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Thesis in one sentence 

This PhD thesis addresses current knowledge gaps regarding sampling and analysis 

of microplastics in wastewater treatment plant effluent by developing novel 

approaches (Chapter 3), as well as assessing the potential adverse effects of 

wastewater-based microplastics to aquatic organisms (Chapters 4, 5, 6). 

 

 
Figure 1.1. Conceptualization of the research presented in this thesis. 

General overview of the thesis: 

In this thesis microplastics in wastewater effluent were detected using novel methods 

and the potential significance of microplastics release by wastewater treatment plants 

on the receiving environment was also investigated. As the diagram above (Figure 

1.1) indicates, aquatic organisms can be exposed to microplastics from wastewater. 

Therefore, in this thesis the potential negative impacts of microplastics were further 

investigated by exposing different freshwater organisms to the most common 

wastewater-based microplastics including fibers and beads at concentrations within 

the range of environmentally relevant concentrations. 
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Abstract 

Microplastics (i.e., plastics particles < 5mm) are widespread emerging contaminants 

that have been detected in various aquatic environments worldwide including 

freshwater and marine ecosystems. Contamination of the environment with 

microplastics has become an environmental issue due to the potential of plastics to 

remain for thousands of years and to accumulate in the aquatic environment. The 

abundance of microplastics in the aquatic environment is assumed to increase due to 

continuous fragmentation of macro and microplastic debris, which can lead to a 

decrease in the average size ranges of microplastics over time (Cole et al., 2011). 

Moreover, concerns have been raised regarding the potential of microplastics to 

physically (e.g., blockage of digestive tract) and chemically (e.g., leaching of sorbed 

chemicals and toxic additives) harm aquatic organisms.  

Microplastics can enter the aquatic environment from both aquatic-based and land-

based sources. Recently, wastewater treatment plants (WWTP) have been identified 

as one of the important land-based sources of microplastics. While microplastics 

have been reported in WWTP effluent in Asia, Europe, USA and Russia, little is 

known about the presence of microplastics in Australian WWTP effluent. More 

importantly, the lack of standardized techniques to sample and characterize 

microplastics in environmental samples, especially in complex samples such as 

wastewater, has led to inaccurate estimations of microplastic concentrations. In 

response to the current knowledge gaps, a novel validated high-volume sampling 

device was developed for in situ fractionation of microplastics from wastewater 

effluent as part of this project. The developed method was applied to three Australian 

WWTPs utilizing primary, secondary and tertiary treatments to provide a snapshot of 

the fate and removal of microplastics during various wastewater treatment processes. 

To achieve an accurate estimation of microplastics, the sampling technique was 

combined with an efficient sample processing method. Microplastic polymer type, 

shape and potential origin were further determined using microscopy analysis and 

Fourier Transform Infrared (FTIR) spectroscopy. The efficiency of the sampling 

device was found to be between 92 to 99% for 500 and 25 µm mesh screens. The 

results showed that the concentrations of microplastics were 1.5, 0.6 and 0.2 

microplastics per liter of effluent in primary, secondary and tertiary effluent, 

respectively. It was also found that the majority of detected microplastics in the 

studied WWTPs were polyethylene terephthalate (PET) fibers, which is assumed to 

originate from synthetic clothing. Polyethylene (PE) beads and fragments, which 
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may be associated with cosmetic products, were the second most frequently detected 

type of microplastic. Despite a thorough sample processing method, FTIR 

spectroscopy revealed that between 22 to 90% of the suspected microplastic particles 

were in fact non-plastic particles. This study suggests that WWTPs can act as a 

significant source of microplastics to the aquatic environment given the large volume 

of wastewater discharged to the aquatic environment. 

To date, the effects of microplastics on aquatic organisms have mostly been 

examined using high and often unrealistic concentrations of microplastics (e.g., 

milligram per liter range).  Moreover, while the presence of different types of 

microplastics together in aquatic ecosystems has been widely reported, the potential 

effects of microplastics when they occur as mixtures are largely unknown. To cover 

these knowledge gaps, the potential adverse effects of wastewater-based 

microplastics (such as fibers and beads) at lower concentrations on the freshwater 

organism Ceriodaphnia dubia were evaluated. The acute (48 h) and chronic (192 h) 

effects of PET fibers and PE bead microplastics on C. dubia were assessed alone and 

as a binary mixture. The results showed a dose-dependent trend on survival, with C. 

dubia more sensitive to PET fibers than PE microplastics. The 48 h EC50 value of 

fibers was 1.5 mg/L compared to 2.2 mg/L for PE beads. The binary mixture of 

microplastic beads and fibers demonstrated less than additive effects. EC50 values for 

the chronic bioassay were 429 µg/L for fibers and 958 µg/L for PE microplastics. A 

positive trend of decreasing growth (body size of adults) and reproduction rate 

(number of neonates) with increasing microplastic concentration was observed for 

both PE and fiber microplastics during the chronic bioassays. Using scanning 

electron microscopy (SEM) we observed deformities, such as carapace and antenna 

deformation, in C. dubia exposed to fibers at a high concentration, but not at the 

lower (environmentally relevant) concentrations.  

Given the likelihood that microplastics will eventually sink to the bottom sediment in 

the aquatic ecosystem the effects of microplastics were investigated on a freshwater 

sediment-dwelling organism (Chironomus tepperi) at environmentally relevant 

concentrations of PE microplastics (500 particles/kgsediment). Possible size-dependent 

effects of microplastics were also examined using four different size ranges of PE 

beads including 1-4, 10-27, 43-54 and 100-126 µm. The results revealed that 

exposure to an environmentally relevant concentration of microplastics had a 

detrimental impact on the survival, growth (i.e., body length and head capsule) and 

emergence of C. tepperi. The observed effects were strongly dependent on 
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microplastic size with C. tepperi more sensitive to microplastics in the size range of 

10-27 µm. No negative effects were observed on growth and survival of C. tepperi 

exposed to the larger microplastics (100-126 µm), though a significant decrease in 

the number of emerging adults was observed in the organisms exposed to the same 

size range of microplastics. Further, SEM showed a significant reduction in the size 

of the head capsule and antenna in C. tepperi exposed to microplastics in the size 

range of 10-27 µm. These results showed that environmentally relevant 

concentrations of microplastics in sediment can result in adverse effects on the 

development and emergence of C. tepperi, with effects strongly dependent on 

particle size.  

Finally, we evaluated the effects of PE microplastics on the acute toxicity of a 

pyrethroid insecticide (bifenthrin) to midge larvae (C. tepperi) in water. To test the 

single and combined effects of bifenthrin and PE microplastics, C. tepperi larvae 

were exposed to six concentrations of bifenthrin ranging from 0.1 to 3.2 µg/L in the 

presence and absence of microplastics. To examine the possible effects of bifenthrin 

and microplastics in synthetic and real water, the bioassays were performed in both 

moderately hard water (MHW) and river water. We performed an uptake study using 

three different size ranges of microplastics (10-27, 43-54, 100-126 µm) during 8-day 

microplastics-spiked water exposure. The results showed that microplastics in the 

size range of 10-27 µm were mostly ingested by C. tepperi larvae. Using this finding, 

10-27 µm microplastics were selected for the bioassays. The results of the bioassays 

using MHW demonstrated a significant decrease in the toxicity of bifenthrin in the 

presence of microplastics. This is likely attributable to the tendency of bifenthrin to 

bind to the microplastics, which reduces the bioavailability of bifenthrin to midge 

larvae. However, in the bioassays conducted in river water with a total organic 

carbon (TOC) concentration of 9.6 mg/L, no significant difference was observed 

between the toxicity of bifenthrin to C. tepperi in the presence and absence of 

microplastics. This is likely due to the interaction between organic carbon and 

bifenthrin, which reduces the bioavailability of bifenthrin to C. tepperi larvae. 

This thesis highlights that microplastic fibers and beads are released to the aquatic 

environment from WWTPs, and that this can negatively affect survival, reproduction 

and the life cycle of aquatic organisms (both pelagic and benthic) through 

entanglement (fibers) and ingestion (beads). The effect of microplastics on chemical 

contaminants is complex, and microplastics may act both as carriers but also as 

“chelators” of chemicals in the water, thereby reducing their bioavailability.  
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Chapter 1: Introduction 

1.1. Plastics debris in the environment 

The term plastic applies to synthetic organic carbon-based compounds that are 

produced by polymerization and are composed of many monomers that create the 

polymer structure (Hammer et al., 2012). The combination of the monomers and 

their position in the polymer structure forms various types of plastic polymers with 

different physical and chemical properties (Nicholson, 1997). Also, during the 

manufacture of plastics some chemical compounds termed additives or plasticisers 

may be incorporated into the plastic polymer to enhance their performance by 

providing resistance to oxidative damage (e.g., nonylphenol), microbial degradation 

(e.g., triclosan) and heat (e.g., PBDE), as well as to stabilize the polymer structure 

(Cole et al., 2011; Teuten et al., 2009). Plastics are lightweight, durable and cheap 

materials, properties that make them suitable for the manufacture of a wide range of 

products and use in various applications from food packaging to the generation of 

renewable energies (Kunwar et al., 2016). Plastic materials have become a dominant 

feature of modern life and in the consumer market (Galloway et al., 2017), with 

disposable packaging as the dominant form of use. The global demand for plastic 

products has increased the mass-production of plastic materials from 1.5 million 

tonnes in 1950 to over 300 million tonnes currently with an average annual growth of 

around 9% (Galloway et al., 2017). The most common plastic polymers produced 

globally include polyethylene (PE), polypropylene (PP), polyvinylchloride (PVC), 

polystyrene (PS), and PE terephthalate (PET) (Ivar do Sul and Costa, 2014). It is 

estimated that plastic waste comprises 10% of the total global produced solid waste 

(Jambeck et al., 2015), with a large amount of plastic waste ending up in the aquatic 

environment via direct disposal or discharge from mismanaged disposal sites and 

landfills. In 2010, approximately 5% of the generated plastic waste from 192 coastal 

countries was estimated to enter the aquatic environment from the terrestrial 

environment (Jambeck et al., 2015). Eriksen et al. (2014) estimated that 5 trillion 

plastic particles are floating in the marine environment worldwide.  

Plastic debris that enters the aquatic environment have the potential to persist for 

centuries due to the low degradation rate of plastics in the environment and undergo 

fragmentation (Auta et al., 2017). Exposure to UV radiation and other mechanical 

factors can cause breakdown of larger plastic items and form small pieces of plastics 

(Galloway et al., 2017). These small fragments of plastics were first called 
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“microplastics” by Thompson et al. in 2004 (Thompson et al., 2004). While there is 

no standard size range for “microplastics” currently defined, the term is typically 

applied to fragments smaller than 5 mm in diameter and the size range varies from 

study to study (Arthur, 2009). To date, in the majority of studies, plastic particles 

with the size less than 5 mm have been defined as microplastics (Andrady, 2011; 

Arthur, 2009; Moore, 2008), but other studies only consider plastic particles with a 

diameter between 1 µm-1 mm as microplastics (Browne et al., 2011; Imhof et al., 

2012).  

