1 0 0 1 9 0.747 

NE11 0 0 0 0 9 0 

NE12 0 0 0 0 9 0 

NE13 0 0 0 0 9 0 

NE14 0 0 0 0 6 0 

NE15 0 0 0 0 7 0 

DE1 0 0 0 0 17 0 

DE2 2 0 0 2 13 1.634 

DE3 1 0 0 1 11 0.691 

DE4 2 0 0 2 9 1.747 

DE5 2 0 0 2 12 1.663 

DE6 
   

0 0 0 

DE7 3 0 0 3 15 2.578 

DE8 2 0 0 2 11 1.691 

DE9 1 0 0 1 13 0.634 

DE10 1 0 0 1 22 0.381 
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DE11 0 0 0 0 10 0 

DE12 2 0 0 2 9 1.747 

DE13 0 0 0 0 6 0 

DE14 0 0 0 0 9 0 

DE15 1 0 0 1 7 0.803 

 

Table B-3: Summary statistics for microplastic concentrations in wastewater influent (n=40) and 

monthly wastewater effluent samples (n=15 per month).  

Month N Mean Median SD Skew 

Influent 40 9.07 8.50 4.48 0.34 

Jan 15 2.72 1.18 2.13 0.91 

Feb 14 2.51 1.15 2.87 1.41 

Mar 15 1.33 1.00 1.54 1.85 

Apr 15 1.26 0.41 1.55 1.87 

May 15 0.94 0.55 1.04 1.54 

Jun 15 0.45 0.47 0.51 0.76 

Jul 15 0.42 0 0.61 1.12 

Aug 15 0.37 0 0.60 1.34 

Sep 15 1.24 0.75 1.30 0.79 

Oct 15 1.94 1.72 1.47 0.42 

Nov 15 0.49 0 0.75 1.00 

Dec 14 0.90 0.69 0.86 0.42 

 

 

iii. Tap Water 
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Table B-4. Microplastic counts for tap water from three sites in Niagara (St. Catharines =’B’, Lincoln = 

‘E’, Fort Erie = ‘M”). Red = error in sample processing. These samples not considered in overall 

microplastic concentrations.  
 

Fibres Fragments Films Total Total 

processing time 

(minutes) 

Contamination 

corrected total (/L) 

DWJB 2 0 0 2 20 1.438 

DWJE 1 0 0 1 20 0.438 

DWJM 1 1 0 2 20 1.438 

DWJB2 2 0 0 2 20 1.438 

DWJB3 0 0 0 0 20 0 

DWFE 6 0 0 6 20 5.438 

DWFB 2 1 0 3 20 2.438 

DWFC 1 0 0 1 20 0.438 

DWFM 3 1 0 4 20 3.438 

DWME 1 1 0 2 20 1.438 

DWMC 2 0 0 2 20 1.438 

DWMB 1 0 0 1 20 0.438 

DWMM 2 0 0 2 20 1.438 

DWAB 0 0 0 0 20 0 

DWAM 3 0 0 3 20 2.438 

DWAE 1 0 0 1 20 0.438 

DWAC 0 0 0 0 20 0 

DWMayB1 0 0 0 0 20 0 

DWMayB2 5 0 0 5 20 4.438 

DWMayB3 1 0 0 1 20 0.438 

DWMayM1 0 0 0 0 20 0 

DWMayM2 1 0 0 1 20 0.438 

DWMayM3 2 0 0 2 20 1.438 

DWMayE1 0 0 0 0 20 0 

DWMayE2 1 1 0 2 20 1.438 

DWMayE3 0 0 0 0 20 0 

DWJuneM1 0 0 0 0 20 0 

DWJuneM2 1 0 0 1 20 0.466 

DWJuneM3 0 0 0 0 20 0 

DWJuneB2 1 0 0 1 16 0.550 

DWJuneB3 1 0 0 1 11 0.691 

DWJuneE3 1 0 0 1 11 0.691 

DWJulyB1 1 0 0 1 11 0.691 

DWJulyB2 2 0 0 2 13 1.634 

DWJulyB3 2 0 0 2 12 1.662 

DWJulyM1 1 0 0 1 17 0.522 

DWJulyM2 0 0 0 0 13 0 
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DWJulyM3 1 0 0 1 14 0.606 