1.2. The occurrence, source and fate of microplastics in the aquatic 

environment 

Over the last decades, the abundance of microplastics has increased in the aquatic 

environment (Anderson et al., 2016). Microplastics have been ubiquitously found in 

surface water, the water column and sediment (coastal area and offshore) of both 

marine and freshwater environments across the globe (Rocha-Santos and Duarte, 

2015). (Browne et al., 2011) reported the accumulation of microplastic in the shore 

sediment of eighteen countries from six continents, indicating contamination by 

microplastics on a global scale. Microplastics can be transported to areas 

geographically distant from their source due to ocean currents and tidal force 

(Eriksen et al., 2014), which consequently spreads microplastics throughout the 

world’s aquatic ecosystems. The presence of microplastics in the polar environment 

provides evidence regarding the transport of microplastics to remote ecosystems 

(Lusher et al., 2015).  

So far, studies have predominantly reported microplastics in various forms such as 

fibers, fragments, pellets and beads in the aquatic environment, which can originate 

from different sources. Microplastics in the aquatic environment come from two 

main sources, namely aquatic-based and land-based sources (Hammer et al., 2012; 

Ziajahromi et al., 2016). Microplastics that are generated through direct dumping of 

plastic materials to the aquatic environment such as littering (e.g., discarded plastics 

materials), fishing (e.g., discarded fishing lines) and shipping (e.g., accidentally 

spillage of plastic pellets) are generally considered as aquatic-based sources 

(Hammer et al., 2012). Land-based sources are defined as the sources through which 

microplastics make their way from the terrestrial environment to the waterways and 

include land run-off and WWTP effluent (Eerkes-Medrano et al., 2015). It was 
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generally assumed that most microplastics in the aquatic environment, which are 

mainly in the form of fragments, were derived from degradation of larger plastic 

objects from aquatic-based sources. Recently reported data, however, indicate the 

potential significance of land-based sources, such as WWTPs, to release 

microplastics, which are mainly in the form of fibers and beads, to the aquatic 

environment (Mason et al., 2016; Murphy et al., 2016). However, it should be noted 

that there is no available quantitative information on the contribution of various 

sources of microplastics to the total amount of microplastics in the aquatic 

environment (Duis and Coors, 2016).  

The fate and behavior of microplastics in the aquatic environment vary depending on 

the physico-chemical properties of the plastic polymer. Generally, the fate of the 

plastic material is mainly dependent on the density of the plastic polymer, particles 

less dense than the surrounding water (such as PE; density 0.91-0.98 g/cm3) likely 

will remain buoyant, while those with a higher density (such as polyester; density 

1.2-1.5 g/cm3) will likely settle in the sediment (Galloway et al., 2017; Lagarde et al., 

2016). However, the density of microplastics in the aquatic environment can be 

influenced by environmental factors  (e.g., aggregation and interaction with organic 

material) that may consequently alter the fate of microplastics (Galloway et al., 

2017). Biofouling is the process that can change the density of a plastic particle as a 

result of colonization of microorganisms on the plastic polymer. For example, 

Lagarde et al. (2016) reported an increase in the final density of PP from 0.92 to 1.2 

as a result of microalgae growth on the surface of the plastic polymer. Also, it is 

suggested that the fate of microplastics in the aquatic environment can be influenced 

by other environmental factors such as the mixing of water due to surface circulation 

and wind that may vertically distribute plastics (Lusher et al., 2014). 

1.3. The potential concerns of microplastic pollution 

Microplastics pollution in the aquatic environment has become a growing 

environmental concern not only due to their persistence and accumulation in the 

environment, but also because of the potential to negatively affect aquatic biota 

(Wardrop et al., 2016). Microplastics can be mistaken for food by organisms with 

limited selectivity between microplastics particles and their natural food (or prey) in 

the similar size range (Wright et al., 2013). The ingestion of microplastics by both 

low trophic and high trophic organisms including vertebrates, such as fish, sea birds, 

turtles, and marine mammals, and invertebrates, such as zooplankton, lugworms and 
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mussels, have been observed, often with adverse health effects documented (Ivar do 

Sul and Costa, 2014). The presence of microplastics in fish from both marine and 

freshwater ecosystems has been widely reported (Lusher et al., 2013). For example, 

Jabeen et al. (2017), found microplastics (mostly fibres) with concentration ranges of 

1.1 to 7.2 items per individual in 36 species of benthopelagic fish from China. 

Moreover, Wieczorek et al. (2018) recently reported microplastics fibers and 

fragments with an average concentration of 1.8 microplastic particles per fish in the 

stomach of 75 to 100% of the studied fish collected from the Northwest Atlantic.  

The ingested microplastics can cause physical hazards such as gut blockage, reduced 

ability to avoid predators, changed feeding behaviour and reduced energy levels, 

which impacts survival, growth and reproduction of the exposed organisms (Wright 

et al., 2013). The convention on biological diversity (CBD) noted that there are 663 

species of marine organisms influenced by plastic particles (CBD, 2012). Further, 

entanglement can be considered as another physical impact of microplastics to 

aquatic organisms that may cause physical distress and even death (Li et al., 2016; 

Ziajahromi et al., 2017). It has also been suggested that all sea turtle species, 45% of 

marine mammal species and 21% of seabird species can be harmed through physical 

injury from plastics (Rochman et al., 2013a). In addition to the potential negative 

physical effects of microplastics, toxicity may also arise from leaching constituent 

contaminants such as sorbed chemicals and plastic additives, which are capable of 

causing carcinogenesis and endocrine disruption effects in organisms (Lambert et al., 

2014; Wright et al., 2013). Trace organic contaminants (TrOCs) that occur in the 

water at very low concentration can be sorbed to microplastics via partitioning (Mato 

et al., 2001). It has been suggested that microplastics can act as a route to transfer for 

sorbed TrOCs from the surrounding environment to the organism’s body (Chua et 

al., 2014; Rochman et al., 2013b). The extent to which microplastics and their 

associated contaminants harm organisms may vary depending on the susceptibility of 

species, the volume of ingested microplastics, type of pollutants, kinetic of 

repartition of pollutants between plastic and tissues and the residence time of 

contaminated microplastics in the organism’s body (Andrady, 2011).  

There has been some controversy regarding the role of microplastics to transfer 

sorbed TrOCs to aquatic organisms with some previous studies suggesting a positive 

correlation between the ingestion of contaminated microplastics and an increase in 

the bioaccumulation of contaminants such as PCBs (Besseling et al., 2013), and 

PBDEs (Wardrop et al., 2016) in marine organisms. However, modelling approaches 
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have predicted that microplastics may be capable of reducing the bioaccumulation of 

TrOCs depending on the contaminant gradient between the organism’s tissues and 

the microplastics (Koelmans et al., 2013).  

Despite the physical and chemical adverse effects of microplastics on organisms 

individually, microplastics have the potential to alter an organism’s habitat and affect 

populations (Wright et al., 2013). The results of study conducted by Carson et al. 

(2011) on Kamilo beach in Hawaii, which is heavily polluted with microplastics 

(mostly PE), can be seen as a good example of the population-level impacts of 

microplastics. It was found that higher amounts of microplastics increased the 

permeability of the sediment and changed its maximum temperature. This caused 

sediment to became warmer and affect beach-dwelling organisms especially the sex-

determinant organisms such as sea turtle eggs that are vulnerable to such changes 

(Carson et al., 2011). Given the harmful nature of microplastics for aquatic 

organisms, and due to the fact that currently in U.S, Europe, Canada, Australia and 

Asia, plastic have been classified as solid waste, Rochman et al. (2013a) has 

commented on the necessity to classify microplastics as a hazardous material. This 

would give environmental regulatory agencies the power to prevent the accumulation 

of plastics in the environment and to restore affected habitats (Rochman et al., 

2013a).  

1.4.  Thesis objectives 

The first part of this thesis highlights the current state of research (Chapter 2) into the 

potential importance of WWTPs to act as a source of microplastics to the aquatic 

environment and quantifies and characterizes microplastics in three different 

Australian WWTPs utilizing primary, secondary and tertiary treatment processes 

(Chapter 3). This part aims to address the current knowledge gaps by developing new 

validated approaches to sample and analyze microplastics from wastewater effluent 

with minimum bias. The second part of the thesis aims to examine the potential 

adverse effects of common wastewater-based microplastics (selected based on the 

findings of the first part of the thesis) on two different freshwater organisms in water 

and sediment (Chapters 4 and 5). The second part also aims to test microplastics at 

lower concentrations and within the range of environmentally realistic concentration 

as well as the effects of microplastics as a mixture.  

The third part of this thesis aims to examine the interaction of microplastics and a 

TrOC and their combined toxic effects on a freshwater organism (Chapter 6). 
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The results of this thesis provide an insight into the contribution of WWTPs to 

release microplastics to the aquatic environment and emphasize the importance of 

accurate estimation of microplastics. The finding of this thesis also indicates that 

exposure to wastewater-based microplastics pose a risk to both pelagic and benthic 

species. 

1.5.  Content and structure of the thesis 

This thesis contains a general introduction (Chapter 1) followed by three published 

papers, one submitted paper and one to be submitted paper (Chapters 2, 3, 4, 5, 6), as 

well as a general discussion (Chapter 7). Figure 1.2 presents the general structure of 

this thesis. 

Chapter 1 provides a general background and gives an overview of the content of this 

thesis. 

Chapter 2 includes a comprehensive literature review, which highlights the current 

state of research and identifies the research gaps in terms of i) the contribution of 

WWTPs to release microplastics to the aquatic environment, ii) the standardized 

methods to sample and characterize microplastics, iii) the fate and interaction of 

wastewater-based microplastics with wastewater-associated contaminants and iv) the 

potential of microplastics to affect the aquatic organisms.  

Chapter 3 was designed in response to the lack of a standardized method to sample 

and characterize microplastics with minimum bias as well as the need to better 

understand the fate of microplastics during different wastewater treatment processes.  

Chapters 4 and 5 focus on how different freshwater organisms are impacted by 

wastewater-derived microplastics at the concentrations within the range of 

environmentally realistic concentrations, which was identified as a knowledge gap in 

Chapter 2.  

Chapter 6 explores the difference in effect of insecticide bifenthrin in the presence 

and absence of microplastics, as the literature suggests that microplastics have the 

capacity to interact with TrOCs in the aquatic environment, which may change the 

toxicity of microplastics to aquatic organisms. 

The final chapter, Chapter 7, is a general discussion, summarizing the key finding of 

this research and the linkage between the different chapters of the thesis.  

It should be noted that as a result of the structure of the thesis, there is likely to be 

some repetition in the introduction among the chapters, as each had to stand alone as 

a full manuscript for publication as a scientific paper. 
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Chapter 2. Wastewater treatment plant effluent as a source of 

microplastics: review of the fate, chemical interaction and potential 

risks to aquatic organisms 
 

This chapter of the thesis includes a comprehensive literature review, which reviews the 

current state of literature on microplastics in WWTP effluent and their subsequent 

chemical-environmental fate and effects on aquatic biota. This chapter identified 

knowledge gaps, which are addressed in the following experimental Chapters 3-6.  

 

This chapter is in the form of a published paper, which was co-authored with my 
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authors, are:  
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Wastewater treatment plant effluent as a source of

microplastics: review of the fate, chemical interactions

and potential risks to aquatic organisms

Shima Ziajahromi, Peta A. Neale and Frederic D. L. Leusch
ABSTRACT
Wastewater treatment plant (WWTP) effluent has been identified as a potential source of microplastics

in the aquatic environment. Microplastics have recently been detected in wastewater effluent in

Western Europe, Russia and the USA. As there are only a handful of studies on microplastics in

wastewater, it is difficult to accurately determine the contribution of wastewater effluent as a source of

microplastics. However, even the small amounts of microplastics detected in wastewater effluent may

be a remarkable source given the large volumes of wastewater treatment effluent discharged to the

aquatic environment annually. Further, there is strong evidence that microplastics can interact with

wastewater-associated contaminants, which has the potential to transport chemicals to aquatic

organisms after exposure to contaminated microplastics. In this review we apply lessons learned from

the literature on microplastics in the aquatic environment and knowledge on current wastewater

treatment technologies, with the aim of identifying the research gaps in terms of (i) the fate of

microplastics in WWTPs, (ii) the potential interaction of wastewater-based microplastics with trace

organic contaminants and metals, and (iii) the risk for aquatic organisms.
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ABBREVIATIONS
DDT¼ dichlorodiphenyltrichloroethane; FT-IR¼ Fourier
transform infrared spectroscopy; LOAEC¼ lowest observ-
able adverse effect concentration; PAH¼ polycyclic
aromatic hydrocarbon; PBDE¼ polybrominated diphenyl

ether; PCB¼ polychlorinated biphenyl; PVC¼ polyvinyl
chloride; TrOC¼ trace organic contaminants; UPVC¼
unplasticized polyvinyl chloride; WWTP¼wastewater treat-

ment plant; KPE-w¼ polyethylene-water partition
coefficient; KOW¼ octanol-water partition coefficient.
INTRODUCTION

The occurrence of plastic debris as a widespread pollutant
has been reported in various aquatic environments, includ-

ing rivers, lakes, estuaries, coastlines and marine
ecosystems, and represents an increasing environmental
concern (Eerkes-Medrano et al. ).

Currently, the polymers that contribute to 90% of plastic
products are (low-density and high-density) polyethylene,
polypropylene, polyvinyl chloride, polystyrene, and poly-
ethylene terephthalate (or polyester) (Zarfl & Matthies
; Ivar do Sul & Costa ). Consequently, the majority
of released plastic pollutants in the environment are com-

posed of these polymers (Ivar do Sul et al. ).
Microplastics, which are plastic fragments in the

micrometer size range (<1 mm) (Browne et al. ), are
available to a wide range of aquatic organisms as they
occupy the same size range as their natural food sources
(Zhao et al. ). Microplastics have the capacity to interact

with a variety of contaminants in the surrounding environ-
ment (Holmes et al. ; Bakir et al. ; Wang et al.
), which may also pose a risk for aquatic organisms.

Further, additives that are included in the polymer structure
during manufacturing may also lead to harmful conse-
quences if they are leached to exposed organisms (Browne
et al. ). Nevertheless, the degree to which various micro-

plastics themselves and their associated contaminants may
cause a risk to aquatic organisms still remains poorly
understood.
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Generally, the sources of microplastics in the aquatic

environment have been classified as (i) aquatic-based
sources and (ii) land-based sources and include both pri-
mary and secondary microplastics (Law et al. ;

Hammer et al. ; Eriksen et al. b). Primary microplas-
tics are manufactured as microplastics, while secondary
microplastics are produced from the breakdown of larger
plastic particles (Zhao et al. ). Aquatic-based microplas-

tics may originate from the degradation of larger plastic
objects discarded through human activities such as littering,
fishing and shipping, and are considered as secondary

microplastics (Hammer et al. ). Land-based sources
include run-off containing microplastics (solid wastes).
After heavy rainfall, microplastics can be flushed into the

aquatic environment, especially from poorly managed or
illegal landfills (Teuten et al. ; Hammer et al. ;
Wagner et al. ; Duis & Coors ), and these particles
can also be classified as secondary microplastics given that

they undergo breakdown before entering the aquatic
environment (Eerkes-Medrano et al. ). Wastewater treat-
ment plant (WWTP) effluent is another land-based source of

microplastics (Cole et al. ; Wagner et al. ; Eerkes-
Medrano et al. ) and can include both primary and sec-
ondary microplastics. Depending on the wastewater

treatment facilities, effluent may be released directly into
the ocean or into the fresh water environment, such as
rivers or lakes, which may then be transported to the

marine environment (McCormick et al. ).
While land-based sources are assumed as one of the

most important sources of microplastics (da Costa et al.
), there is a lack of quantitative estimation on the rela-

tive contribution of different sources to the total
concentration of microplastics in the aquatic environment
(Koelmans et al. ; Duis & Coors ).

Amongst the different sources of microplastics to the
aquatic environment, wastewater effluent has recently
received considerable attention as a potential point source

of microplastics (Browne et al. ; Carr et al. ). How-
ever, the contribution of microplastics released via
wastewater effluent compared to other sources is largely

unknown (Magnusson & Norén ; Eerkes-Medrano
et al. ).

The importance of WWTP effluent as a source of micro-
plastics may increase in the future, given current population

growth as well as rapid urbanization and industrialization,
which can lead to increasing volumes of wastewater
(UNEP ; Browne et al. ). Subsequently, the contri-

bution of wastewater-based microplastics into the receiving
environment may continue to increase if its importance is
not fully realized and no further actions are taken to prevent

and reduce microplastics in wastewater.
The current review highlights the presence and potential

importance of WWTP effluent as one of the sources of

microplastics in the aquatic environment by reviewing the
current state of knowledge. The review will also provide
an in-depth analysis on the fate of microplastics in
WWTPs, the potential mechanisms involved in the inter-

action of wastewater-based microplastics and trace organic
contaminants (TrOCs), and the adverse effects of microplas-
tics and their associated TrOCs from a risk-based

perspective. The review will conclude by highlighting areas
of future research.
SOURCESOFWASTEWATER-BASEDMICROPLASTICS
INTO THE AQUATIC ENVIRONMENT

Over the last few years, various types of microplastics with a
suspected WWTP origin have been reported in aquatic eco-
systems (Table 1). One of the common wastewater-based

microplastics is microbeads, such as polyethylene and poly-
propylene, which contribute to over 90% of microbeads
associated with cosmetic and personal care products

(Zitko & Hanlon ; Fendall & Sewell ; Leslie ;
Wagner et al. ; Dris et al. c; Gouin et al. ).
While a number of cosmetic companies have voluntarily

started to remove plastic microbeads from their products
and replace them with natural compounds (Gouin et al.
), it was recently reported that 80 body and facial
scrub products in the UK market still contain polyethylene

microbeads that can be consumed by millions of consumers
worldwide (Beat the Microbeads ; Napper et al. ).
Moreover, a very recent study of eight municipal WWTPs,

effluent across Southern California revealed that the
majority (over 90%) of detected microplastics had a profile
resembling the blue polyethylene microplastics extracted

from toothpaste (Carr et al. ). Thus, microbeads in per-
sonal care products are currently an important potential
source of microplastics in WWTP effluent.

Recently, the US Government established the
‘Microbead-Free Waters Act of 2015’, which prohibits the
production or sale of rinse-off personal care products (e.g.
toothpaste or facial scrubs) containing microbeads from

2017 (Congress.gov ).
Other plastic polymers also used in cosmetic products

include polylactic acid, polyethylene terephthalate (Rochman

et al. ), polyethylene isoterephthalate, nylon-12, nylon-6,
poly(methyl methylacrylate), polytetrafluoroethylene, and



Table 1 | Some studies detecting microplastics in the aquatic environment pointing to a suspected wastewater origin

Study Study location
Sampled
environment

Average abundance of
sampled microplastics

Mesh size of
sampling method Origin of sampled microplastics

Zhao et al.
()

Yangtze Estuary and
the coastal waters of
the East China Sea

Surface
water

4,137 particles/m3 in
Yangtze Estuary, and
0.167 particles/m3

coastal waters of East
China Sea

333 μm mesh
neuston net

Approximately 80% were fibres,
which were suspected to
derive from sewage and/or
from degradation of rope
material and fishery activities

Castañeda
et al. ()

St Lawrence River,
Canada

Sediment 13,832 particles/m2 500 μm sieve 99.9% of polyethylene
microbeads had a similar size,
shape and chemical
composition to microbeads in
cosmetic products

Claessens
et al. ()

Belgian coast Sediment 37,000–149,000 particles/
m2

Bulk sample of
sediment was
taken and
passed
through
38 μm mesh

Nylon and polypropylene fibres
followed by polyethylene and
polypropylene fragments were
the dominant type of
microplastics that were
suggested to be associated
with carpet and clothing and
cosmetic products, respectively

Browne et al.
()*

Australia, Oman,
United Arab Emirate,
Chile, Philippines,
Portugal, USA, South
Africa, Mozambique,
UK

Sediment 2–31 particles /250 ml of
sediment

NA The dominant types of collected
microplastics were polyester
and acrylic, followed by
polypropylene, polyethylene,
and polyamide fibres, with
detected fibres similar to fibres
found in wastewater effluent,
most likely from washing
synthetic clothes

Dris et al.
(a)*

River Seine, France Surface
water

30 and 0.35 particles/m3

for plankton net and
manta trawl,
respectively

80 and 330 μm-
mesh,
plankton net
and manta
trawl

The dominant type of sampled
microplastics was fibres, and
urban water system discharges,
including wastewater, were
considered as one of the
sources of the detected
microplastics

Eriksen et al.
(a)

Lakes Superior, Huron
and Erie, USA

Surface
water

43,000 particles/km2 333 μm mesh
manta trawl

Many microplastics were multi-
coloured with a spherical
shape and were suspected to
be microbeads from cosmetic
products associated with
wastewater

Gallagher
et al. ()

Solent Estuarine
Complex, UK

Water
column

Total of 2,759 particles at
four different sampling
site

300 μm
plankton net
trawl

The majority of detected
microplastics were fibres
(expected to be polyester) and
rounded pellets (expected to
be polyethylene and
polypropylene), which were
likely to be associated with
wastewater effluent discharge

(continued)
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Table 1 | continued

Study Study location
Sampled
environment

Average abundance of
sampled microplastics

Mesh size of
sampling method Origin of sampled microplastics

Talvitie et al.
()*

Helsinki archipelago
coastal Gulf of
Finland

Water
column &
sediment

0.01 and 0.65 fibres/L, 0.5
and 9.4 synthetic
particles/L

20–200 μm
using a
filtration
device

Fibres and synthetic particles
with properties similar to
microplastics detected in
wastewater effluent were found
in the receiving water body of
a WWTP

McCormick
et al. ()

North Shore Channel,
Illinois, USA

Surface
water

17.93 particles/m3

downstream of WWTP
effluent input
1.94 particles/m3

upstream, of WWTP
effluent input

333 μm mesh
neuston nets

1.21 and 10.57 particles/m3 were
fibres and 0.45 and
0 particle/m3 were pellets, in
downstream and upstream
samples, respectively.
Microplastics were suspected
to be associated with synthetic
textiles and cleansing products
in wastewater

Woodall
et al. ()

Mediterranean Sea, SW
Indian Ocean and
NE Atlantic Ocean

Sediment 14,000 particles/m2 of
Indian Ocean Sediment

Collected
sediments
passed
through
32 μm mesh
sieve

The dominant type of detected
fibres was polyester (53%)
followed by polyamide (34%)
and acrylic (12%). Textile was
suggested as one of the
potential sources

Note: 70 kg sediment, 0.1 m2 of sampling site (Claessens et al. 2011).