DWJulyE1 0 0 0 0 10 0 

DWJulyE2 2 0 0 2 15 1.578 

DWJulyE3 0 0 0 0 11 0 

DWAugM1 0 0 0 0 13 0 

DWAugM2 0 0 0 0 7 0 

DWAugM3 0 0 0 0 8 0 

DWAugB1 2 0 0 2 10 1.719 

DWAugB2 2 0 0 2 12 1.663 

DWAugB3 0 0 0 0 13 0 

DWAugE1 2 0 0 2 15 1.578 

DWAugE2 0 0 0 0 13 0 

DWAugE3 1 0 0 1 35 0.016 

DWSepM1 1 0 0 1 14 0.606 

DWSepM2 4 0 0 4 13 3.634 

DWSeptM3 2 0 0 2 19 1.466 

DWSeptE1 2 0 0 2 14 1.606 

DWSeptE2 4 0 0 4 15 3.578 

DWSeptE3 1 0 0 1 13 0.634 

DWSeptB1 
   

11 0 

DWSeptB2 
   

14 0 

DWSeptB3 
   

11 0 

DWOctE1 1 0 0 1 14 0.606 

DWOctE2 0 0 0 0 8 0 

DWOctE3 1 0 0 1 42 0 

DWOctM1 1 0 0 1 9 0.747 

DWOctM2 0 0 0 0 14 0 

DWOctM3 4 1 0 5 10 4.719 

DWOctB1 0 0 0 0 10 0 

DWOctB2 3 0 0 3 12 2.663 

DWOctB3 0 0 0 0 8 0 

DWNovE1 0 0 0 0 8 0 

DWNovE2 0 0 0 0 7 0 

DWNovE3 0 1 0 1 11 1.000 

DWNovM1 1 0 0 1 14 0.606 

DWNovM2 1 0 0 1 9 0.747 

DWNovM3 0 0 0 0 15 0 

DWNovB1 1 0 0 1 10 0.719 

DWNovB2 2 0 0 2 9 1.747 

DWNovB3 1 0 0 1 8 0.775 

DWDecM2 0 0 0 0 6 0 

DWDecM3 1 0 0 1 8 0.775 

DWDecB1 0 0 0 0 7 0 
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DWDecB2 0 0 0 0 6 0 

DWDecB3 0 0 0 0 7 0 

DWDecE1 0 0 0 0 6 0 

DWDecE2 1 0 0 1 7 0.803 

DWDecE3 2 0 0 2 6 1.831 

 

 

Table B-5. Summary statistics for microplastic concentrations in tap water collected from three 

sites in Niagara. January to April data is excluded due to single 1-litre sampling per site per month. 

Sampling was increased to triplicate sampling in May 2018.  

 

Month  N Mean Median SD Skew 

May Brock 3 1.62 0.44 2.44 1.67 

 Lincoln 3 0.47 0 0.83 1.73 

 Fort Erie 3 0.62 0.44 0.74 1.07 

Jun Brock  2 0.62 0.62 0.02 N/A 

 Fort Erie 3 0.15 0 0.27 1.73 

Jul Brock 3 1.33 1.63 0.55 -1.73 

 Lincoln 3 0.53 0 0.91 1.73 

 Fort Erie 3 0.38 0.52 0.33 -1.60 

Aug Brock 3 1.13 1.66 0.98 -1.73 

 Lincoln 3 0.53 0.02 0.91 1.73 

 Fort Erie 3 0 0 0 0 

Sept Brock 3 0 0 0 0 

 Lincoln 3 1.94 1.61 1.50 0.95 

 Fort Erie 3 1.90 1.47 1.56 1.16 
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Oct Brock  3 0.89 0 1.54 1.73 

 Lincoln 3 0.56 0.77 0.49 -1.55 

 Fort Erie 3 1.82 0.75 2.54 1.56 

Nov Brock 3 1.08 0.78 0.58 1.71 

 Lincoln 3 0.33 0 0.58 1.73 

 Fort Erie 3 0.45 0.61 0.40 -1.49 

Dec Brock 3 0 0 0 0 

 Lincoln 3 0.88 0.80 0.92 0.36 

 Fort Erie 2 0.39 0.39 0.55 0 

 

 

iv. Surface Water 

 

Table B-6. Microplastic counts for surface waters of the Twelve Mile Creek and Lake Ontario.  
 

Fibres Fragments Films Total Total processing 

time (mins) 

Contamination 

corrected total (/trawl 

sample) 

MTDA 5 6 1 12 122 11.338 

MTDB 2 90 0 92 131 91.289 

MTDC 1 33 0 34 86 33.533 

MTDD 0 20 0 20 77 20.000 
 

MTUA 1 12 1 14 60 13.000 

MTUB 0 4 0 4 59 4.000 

MTUC 0 6 1 7 43 7.000 
 

MTDF 16 15 0 31 61 30.669 

MTDG 21 33 1 55 77 54.582 

MTDH 13 10 0 23 103 22.441 
 

MTUD 1 2 0 3 52 2.718 

MTUE 0 1 0 1 42 1.000 

MTUF 0 0 0 0 60 0.000 



133 
 

 

 

 

Table B-7. Summary statistics for microplastic concentrations in surface water sampled collected 

via manta trawl sampling. Mean microplastic concentrations were highest in both downstream 

samples (August and October), however all samples were positively skewed.  