NA: Not available.

*Studies that confirmed wastewater as a source of detected microplastics using Fourier transform infrared spectroscopy.
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polyurethane (Leslie ), and these polymers may enter

wastewater influent following production and use of those
products. Additionally, microplastics with physical properties
that resemble microbeads, such as polyethylene, polystyrene
and thermoset polyester polymer applied in air and sand blast-

ing technologies, are also a potential source of microplastics
in wastewater (Eriksen et al. a).

Microfibres, such as polyester, acrylic, and nylon associ-

ated with clothes, carpets and other textile products
(Browne et al. , ; Claessens et al. ), may uninten-
tionally find their way into the aquatic environment via

wastewater during washing and/or manufacturing of syn-
thetic fibres and represent another type of wastewater-based
microplastics (Teuten et al. ; Browne et al. ; Law &

Thompson ; Driedger et al. ; Rocha-Santos &
Duarte ). More than 100 fibres per litre of laundry waste-
water can be released into WWTPs from washing polyester
clothes (Browne et al. ; Dris et al. c). Thus, textile
and carpet industries as well as commercial laundries are
likely to release significant amounts of microplastic fibres to
WWTPs and, depending on the level of treatment, this waste-

water effluent may represent a relatively large source of
microplastic fibres. However, this has yet to be estimated.
McCormick et al. () reported high concentrations of

microplastics, mostly fibre associated with synthetic fabrics,
in the North Shore Channel of the Chicago River, which
receives secondary effluent from a domestic treatment plant
that currently operates with secondary clarifiers (Storm

Water Solution ).
Microplastics with a similar shape and composition to

microbeads used in cosmetic products have been detected

in surface waters from three of the Great Lakes in North
America, with their source suspected to be wastewater efflu-
ent discharges (Eriksen et al. a). This finding was

supported by the detection of microbeads in wastewater
effluent discharged into the Great Lakes (Schneiderman
). Further, Claessens et al. () found high concen-

trations of microplastics with the dominant shape of fibres
and granules in marine sediment along the Belgian coast.
Although this study was not able to determine the source
of the detected microplastics, it was speculated that the

granules, which included polyethylene and polypropylene,
were likely to have originated from cosmetic products, air
blasting media and the plastics industry. Additionally, a pro-

portion of fibres, such as nylon, were suspected to be derived
from fibrous material including clothes and carpets
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(Claessens et al. ), and thus are likely to be associated

with domestic and/or industrial wastewater discharge.
Deep-sea sediments sampled at different locations

worldwide, including the Mediterranean Sea, South West

Indian Ocean and North East Atlantic Ocean, showed
that polyester and acrylic polymers contributed to the
majority (86%) of analysed microplastics and were sus-
pected to derive from sources such as packaging material,

electronics and textiles (Woodall et al. ). Wastewater
was suggested as one of the potential sources of microplas-
tics in all above studies, but the actual contribution of

wastewater to the detected microplastics has yet to be estab-
lished. In contrast, Klein et al. () detected microplastics
in sediment along the shore of the Rhine and Main Rivers in

Germany and found lower concentrations of microplastics
near WWTPs compared to other monitored areas, with no
relationship between the number of microplastics detected
and the proximity to WWTPs found. Moreover, the detected

microplastics primarily included polyethylene, polypropy-
lene and polystyrene, which suggests that they originated
from discarded plastic products, as these polymers comprise

55.7% of European plastic demand (Klein et al. ).
A number of factors may affect the contribution of waste-

water as a source of microplastics and also the dominant type

of wastewater-basedmicroplastics in a specific area including
(i) population density, (ii) the number and type of industries
involved in producing plastics, (iii) the level of wastewater

treatment, (iv) the public awareness with respect to micro-
plastics and their subsequent effects and (v) waste
management processes (Free et al. ; Jambeck et al.
). The correlation between some of the above-mentioned

factors and input into the aquatic environment has been
reported for other pollutants (Abril et al. ). Thus, it is
likely that highly populated and industrialized communities

with low levels of wastewater treatment, as well as inefficient
waste disposal management, may be major contributors to
the release of wastewater-based microplastics to the environ-

ment. It is reported that 90% of all wastewater in developing
countries is discharging untreated to the aquatic environment
such as lakes, rivers and the oceans (UNEP ).
FATE OF WASTEWATER-BASED MICROPLASTICS IN
WWTP

While the presence of wastewater-based microplastics in the
aquatic environment has recently attracted the attention of

scientists (Fendall & Sewell ; Cole et al. ; Eriksen
et al. a; McCormick et al. ), less attention has
been drawn to the fate of microplastics during wastewater

treatment (Duis & Coors ).
Before returning to the aquatic system, wastewater may

be treated in WWTPs. Depending on the type and scale of

the facility, a WWTP can have primary, secondary and ter-
tiary treatment trains to purify the influent using physical,
chemical and biological treatment processes. During phys-
ical and chemical processes many suspended and floating

solids including plastic particles are removed through
screening, sedimentation, flotation, coagulation-flocculation
and filtration within treatment ponds or settling tanks

(Stephenson ). These processes generally capture a
large amount of solid particles, which may include plastic
debris depending on the size and density of particles as

well as the size of the screen bars and filters (Stephenson
). The degree to which these processes can specifically
remove microplastics has recently been investigated by Tal-
vitie et al. (), who found that the number of microfibres

in wastewater influent reduced from 180 fibres per litre to
14.2 and 13.8 fibres per litre after primary and secondary
sedimentation processes, respectively.

To investigate the fate of microplastics during treatment
processes and the role of wastewater as a source of micro-
plastics, it is necessary to estimate the mass of

microplastics entering WWTPs and the amount released
with wastewater effluent. Recently, there have been a
number of pilot studies assessing the load of microplastic

in WWTPs in Europe, Russia and the USA (HELCOM
; Magnusson & Norén ; Schneiderman ), with
the results summarized in Table 2. One such study demon-
strated that mechanical, chemical and biological treatment

can remove about 99% of microplastics, from 15,000
particles/L in the influent to 8 particles/L in the effluent
(Magnusson & Norén ). Likewise, in a Russian WWTP,

the number of microplastics (textile fibres) reduced from 467
particles/L in the influent to 16 particles/L in the effluent
(∼96% reduction in microplastics after secondary treatment)

(HELCOM ). While this is a promising finding, given a
volume of treated wastewater of 2.18 million m3/d from the
above Russian WWTP (Vodokanal ), over 34× 109 par-

ticles/L are still discharged to the receiving environment
every day. A recent study on a WWTP in Finland also
reported an average concentration of 4.9 and 8.6 microplas-
tic fibres and particles, respectively, per litre in tertiary

treated effluent (∼98% removal after tertiary treatment) (Tal-
vitie et al. ). Therefore, a daily discharge of 1.3 × 109

fibres and 2.3 × 109 particles to the receiving environment

can be expected from that one WWTP, given a flow rate of
around 270 million litres of wastewater per day (Talvitie



Table 2 | Some reviews of techniques used to detect microplastics in wastewater and reported results

Study
Study
country

Sampling
method

Size range of
sampled
particles
(μm)

Identification
method

Dominant shape &
type of detected
microplastics

Number of
microplastics influent

Number of
microplastics in final
effluent Treatment type Removal rate

Talvitie et al.
()

Finland Filtration
device

20–200 Visual
observation &
FT-IR
spectroscopy

Synthetic
particle and
textile fibres

430 synthetic
particle/L,
180 textile
fibres/L

8.6 synthetic
particles/L,
4.9 textile fibres/L

Tertiary 98%
synthetic
particle,
97% for
fibres

Dris et al.
(b)

France Automatic
sampler

ND Visual
observation

Fibres 260–320 particles /L 14–50 particles/L Primary &
biological
treatment

84–94%

Murphy et al.
()

Scotland Steel bucket
and steel
sieve

>65 Visual
observation &
FT-IR
spectroscopy

Fibres
(polyester,
polyamide,
acrylic)

15.7 particles/L 0.3 particles/L Secondary 98.4%

Carr et al.
()

USA Sieving 20–400 Visual
observation &
FT-IR
spectroscopy

Irregularly
shaped
polyethylene

1 particle/L ∼0.0007 particles/L Tertiary 99.9%

Magnusson &
Norén
()

Sweden Filtration >300 Visual
observation &
FT-IR
spectroscopy

Fibres and
fragment

15 particles/L 8.3 particles/L Mechanical,
chemical &
biological

99.9%

HELCOM
()

Russia A filtration
device

20–300 Visual
observation

Fibres &
synthetic
particle

467 fibres/L,
160 synthetic
particles/L

16 fibres/L,
7 synthetic
particles/L

Mechanical
treatment and
purification

96%

Browne et al.
()

Australia Glass bottle
(750 ml),
filtration

ND Visual
observation &
FT-IR
spectroscopy

Fibres ND 1 particle/L Tertiary ND

ND: Not detected; FT-IR: Fourier transform infrared spectroscopy.
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et al. ). Carr et al. () reported a removal efficiency of

99.9% of microplastics in tertiary WWTPs in the USA, with
a total daily discharge of 9.3 × 105 microplastics. It should be
noted that the lack of a uniform and standardized method

for sampling, sample processing and analysis of microplas-
tics may lead to non-comparable results. The methods
used by some studies that detect microplastics in WWTPs
are shown in Table 2.

Thus, while 96 to 99.9% is a significant reduction, the
small percentage remaining in the effluent is likely to never-
theless represent an important source of microplastics to the

aquatic environment given the large volume of effluent
produced annually.

Currently, WWTPs are not specifically designed to

remove microplastics from the wastewater effluent (Schnei-
derman ). However, the results of recent studies showed
that the majority of microplastics are captured through
skimming of floating solids during the primary treatment

stage (Carr et al. ; Murphy et al. ). In this process
microplastics removal is more dependent on density rather
than size, as lower density microplastics may float and be

removed by surface skimming (Carr et al. ). Moreover,
there is evidence that tertiary treatment showed greater
removal of microplastics compare to secondary and primary

(Talvitie et al. ). Analyzing the final effluent of a German
WWTP revealed that advanced filtration could only remove
93% of microplastics in the size range of <500 μm (Mintenig

et al. () as cited in Duis & Coors ()). More research
is needed to assess the capacity of WWTPs to capture
microplastics.