Sample N Mean 

(MPs/m3) 

Median SD Skew 

Aug Down 4 2.86 2.30 2.59 0.79 

Aug Up 3 0.59 0.48 0.28 1.58 

Oct Down 3 3.60 2.90 2.53 1.15 

Oct Up 3 0.11 0.10 0.11 0.07 

 

 

v. Wastewater Biosolids  
 

Table B-8. Microplastic counts for wastewater biosolids. LD = Low density separation; HD = 

High density separation.  

Sample Fibres Fragments Films Total Total 

processing 

time (mins) 

Contamination 

corrected total 

(/10g) 

Sludge 2 LD 38 14 0 52 49.8 50.59 

Sludge 2 HD 46 11 1 58 52.8 56.51 

Sludge 3 LD 13 9 0 22 25.2 21.30 

Sludge 3 HD 24 13 3 40 24.0 39.32 

Sludge 4 LD 25 7 0 32 12.0 31.66 

Sludge 4 HD 49 13 0 62 63.0 60.23 
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Table B-9: Summary statistics for agricultural soil samples. These statistics include unknown 

films in MP concentration calculations.  

Sample N Mean Median SD Skew 

S1 6 7.5 4.87 6.20 0.91 

S2 5 95.7 81.9 54.5 0.55 

S3 6 28.9 20.5 27.8 1.77 

Biosolids 3 43.3 44.9 15.2 -0.40 

 

 

vi. Agricultural Soil 
 

Table B-10. Microplastic counts for agricultural soil samples.  LD = Low density separation; 

HD = High density separation. 

Sample Fibres Fragments Films Total Total processing 

time (mins) 

Contamination 

corrected total 

(/10g) 

22 S1 LD 0 0 0 0 4 0.000 

22 S1 HD 2 0 0 2 14 1.924 

14 S1 LD 1 0 0 1 11 0.940 

14 S1 HD 3 1 0 4 19 3.897 

24 S1 LD 0 0 0 0 24 0.000 

24 S1 HD 16 0 0 16 19 15.897 

27 S1 LD 0 0 0 0 18 0.000 

27 S1 HD 3 0 0 3 9 2.951 

20 S1 LD 2 1 0 3 7 2.962 

20 S1 HD 1 0 0 1 10 0.946 

26 S1 LD 4 0 0 4 7 3.962 

26 S1 HD 15 0 0 15 38 14.794 

28 S2 LD 0 0 0 0 15 0.000 
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28 S2 HD 3 0 0 3 23 2.875 

24 S2 LD 1 0 0 1 5 0.973 

24 S2 HD 9 0 1 10 33 9.821 

18 S2 LD 3 0 0 3 10 2.946 

18 S2 HD 0 6 0 6 0 6.000 

15 S2 LD 1 1 0 2 9 1.951 

15 S2 HD 8 3 0 11 30 10.837 

7 S2 LD 5 0 0 5 14 4.924 

7 S2 HD 11 0 1 12 68 11.631 

3 S3 LD 0 0 0 0 7 0.000 

3 S3 HD 1 3 1 5 24 4.870 

7 S3 LD 0 1 0 1 4 1.000 

7 S3 HD 0 0 0 0 7 0.000 

2 S3 LD 2 0 0 2 3 1.984 

2 S3 HD 0 2 0 2 14 2.000 

4 S3 LD 1 0 0 1 3 0.984 

4 S3 HD 2 0 0 2 9 1.951 

1 S3 LD 5 0 1 6 3 5.984 

1 S3 HD 2 0 1 3 17 2.908 

5 S3 LD 0 0 0 0 4 0.000 

5 S3 HD 1 3 0 4 14 3.924 
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Table B-11: Summary statistics for agricultural soil samples. These statistics do not include 

unknown films as suspected microplastics.  

Sample N Mean Median SD Skew 

S1 6 8.0 4.4 7.3 1.0 

S2 5 10.4 10.8 5.1 -0.6 

S3 6 4.3 3.9 2.6 1.0 
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Appendix C: QA/QC Data and Sampling Information 
 

i. Blank distilled water sampling and processing  

 

Notes: Blank distilled water samples were collected in Nalgene containers and stored in the fridge for atleast 24 hours 

prior to processing. No fragments from lid/container were recovered from blanks, therefore plastic sampling bottles 

were deemed suitable for sample collection. 