The physiochemical properties of microplastics can be

altered during treatment processes. A recent study provides
evidence regarding the presence of a layer of biofilm on the
observed wastewater-based microplastic. These biofilms

may influence the surface properties and relative density
of microplastics (Carr et al. ), and consequently the
fate of wastewater-based microplastics in the aquatic

environment. Further, Lobelle & Cunliffe () showed
that biofilm can significantly modify the physiochemical
properties of plastic debris, by making them less hydro-

phobic and more buoyant. Further research is required to
study physical and chemical modifications of microplastics
during wastewater treatment processes.

When considering the fate of microplastics in WWTPs,

another important issue is what happens to the retained
microplastics. It has been reported that a large proportion
of the captured microplastics will be retained in the sludge

phase (Magnusson & Norén ), with a number of studies
finding high concentrations of microplastics in WWTP
sludge samples (Brandsma et al. ; Magnusson &

Norén ; Carr et al. ). Carr et al. () reported 5
microplastic particles in 5 g of biosolids samples from a
WWTP, which based on the daily production of biosolids,

1.9 × 109 particles were estimated to be removed daily
with the biosolids. Thus, the use of treated sewage sludge
as a biosolid may be an important source of microplastics
to the environment given their wide application in agricul-

ture and forestry for soil amendment (Rillig ; Dris
et al. c; Eerkes-Medrano et al. ; Rocha-Santos &
Duarte ). It is also suggested that a proportion of micro-

plastics in soil may eventually enter the aquatic
environment via runoff after heavy rain, irrigation or
through transportation by the wind (Hammer et al. ;
Rochman et al. ).
INTERACTION OF MICROPLASTICS WITH TROCS
AND METAL IONS

Given that wastewater contains a large number of organic

and inorganic pollutants, it is likely that microplastics can
interact with the variety of contaminants present in waste-
water. This can potentially make microplastics carriers of

wastewater-based contaminants, including industrial chemi-
cals, pharmaceuticals, hormones, pesticides and metal ions,
and thus modify their environmental fate. Using the textile

industry as an example, substantial amounts of chemicals
are used in bleaching, dyeing and finishing processes, thus
auxiliary chemicals and heavy metals such as Cr, As, Cu
and Zn can be released into the wastewater (Carmen &

Daniela ; Ghaly et al. ) and can potentially interact
with the microfibres associated with textiles.

The interaction of microplastics and metal ions such as

Al, Fe, Mn, Cu, Zn, Pb, Ag, Cd, Co, Sr, Mo, Sb, Sn, and Ni
and the capacity of plastics to act as a ‘transport vector’ of
toxic metals has been extensively reported in the literature

(Ashton et al. ; Holmes et al. ; Nakashima et al.
; Rochman et al. ). Metallic sorption can occur in
both aged/weathered and virgin microplastics. It was

assumed that the sorption mechanism in weathered micro-
plastics would occur through the interaction of bivalent
cations and oxyanions with the charged regions of modified
plastic surfaces (Holmes et al. , ). However, it was

demonstrated that the interaction of virgin microplastics
and trace metals (Cd, Co, Ni, Pb) occurs through the rapid
adsorption of existing organic matter in water to the surface

of the microplastics, leading to the acquisition of a negative
charge from the organic matter function groups, due to the
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fact that virgin plastics do not exhibit inherent charge or

acid-base behaviour (Holmes et al. ). Therefore, the
potential interaction of microplastics with metal ions in
wastewater, as well as the common treatment chemicals,

such as aluminium and iron used for flocculation-coagu-
lation processes (Ukiwe et al. ), may be an issue that
needs further investigations.

In both the laboratory and the field, microplastics have

been shown to sorb a wide range of TrOCs at many orders
of magnitude higher than the surrounding water, with the
reported concentrations ranging from 1 to 10,000 ng/g

(Rios et al. ; Koelmans et al. ). Further, microplastics
are able to accumulate more contaminants in highly pol-
luted environments, such as industrial areas (Frias et al.
; Hirai et al. ; Karapanagioti et al. ; Antunes
et al. ; Mizukawa et al. ). Thus, it is expected that
microplastics in wastewater will behave similarly and will
be able to accumulate high concentrations of TrOCs and

metals. The sorption of some organic pollutants including
dichlorodiphenyltrichloroethane (DDT) and phenanthrene
to polyethylene microbeads extracted from shower gel has

recently been showed to be comparable with the sorption
capacity of polyethylene originating from other sources
(Napper et al. ). Moreover, there is evidence of the inter-

action of microplastics and wastewater derived TrOCs, such
as perfluorooctanesulfonate (PFOS) and perfluorooctanesul-
fonamide (PFOSA), with perfluorochemicals found

frequently in municipal and industrial wastewater and
sewage sludge (Ma & Shih ; Wang et al. ). To
date, research on the interaction of microplastics and
TrOCs has mainly focused on the marine environment,

and more recently fresh water and estuarine environments,
but the sorption behaviour and chemical fate of microplas-
tics in wastewater still remains unexplored.

Sorption capacity of microplastic for TrOCs

The sorption of TrOCs to microplastics polymers is likely to
occur through (i) absorption and (ii) adsorption mechan-
isms, which are strictly dependent on the physico-chemical

characteristics of both TrOCs and microplastic (Mato et al.
; Matsuzawa ; Rochman et al. a). Thus, different
microplastics are expected to show different sorption affi-
nities for different types of TrOCs.

Adsorption is assumed to be the general sorption mech-
anism that would occur not only through the interaction of
hydrophobic surfaces of the polymer and TrOCs (Matsu-

zawa ) (non-polar surface interaction/hydrophobic
interaction), but also by specific interactions, such as
electrostatic interactions and hydrogen bonding (Pan &

Xing ). The polymer adsorption capacity to uptake
TrOCs is likely to be positively correlated with the polymer
surface area, which provides more adsorption sites at the

surface of the polymer (Teuten et al. ; Fotopoulou &
Karapanagioti ; Rochman et al. a; Rochman ).
Thus, the smaller the microplastic size, the more surface
area and consequently the greater the sorption capacity

(Rochman ). The surface interaction is likely to reach
a threshold once the adsorption sites are saturated, and
the time required to reach saturation may also vary depend-

ing on the polymers and TrOCs (Rochman et al. a).
Absorption, on the other hand, refers to the diffusion of

contaminants into the matrix of the sorbent, which is

strongly associated with the polymer molecular structure
(Rochman et al. a). Polymers have been classified as rub-
bery and glassy based on their molecular structure
(Crawford ). The structure of glassy polymers is more

condensed, with little void spaces, whilst rubbery polymers
exhibit greater flexibility, with large amounts of free volumes
between molecules (Teuten et al. ; Bakir et al. ). It
has been shown that rubbery polymers, such as polyethylene
and polypropylene, have a greater sorption capacity for
TrOCs such as phenanthrene, DDT, polychlorinated biphe-

nyl and polycyclic aromatic hydrocarbons compared to
glassy polymers such as polyvinyl chloride (PVC) (Bakir
et al. ; Rochman et al. a). Consequently, it is obvious
that the sorption capacity of microplastics for TrOCs varies
appreciably among different types of polymer depending on
their surface area, crystallinity and diffusivity (Rochman
et al. a; Rochman ).

While specific types of polymer may show a high ten-
dency to sorb a specific class of TrOCs, this may not
extend to all classes of TrOCs (Rochman et al. a;

Rochman ). The chemical properties of TrOCs such as
hydrophobicity (octanol-water partition coefficient, log
Kow) and molecular weight (Smedes et al. ) can also

affect the sorption rate and the equilibrium time (Rochman
et al. a).

Other factors that are likely to affect the partition behav-

iour and sorption rate of a TrOC to microplastics are (i) the
concentration of organic matter and (ii) the presence of
other contaminants in the system. The relative importance
of organic matter compared to microplastics for sorption

of hydrophobic TrOCs has been recently suggested using a
multimedia model (Gouin et al. ). Based on an environ-
mentally realistic volume ratio of polyethylene to organic

matter (1:1.26 × 107) for the marine coastal system, it has
been predicted that the majority of TrOCs, even those with
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a high polyethylene-water partition coefficient (log KPE-w>7),

will tend to partition more (>99%) to organic matter than
polyethylene (Gouin et al. ). Thus, the organic matter-
microplastic volume ratio may also affect the sorption rate

of TrOCs to microplastics. This is particularly relevant for
wastewater-based microplastics, as wastewater can contain
high concentrations of organic matter, microplastics and
TrOCs.

The competition behaviours between various TrOCs to
sorb to microplastics can also influence the sorption rate
of a TrOC to microplastics (Bakir et al. ). Given that

wastewater will contain a complex mixture of TrOCs, it is
likely that the sorption capacity of TrOCs by microplastics
in wastewater would be lower than expected based on

single compound experimental studies (Bakir et al. ).
More research is required to investigate sorption behaviour
in real but more complex matrices, such as WWTP effluent.
A RISK-BASED PERSPECTIVE OF BIOLOGICAL
EFFECTS OF MICROPLASTICS ON AQUATIC
ORGANISMS

To evaluate the risk that microplastics may pose to aquatic
organisms, it is important to understand to what extent
microplastics and their associated contaminants contribute

to adverse effects and subsequent health outcomes in
aquatic organisms. Toxicity may be related to acute or
chronic effects through short or long-term exposure to

microplastics and/or associated contaminants (Hammer
).

Biological effects of microplastics themselves

The adverse health effects from exposure to microplastics
can result from physical and/or chemical effects (Wright
et al. b). According to a Marine Strategy Framework

Directive Report, the possible direct detrimental effects of
ingested microplastics include interference with enzyme
production, nutrient dilution, reduced growth rate,

decreased steroid hormone levels, delayed ovulation, repro-
ductive failure and death (Galgani et al. ). Microplastics
can also cause physical damage through accumulation in
the digestive tract following ingestion (Wright et al. b),
although the amount of microplastics necessary to produce
sub-lethal or lethal effects varies as the process is influenced
by the type and sensitivity of the organism (Wright et al.
a; Wright et al. b), exposure duration (Eisler ),
the daily uptake dose of microplastics through normal
food ingestion, the egestion of microplastics through excre-

ment and the retention time of microplastics in the
organism’s body, as well as the type, size and shape of
ingested microplastics (Huang et al. ; Wright et al.
b). To date, there is limited work assessing the risks
after exposure to a range of microplastic concentrations
(Syberg et al. ). Lee et al. () reported reduced survi-
val of copepods (Tigriopus japonicas) exposed to 0.05 and

0.5 μm microplastic beads at concentrations of 1.25 and
25 mg/L, respectively, and no effect of 6 μm beads at con-
centrations as high as 25 mg/L.

The negative effects of microplastics on exposed organ-
isms have been reported even after short-term exposure
duration. For instance, aggregated polyethylene microplas-

tics were observed in digestive gland lysosomes in blue
mussels (Mytilus edulis), which caused a considerable
decrease in lysosomal membrane stability at the cellular
level by increasing granulocytoma formation during 96 h

exposure as a cellular self-protection response to contami-
nants (von Moos et al. ). The physical impact of
unplasticized polyvinyl chloride (UPVC) microplastics

within the size range of 20–100 μm was also investigated
on lugworms, where 30% and 50% depletion of lipid
reserves was observed after exposure to 1% and 5% PVC,

respectively, and was directly associated with a reduction
in feeding activity due to the long retention time of micro-
plastics in the organism’s gut (Wright et al. a).

Similarly, a recent study with copepods exposed to 20 μm
polystyrene microbeads over 24 h showed reduced energy
supplies and growth rate due to interference with feeding
capacity at a concentration of 75 particles mL�1, which

was 10% of their available food (Cole et al. ).
It should be noted that some studies have conversely

shown that microplastics can have negligible effects on

some organisms. Hamer et al. (), recently demonstrated
limited physical effects on isopods (Idotea emarginata) after
6 months of continuous exposure to three different micro-

plastic types (polystyrene microbeads, polystyrene
fragments and polyacrylic fibres), under low and high con-
centrations, with 100% of the ingested microplastics

detected in the feces and no accumulation in the organism’s
gut. Consequently, it is possible that some aquatic organisms
may exhibit no negative effects to any concentrations of
microplastics. Therefore, improved understanding of the

adverse effect of microplastics requires a comprehensive
risk assessment procedure that considers all factors men-
tioned above. Some studies on the effects of microplastics

on various organisms, and the factors influencing biological
effects, are summarized in Table 3.



Table 3 | Some reviews of the biological effects of microplastics on various organisms

Study Exposed Organism Polymer type & size Concentration Retention time Exposure duration Biological effects

Browne et al.
()

Mussel (M. edulis) Polystyrene
(3–9.6 μm)

0.51 g/L Over 48 days 3 hours No toxicological effects were observed

Carlos de Sa et al.
()

Common goby
(P. microps)

Polyethylene
(420–500 μm)

30 particles alone
& 15 particles in
combination with
15 preys

NA 3 min Reduction of predatory performance
and efficiency

Cole et al. () Copepod (C.
helgolandicus)

Polystyrene (20 μm) 75,000 particles/L NA 24 hours and 9
days

Prolonged exposure to microplastics led
to: reduction of carbon biomass that
may cause energetic deficiencies and
lower growth; production of smaller
eggs; and reduced hatching success

Hamer et al. () Isopods (I.
emarginata)

Polystyrene
(1–100 μm)
microbeads and
fragments, and
polyacrylic fibres
(20–2,500 μm)

• 12 or
120 microbeads/
mg of food

• 20 or
350 fragments/
mg of food

• 0.3 μg fibres/mg
food

No retention
was observed

6 to 7 weeks No adverse effects on survival or
growth rate were observed

Peda et al. () European sea bass
(D. labrax)

PVC pellets
(>300 μm)

0.1% (W/W) of
their diet

NA 30, 60, and 90 days

• After 30 and 60 days of exposure:
the majority of studied organisms
showed moderate structural changes
such as shortening and swelling of
villi, circulatory changes and
worsening of inflammatory changes

• After 90 days: half of the individuals
showed serious changes such as
reduction of perivisceral fat and
reduction of intestinal function

• No mortality was observed after 90
days’ exposure

(continued)
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Table 3 | continued

Study Exposed Organism Polymer type & size Concentration Retention time Exposure duration Biological effects

Lee et al. () Copepod
(T. japonicas)

Polystyrene (three
sizes: 0.05, 0.5
and 6 μm)

Acute toxicity test:
0, 6, 13, 31, 63,
187, 250 and
313 mg/L
Chronic toxicity
test: 0.125, 1.25,
12.5 and 25 mg/L

NA 96 hours (Acute
effects)
14 days (chronic
effects)

Acute effects:

• No mortality was observed with any
of three different sizes at the highest
concentration (acute NOAEC>
313 mg/L)

Chronic effects:

• Mortality observed at
concentrations> 1.25 mg/L for the
0.05 μm particles (LOAEC¼
1.25 mg/L), with no effects on
fecundity

• Decrease in fecundity in 0.5 μm
particles at the lowest
concentrations (LOAEC¼
0.125 mg/L), and in survival at the
highest concentration tested

• Decrease in fecundity at the lowest
concentration tested (LOAEC¼
0.125 mg/L) and no effect on
survival with the 6 μm beads

Davarpanah &
Guilhermino ()

Microalgae
(T. chuii)

Polyethylene micro-
spheres (1–5 μm)

0.046 to 1.472 mg/l NA 96 hours • No significant effects of
microplastics on the growth rate of
T. chuii were found up to a
concentration of 1.472 mg/l

von Moos et al.
()

Mussel (M. edulis) Polyethylene
(0–80 μm)

2.5 g/L of sea water NA Up to 96 hours Strong inflammatory response,
disruption of lysosomal membrane
stability

Wright et al. (a) Lugworm (A.
marina)

UPVC (mean
230 μm)

0.5–5% by weight
(mixed with
sediment)

Prolonged
residence
time

28 days Reduced feeding activity, reduced lipid
and available energy reserve,
inflammation
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With an estimated 40.5–215 mg of polyethylene (PE)

microbeads/person/d in the UK (Napper et al. ), and
assuming an average wastewater production of 150 L/
person/d, the expected concentration of PE in UK waste-

water is 0.27–1.4 mg/L. This is in range of the lowest
observable adverse effect concentration (LOAEC) reported
in Lee et al. (), indicating a potential risk to the aquatic
environment from wastewater-based microplastics.

Another potential risk of microplastics for aquatic
organisms may be from binding of microorganisms, such
as pathogens and bacteria, to the microplastic surface,

since wastewater-based microplastics have been shown to
be covered with a layer of biofilm (Carr et al. ). Thus,
more research is required to understand the possible inter-

actions of microplastics with existing microorganisms in
wastewater and during wastewater treatment (such as bio-
logical processes), as these microorganism communities
may be transported to the receiving environment.

Biological effects from contaminants associated with
microplastics

Considering the evidence of TrOC sorption to microplastics,
it is conceivable that the toxicity of microplastics to organ-

isms may be enhanced by the toxic effects of sorbed
TrOCs. Indeed, studies have suggested that sorbed TrOCs
can migrate from microplastics to exposed aquatic organ-

isms (Browne et al. ; Rochman et al. b; Chua et al.
).

A recent study by Luis et al. () demonstrated that the
presence of polyethylene microplastics caused a significant

increase in the toxicity of Cr (VI) in marine fish (Poma-
toschistus microps) compared to chromium alone.
Likewise, Avio et al. () reported significant transfer of

pyrene to marine mussels (Mytilus galloprovincialis)
through ingestion of contaminated polystyrene and poly-
ethylene microplastics.

Some studies have suggested that the transfer of sorbed
TrOCs from contaminated microplastics to the organism is
likely to be a less significant source compared to the other

exposure pathways (Gouin et al. ; Koelmans et al.
). Using a biodynamic model to simulate the uptake of
TrOCs on plastics in a sediment-water system, Koelmans
et al. () found that the role of microplastics for TrOC

bioaccumulation in marine lugworm was insignificant com-
pared to other TrOC exposure pathways, such as dermal
uptake and uptake from sediment. Moreover, a recent

study has also demonstrated much lower uptake of polybro-
minated diphenyl ether (PBDE), and subsequently lower
health risks, in amphipods’ tissue after 72 h exposure to

PBDE sorbed to polyethylene microplastics compared to
those exposed to PBDE alone (Chua et al. ). One pro-
posed mechanism that can explain this result is the strong

tendency of PBDEs to remain in/on the microplastics
rather than being taken up into amphipod tissue. Conse-
quently, such interactions may also reduce the
bioavailability of sorbed TrOCs in organisms (Gouin et al.
; Hirai et al. ). While this study demonstrated the
reduced contribution of hydrophobic TrOCs associated
with microplastics to the organism’s health compared to

the direct exposure pathway, it is thought that microplastics
still act as a carrier of TrOCs to organism tissue (Chua et al.
).

Thus, it appears that the influence of microplastics on
the bioavailability of contaminants and their potential to
act as a vector of contaminants to organisms, as well as
the degree to which the sorbed contaminants pose a risk,

may vary between different types of microplastics, contami-
nants and organisms (Koelmans et al. ). Further, the
potential of sorbed contaminants to migrate from microplas-

tics to the organism tissue can be influenced by factors
including the kinetics of TrOC desorption between plastic
and tissues and the residence time of contaminated micro-

plastics in the organism’s body (Andrady ; Chua et al.
). There is evidence that the desorption and incorpor-
ation of TrOCs from microplastics to the organism’s tissue

can be facilitated by the organism’s digestive fluid through
desorbing sorbed TrOCs on contaminated microplastics,
which may be enhanced by increasing the retention time
of microplastics in the digestive tract (Bakir et al. ;

Chua et al. ).
The risks associated with microplastics may also come

from the chemicals embedded into the plastic polymer

during manufacture, particularly if the components are not
stable and can leach into the organism’s body after inges-
tion. The biological effects of some additives, including

phthalates, bisphenol A, alkylphenols and PBDEs, on differ-
ent wildlife species has been widely reported (Foster ;
Richter et al. ; Oehlmann et al. ; Jarmołowicz

et al. ). The concerns regarding leaching of plastic addi-
tives in aquatic organisms is associated with microplastics
derived from the breakdown of larger plastic objects in the
environment, but there is limited experimental data regard-

ing adverse biological effects from additives incorporated
in wastewater-based microplastics, such as microbeads and
fibres. For example, inclusion of PBDEs as a flame retardant

in textiles and clothing is reported extensively (Rahman
et al. ; Frederiksen et al. ). Brominated and
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chlorinated phthalocyanines are other fire retardant addi-

tives that can be introduced to enhance the thermal
stability of fabric (Gladunova et al. ), and can be toxic
to marine organisms (Carmen & Daniela ). However,

the leaching rate of the above contaminants from waste-
water-based microfibres, as well as the potential risks for
the variety of aquatic organisms, is still unexplored.
CONCLUSIONS AND FUTURE AREAS OF RESEARCH

The concerns regarding microplastics in WWTP effluent
have rapidly increased in the last few years, and preliminary
research has confirmed wastewater as a source of microplas-

tics in the receiving environment, with the amount
contributed depending on the level of wastewater treatment.
Due to the fact that even advanced treatment technologies

cannot always remove 100% of microplastics (Schneider-
man ; Talvitie et al. ), preventing the release of
microplastics to wastewater influent would be the best
action to reduce the discharge of wastewater-based micro-

plastics to the aquatic environment. While preventive
measures have been taken to remove some microplastic
beads from personal care products, this is more challenging

for other sources of microplastics, particularly as synthetic
clothing is also expected to be an important source of micro-
fibres in wastewater. Consequently, further research on

developing a sound mitigation strategy to prevent release
to the environment would be beneficial.