Sample 

Number 

Fibres Fragments Films Total Total Processing 

Time (mins) 

Contamination 

corrected total (/L) 

B1 0 0 0 0 6 0 

B2 1 0 0 1 17 0.52 

B3 1 0 0 1 12 0.66 

 

ii. Airborne fibre sampling 

 

Notes: Airborne microfibre traps were employed at three locations in the lab: next to the microscope where samples 

were sorted, next to the sink where samples were poured, and on a nearby lab bench. Airborne contamination rates 

were calculated based on the deposition rate per cm2 per hour (petri dish area = 58 cm2).  

  

Sample Fibre count Total Exposure Time 

(mins) 

Average airborne 

deposition rate 

(fibres/cm2/hour) 

April 25 0 30 0 

April 26 (PFE8) 1 75 0.014 

April 26 (PFE9) 0 30 0 

April 27 (PFE10-11) 1 60 0.017 

April 27 (PFE12-13) 0 49 0 

April 27 (PFE14-15) 5 70 0.074 

April 30 (PME1-2) 0 30 0 

April 30 (DWAE) 1 15 0.069 

April 30 (DWAM) 1 24 0.043 

May 1 (PME3) 1 30 0.034 

May 1 (PME4-5) 3 20 0.154 

May 2 (PME6) 0 30 0 

PME7 3 23 0.135 

May 3 (PME8-9) 1 64 0.016 

May 4 (PME10, 

DWAC) 

1 57 0.018 

May 8 (PME11) 0 37 0 

May 9 (PME12) 0 28 0 

May 17 (PME13) 0 30 0 

May 22 (PME14) 2 21 0.098 

May 22 (PME15) 2 20 0.103 

PAE1 2 27 0.077 
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May 22 (PME2-3) 5 24 0.215 

May 28 (PAE4) 0 21 0 

July 12 (JuneE1) 2 25 0.083 

July 16 (JuneE2) 1 15 0.069 

July 18 (DWJuneB2) 0 35 0 

July 23  0 30 0 

July 24  2 91 0.021 

Aug 3  3 47 0.066 

Aug 9 (JulE1-4) 1 50 0.017 

Aug 10 (JulE5-11) 2 23 0.025 

Aug 14 (DWJulM1-3) 0 24 0 

Aug 15 (DWJulB2-3) 0 25 0 

Sept 5 (AugE1-4) 4 56 0.073 

Sept 7 (AugE6-8) 1 39 0.026 

Sept 10 (AugE9-14) 5 17 0.304 

Sept 12  1 60 0.017 

Sept 13, 14 0 139 0 

Sept 17 (MTDC) 2 137 0.015 

Sept 18-21 3 138 0.021 

Sept 24-27 (bench) 1 135 0.009 

Sept 24-27 (sink) 2 135 0.018 

Sept 24-27 (scope) 4 135 0.036 

Sept E4-15 (sink) 2 181 0.011 

Sept E4-15 (bench) 3 181 0.017 

Sept E4-15 (scope) 3 181 0.017 

Oct16-Nov1 (scope) 7 80 0.015 

Oct16-Nov1 (bench) 1 80 0.002 

Oct16-Nov 1 (sink) 2 80 0.004 

Nov 5 (sink) 1 112 0.009 

Nov 5 (bench) 2 112 0.018 

Nov 5 (scope) 3 112 0.028 

Nov 12-30 (sink) 5 287 0.018 

Nov 12-30 (bench) 1 287 0.004 

Nov 12-30 (scope) 4 287 0.014 

Dec 3-12 (sink) 3 173 0.018 

Dec 3-12 (bench) 3 173 0.018 

Dec 3-12 (scope) 6 173 0.035 
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iii. Blank SMI unit processing 
 

Notes: Blank sampling was conducted using distilled water (no soil samples added to the unit). Low density and high 

density separations were performed.  

Sample Fibres Fragments Films Total Total 

processing 

time (mins) 

Contamination 

corrected total  

B1 1 1 0 0 20 0.4376 

B2 3 0 0 3 25 2.297 

B3 1 0 0 1 20 0.4376 

 

iv. Reagent Blanks  
 

Reagent Fibres Fragments Films Total Total 

processing 

time (mins) 

Contamination 

corrected total  

H2O2 (30%) 0 0 0 0 5 0 

NaI 2 0 0 2 10 1.72 

FeSO4 

solution 

0 0 0 0 5 0 

 

 