This review has identified that there are still research gaps
in this recently developing field of research, specifically: (i) to

investigate the contribution of wastewater discharge from
WWTPs to microplastics in the aquatic environments com-
pared to other potential sources, (ii) to understand the

behaviour of microplastics in WWTPs, and their physical
and chemical modifications through wastewater treatment
processes, and (iii) to understand the impact of sorption to

microplastics on contaminant fate and toxicity in amore com-
plex mixture that resembles wastewater. This research is
necessary to better understand the relative contribution and

significance of wastewater-based microplastics.
Since some wastewater-based microplastics from

WWTPs can be transported from the discharged area and
dispersed widely in the aquatic environment, collaborations

at regional and global levels are required to establish man-
agement frameworks in terms of the maximum levels of
microplastics in the wastewater effluent and to reduce the

use of treated sewage sludge or biosolids with high concen-
trations of microplastics.
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Chapter 3. Wastewater treatment plant as a pathway of microplastics: 
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a b s t r a c t

Wastewater effluent is expected to be a pathway for microplastics to enter the aquatic environment, with
microbeads from cosmetic products and polymer fibres from clothes likely to enter wastewater treat-
ment plants (WWTP). To date, few studies have quantified microplastics in wastewater. Moreover, the
lack of a standardized and applicable method to identify microplastics in complex samples, such as
wastewater, has limited the accurate assessment of microplastics and may lead to an incorrect estima-
tion. This study aimed to develop a validated method to sample and process microplastics from
wastewater effluent and to apply the developed method to quantify and characterise wastewater-based
microplastics in effluent from three WWTPs that use primary, secondary and tertiary treatment pro-
cesses. We applied a high-volume sampling device that fractionated microplastics in situ and an efficient
sample processing procedure to improve the sampling of microplastics in wastewater and to minimize
the false detection of non-plastic particles. The sampling device captured between 92% and 99% of
polystyrene microplastics using 25 mme500 mm mesh screens in laboratory tests. Microplastic type, size
and suspected origin in all studied WWTPs, along with the removal efficiency during the secondary and
tertiary treatment stages, was investigated. Suspected microplastics were characterised using Fourier
Transform Infrared spectroscopy, with between 22 and 90% of the suspected microplastics found to be
non-plastic particles. An average of 0.28, 0.48 and 1.54 microplastics per litre of final effluent was found
in tertiary, secondary and primary treated effluent, respectively. This study suggests that although low
concentrations of microplastics are detected in wastewater effluent, WWTPs still have the potential to act
as a pathway to release microplastics given the large volumes of effluent discharged to the aquatic
environment. This study focused on a single sampling campaign, with long-term monitoring recom-
mended to further characterise microplastics in wastewater.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Microplastics are an emerging anthropogenic contaminant,
which have been detected in different aquatic environments,
including oceans, rivers, lakes and estuaries, as well as in urban
runoff and wastewater effluent (Eerkes-Medrano et al., 2015). In
eflection-Fourier Transform
scopy; PE, Polyethylene; PP,
erephthalate; PVC, Polyvinyl
reatment Plant.

au (S. Ziajahromi).
addition to their widespread presence, microplastics also pose an
environmental concern due to their potential to physically and
chemically harm a variety of exposed aquatic organisms ranging
from zooplankton to mammals (Miranda and de Carvalho-Souza,
2016) by blocking their digestive tract as well as providing a
feasible pathway to transfer trace organic contaminants to the or-
ganism's body (Avio et al., 2015; Chua et al., 2014; Cole et al., 2015).
Microplastics may also pose a potential threat to human health
through ingesting contaminated seafood (Miranda and de
Carvalho-Souza, 2016; Rochman et al., 2015).

Despite recent efforts to detect microplastics in the aquatic
environment worldwide, identifying the different sources bywhich
microplastics are released to the environment is a challenging
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issue. Microplastics can originate from both aquatic and land-based
sources (Hammer et al., 2012). Aquatic-based microplastics include
the fragmented particles that form through weathering, photolysis
and microbial decomposition of discarded macroplastics in the
aquatic environment (Hammer et al., 2012; McCormick et al., 2014).
Land-based pathways for microplastics include urban runoff and
effluent from wastewater treatment plants (WWTPs) (Eerkes-
Medrano et al., 2015; Wagner et al., 2014). Over the last few
years, many studies that have detected microplastics, including
polyethylene (PE) and polypropylene (PP) beads and polyester,
acrylic, polyamide and nylon fibres in themarine environment have
suggested that wastewater effluent is a potential source (Browne
et al., 2011; Dris et al., 2015b; Eriksen et al., 2013; Gallagher et al.,
2016; McCormick et al., 2014). Browne et al. (2011) compared
microplastics detected in shoreline sediment samples with micro-
plastics extracted from a marine wastewater effluent disposal site
and found mostly polyester and acrylic fibres in both sample types.
Moreover, the detected microplastics resembled microplastics
collected from WWTP effluent, suggesting that a considerable
proportion of detected microplastic fibres may be associated with
wastewater effluent.

A number of recent studies have also detected microplastics in
wastewater effluent. Talvitie et al. (2015) suggested that waste-
water effluent may act as a pathway for microplastics to enter the
environment as they detected similar types of microplastics, which
were mostly fibres and synthetic particles, in both the tertiary
effluent from a WWTP in Finland and seawater from the Gulf of
Finland. Further, a recent study by Murphy et al. (2016) estimated
that 6.5 � 107 microplastics per day could enter the aquatic envi-
ronment from a secondary WWTP in Scotland, despite a removal
rate of 98%. In contrast, Carr et al. (2016) found that tertiary
treatment processes were effective in removing microplastics, with
no microplastic fibres or particles observed in the final tertiary
effluent of the studiedWWTPs. Further Carr et al. (2016) found that
secondary treatment processes were also efficient with greater
than 99.9% removal, leading to an average discharge of one
microplastic for every 1400 L of treated wastewater. This study
suggests that secondary and tertiary treated wastewater effluent
only have a minimal contribution to the microplastic load in the
aquatic environment.

While methods for sampling and analysing microplastics in
marine samples have beenwidely published (Claessens et al., 2013;
Masur et al., 2015; Nuelle et al., 2014), our knowledge in terms of a
standard sampling and processing method for microplastics in
organic-rich samples, such as wastewater, is still insufficient.
Recent studies showed new sampling techniques to sample
microplastics from wastewater (Carr et al., 2016; Mintenig et al.,
2017; Talvitie et al., 2015). However, the efficiency of those
methods was not investigated. Further, although many studies use
spectroscopic techniques such as Fourier Transform Infrared (FT-IR)
spectroscopy or Raman spectroscopy to confirm the presence of
suspected microplastics, the identification of non-plastic particles
in samples is often not reported. Also, some studies identified
microplastics by visual observations only, typically reporting shape
(Magnusson and Nor�en, 2014; McCormick et al., 2014). The lack of
appropriate characterization may lead to false detection of non-
plastic particles. Dris et al. (2015a) demonstrated unavoidable
bias with the observation method to distinguish between natural
and synthetic fibres, leading to a tendency to either overestimate or
underestimate the number of counted particles. Further, Eriksen
et al. (2013) confirmed that approximately 20% of suspected
microplastics in surfacewaterwere actually aluminum silicate from
coal ash. . Mintenig et al. (2017) also found that only half of the
visually detected fibres in WWTP effluent samples were synthetic
fibres. Thus, to obtain an accurate estimation of the contribution of
WWTP effluent to discharge microplastics to the aquatic environ-
ment, it is important to have a method to collect and process
samples with minimum bias.

In this study we aimed to develop a new validated method to
sample and process microplastics in wastewater effluent and
applied the developed method to quantify and characterise
wastewater-based microplastics in effluent from three WWTPs
utilizing primary, secondary and tertiary treatment processes. A
high-volume sampling device with multiple mesh screens was
developed to collect a wide size range of microplastics from
wastewater effluent. This was combined with an efficient sample
processing method using organic matter digestion, density sepa-
ration and staining to eliminate non-plastic particles prior to
identification of microplastics in wastewater using FT-IR spectros-
copy. The developed method was applied to provide a snapshot of
the microplastic removal efficiency of different wastewater treat-
ment processes.
2. Material and methods

2.1. Design and validation of a microplastic sampling device

Due to the lack of a standardized method to sample micro-
plastics fromwastewater a sampling devicewas designed to sample
wastewater-based microplastics. The sampling device consists of
four removable stainless steel mesh screens (plain Dutch weave)
with sizes of 500, 190, 100 and 25 mm (A1 Metal Mesh Screens,
Australia), with a diameter of 12 cm. The mesh screens were fixed
to a base to provide support during sampling, and the units were
stacked on top of each other, with the largest mesh screen at the top
(Fig. S1 in the Supplementary Material). The stacked units were
placed inside a cover made from polyvinyl chloride (PVC), with the
sampled water flowing through the device. This design enables in
situ fractionation of microplastics with a wide size range simulta-
neously during one sampling event and has the capacity to sample
a large volume of wastewater continuously, depending on the
wastewater quality. A flow meter at the head of the device accu-
rately measures the volume of sampled wastewater.

The efficiency of the sampling device was validated using a
microplastic-spiked tap water sample. Microplastics were prepared
by grating a 96 well polystyrene (PS) plate (CELLSTAR, Greiner Bio-
One GmbH, Austria) using a bastard cut file. To obtain an appro-
priate size range, the grated microplastics were passed through a
stack of sieves with mesh sizes ranging from 60 to 500 mm. This
gave microplastic particles in the range of 60e125, 125e250,
250e500 and > 500 mm. The number of particles per mass was also
calculated using a subsample approach under a dissecting micro-
scope, with four subsamples taken for each size fraction, which
represented 10% w/w of the total fraction. To determine sampler
efficiency 60e200 mg of PS microplastics from the different size
fractions were mixed individually with four litres of tap water and
then passed through the sampling device under gravity. The mesh
screens were then removed and dried in the oven at 60 �C for
30min (Fig. S2). The recovered microplastics wereweighed and the
sampler efficiency was obtained according to Equation (1).

Efficiencyð%Þ ¼
�
mass of recovered particles

mass of added particles

�
� 100 (1)

The efficiency experiment was repeated twice and the average
efficiency was calculated for eachmesh size. A negative control was
included to test for background from the sampling device and no
PVC particles were detected.
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2.2. Sampling sites

Wastewater samples were collected from three major WWTPs
in Sydney, Australia. The first plant (A) receives wastewater from
over 1 million inhabitants and applies primary treatment pro-
cesses, which includes screening (mesh size of 5 mm), grit removal
and sedimentation, with deep ocean discharge. The second WWTP
(B) applies primary and secondary processes, including primary
screening (mesh size of 3 mm), grit removal and sedimentation,
followed by secondary aeration, sedimentation and UV disinfection,
with the treated effluent discharged to the ocean. The third WWTP
(C) produces highly treated effluent by applying primary, secondary
and tertiary treatment processes, which includes screening (mesh
size of 3 mm) and sedimentation, biological treatment, flocculation,
disinfection/de-chlorination processes, ultrafiltration, reverse
osmosis (RO) and de-carbonation, with the treated effluent dis-
charged to an urban river.

2.3. Sampling

The sampling was conducted in October 2015 over 3 days from
various treatment stages of the three studied WWTPs. The sam-
pling points included post primary treatment in WWTP (A), post
primary and secondary treatment in WWTP (B) and post primary,
tertiary and RO treatment in WWTP (C). Different volumes of
treated wastewater were sampled under gravity depending on the
type (primary, secondary or tertiary) of wastewater, with between
3 and 200 L sampled (Table 1). Each sampling event took approx-
imately 1 hwith amaximum flow rate of 10 L/min. The high organic
matter content in the primary and secondary effluents rapidly
blocked the 25 mm mesh screen, so the 25 mm mesh screen was
visually checked and removed after blockage and the sampling
continued with the remaining mesh sizes. To minimize the
contamination of samples, the mesh screens were removed
immediately after sampling and stored on aluminium foil in clean
petri dishes and then tightly wrapped with aluminium foil. The
samples were shipped for further processing. To avoid cross
contamination, the sampling device was washed three times with
tap water between sampling events.

2.4. Sample processing

A sample processing procedure was designed specifically for
wastewater-based microplastics. The sampled material on the
mesh screen (Fig. S3) was rinsed into a glass beaker with
100e500 mL ultrapure water (Sartorius,18.2 MU cm) depending on
the fouling of mesh screens. The water content of all samples were
concentrated to 100 mL by drying in an oven at 90 �C (Masur et al.,
2015). A 30% hydrogen peroxide (H2O2) solution was used (Chem-
Supply, Gillman, Australia) to digest the organic matter (Fig. S4)
(Nuelle et al., 2014), with 0, 10, 20 and 50 mL added depending on
the type of sampled (primary, secondary, tertiary) effluent. The
Table 1
Volume of water sampled for different mesh sizes.

WWTP Treatment Level Volume sampled for different mesh sizes (L)

500, 190, 100 mm 25 mm

A Primary 16.5 3
B Primary 100 12

Secondary 150 27
C Primary 41 8

Tertiary 200 200
Reverse osmosis (RO) 200 200
samples were stirred using a magnetic stir bar at 60 �C and visually
checked every hour. The beakers were left on the stirrer until the
H2O2 fully evaporated. Ten millilitres of sodium iodide (NaI) solu-
tion (99.99%, Sigma Aldrich, Australia) with a density of 1.49 g/mL
was added to the dried sample for density separation, as polymers
with a wide density range will float in NaI (Nuelle et al., 2014;
Rocha-Santos and Duarte, 2015). The sample was transferred to a
15 mL centrifuge tube and centrifuged for 5 min at 3500�g. The
buoyant particles were filtered using a stainless steel mesh screen
with a 25 mm cut off (plain Dutch weave, Al Metal Mesh Screens,
Australia) and were rinsed with ultrapure water.

To further minimize overestimation of the suspected micro-
plastics, a staining method was applied using Rose-Bengal solution
(4,5,6,7-tetrachloro-20,40,50,70-tetraiodofluorescein, Sigma-Aldrich,
95% dye content), which stains natural and non-plastics particles
such as natural fibres like cotton, which are optically similar to
plastic fibres, allowing visual separation of plastic and non-plastic
particles. The whole surface of the mesh screen was covered with
5 mL of 0.2 mg/mL Rose-Bengal solution and allowed to react for
5 min at room temperature (Liebezeit and Liebezeit, 2014). The dye
was then washed off with ultrapure water and the mesh was dried
at 60 �C for 15 min (Fig. S5). The total sample processing time for
each mesh screen was approximately 24 h. The dried mesh screens
were visually analysed using a dissecting microscope and the pink
stained particles suspected to be natural particles were removed
from the samples.

To validate the sample processing methodology 50 PS particles
with a size range of 250e500 mm were spiked with 100 mL of
tertiary treated wastewater effluent in a glass beaker. The sample
processing procedure described above was performed for the
validation experiment, with 20 mL H2O2 added. To assess the effect
of the stainingmethod on themicroplastics, FT-IRmeasurements of
the dried microplastics were recorded. Moreover, to confirm the
efficiency of the staining method to dye white and blue cotton fi-
bres, cotton sewing thread were cut in small pieces, sieved using a
500 mm sieve and then covered with Rose-Bengal at the same
concentration used for sample processing. The cotton fibres were
then analysed using a dissecting microscope. The suitability of the
Rose-Bengal method for microplastics other than PS was assessed
using PE beads and polyester fibres. Microplastic polyester fibres
were extracted from 100% polyester clothing by cutting the fabric
into small pieces, adding to tap water with no detergent and
shaking vigorously for 5 min before sieving the liquid using a
500 mm sieve. Microbeads were extracted from a facial scrub con-
taining PE according to the method published in Fendall and Sewell
(2009). Polyester fibres and PE beads were then covered with Rose-
Bengal according to the method described above.

All beakers and glassware were washed with ultrapure water
before use and newand unopened petri dishes and centrifuge tubes
were used to avoid contamination (Mathalon and Hill, 2014).
Additionally, to minimize contamination, the sample processing
was performed under a fume hood and all glassware was covered
with aluminium foil (Nuelle et al., 2014). Negative control samples
were also processed through all steps of sample processing to
determine any potential plastic contamination from the laboratory.
No microplastics were observed in any of the negative control
samples, indicating that the experimental procedure and sample
processing reagents did not introduce plastic contamination.

2.5. Characterization of microplastics

Microplastics from each sample were counted and classified
according to their shape, including irregular, granular and fibres.
Suspected microplastics were further characterised using FT-IR
spectroscopy. FT-IR measurements were performed on a Nicolet
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iS50 spectrometer, equipped with both an in-built diamond single-
bounce sampling accessory and a Continuum infrared microscope
(Thermo Fisher Scientific, Madison WI, USA). Where feasible the
larger particles were removed from the mesh screen and a spec-
trum at 4 cm�1 resolution and 64 scans was obtained after pressing
the sample onto the diamond crystal of the attenuated total
reflection (ATR) accessory. For smaller particles, the mesh was
placed under the IR microscope and examined in visual mode to
locate the individual particles. FT-IR spectra were then recorded in
transmittance mode, at 8 cm�1 resolution and 128 scans after
adjusting the aperture of the IR beam to match the shape of the
particle. Spectra were subjected to a library search using the search
routine of the Nicolet Omnic 9.2 software using a library set that
included the Nicolet polymer, forensics and common materials set
in addition to the Hummel polymer library. The search routine
produced a score out of 100 for goodness of match.

3. Results and discussion

3.1. Efficiency of sampling device

Using the prepared irregular-shaped PS microplastics the effi-
ciency of the designed sampling device to capture microplastics
ranged from 92% for the 25 mm mesh screen to 99% for the 500 mm
mesh screen. This demonstrates that the sampling device is suit-
able to capture awide range of particle sizes. The removal efficiency
can be improved, as the majority of the lost particles for the 25 mm
mesh screen were observed on the walls of the sampler and could
simply be washed off on to the mesh after sampling. No micro-
plastic contamination was observed in the tap water control
sample.

3.2. Sample processing validation

All 50 dried PS microplastics were observed as undamaged and
non-stained microplastic particles under the dissecting micro-
scope. The FT-IR confirmed that the microplastics were composed
of PS and that the staining method had no effect on the spectra
(Fig. S6). Moreover, the polyester fibres and PE microbeads that
were also stained with Rose-Bengal were all observed as non-
stained, with the non-plastic cotton fibres stained pink.

3.3. Microplastics in wastewater samples

A variety of microplastics were identified in the samples
collected from all three WWTPs, with the type and abundance of
the detected microplastics at each sampling step shown in Fig. 1
Representative FT-IR spectra and detected microplastics from
WWTP (B) are shown in Fig. 2. The most frequently detected
microplastics across all three WWTPs were PET fibres and irregular
shaped PE particles, which are likely to originate from washing of
synthetic clothing (Browne et al., 2011) and use of personal care
products, such as toothpaste (Carr et al., 2016), respectively, given
that the studied WWTPs mainly receive municipal wastewater.

FT-IR analysis of suspected microplastics also confirmed the
presence of non-plastic particles in all samples. For example, in
WWTPs (A) and (B) the majority of recorded white and yellow
irregular shape particles that were not removed during sample
processing and characterised as suspected microplastics were
identified by FT-IR as non-plastic particles. These mainly included
stearic acid/stearate and drying oil ester inWWTP (A) and castor oil
in WWTP (B). The likely source of castor oil and stearic acid is so-
lidified fat from soap and other washing liquids (Isah, 2006), while
drying oil ester is likely to be from paint. The discrepancy between
suspected microplastics and actual microplastics highlights the
importance of proper characterization, something that is lacking in
many studies. It should bementioned that some stained fibres were
examined by FT-IR and confirmed as cotton. More examples of FT-
IR spectra and the images of plastic and non-plastic particles in
WWTP (A), (B) and (C) are provided in Fig. S7 (a, b, c) and Fig. S8,
with the percentage of plastic and non-plastic particles detected for
each WWTP shown in Fig. S9.

WWTP (A) receives domestic effluent from over 1 million in-
habitants and has the capacity to process nearly 308 ML of
wastewater per day. Since this WWTP only applies primary treat-
ment processes, the effluent had a high organic carbon content that
limited the volume of wastewater that could be sampled. Attempts
to collect the same volume of wastewater effluent for all mesh sizes
failed due to the rapid clogging of the 25 mmmesh screenwith only
3 L of wastewater sampled for the 25 mmmesh screen. A total of 117
suspected microplastic particles were detected from all mesh
screens, though only 12 of the particles, or approximately 10% of
total suspected microplastics, were confirmed to be microplastic
after FT-IR analysis. Themajority of the detectedmicroplastics were
PET fibres (80%; 10 particles), followed by irregular and granular
shaped blue PE (20%; 2 particles), in the size range of 25e500 mm
(Figs. 1 and 3). The identified microplastic fibres were mostly white
and transparent along with several shiny green ones. In many cases
the size range of the observed fibres was larger than the size of the
previous filter. For example, fibres more than 100 mm in length
were found on the 25 mmmesh screen. This can be explained by the
morphology of fibres, which have a high length to width ratio,
enabling them to pass longitudinally through smaller filters. Based
on this sampling event, 1.5 microplastics particle/L still remain in
the final effluent. As the studied plant has a treatment capacity of
308 ML per day, up to 4.6 � 108 microplastic particles can poten-
tially be released into the ocean per day (Table 2).

WWTP (B) applies secondary treatment processes to treat 17 ML
of wastewater per day. Microplastics were characterised after both
primary and secondary treatment stages. This can provide an
insight into the removal of microplastics during secondary treat-
ment. Unlike WWTP (A), the primary effluent of WWTP (B) con-
tained a higher fraction of plastic particles (78%, 70 particles) than
non-plastic suspected microplastics, with PET (35%), nylon (28%),
PE (23%), PP (10%) and PS (4%) detected (Fig. 1). It should also be
noted that a larger volume of primary effluent was sampled at
WWTP (B) compared to WWTP (A) (Table 1). The majority of sus-
pectedmicroplastics were black and blue fibres followed by red and
blue granular particles. Likewise, in the secondary effluent a high
percentage of suspected microplastics were confirmed as plastic
(70%, 27 microplastic) and primarily included PET fibres and PE
particles (Fig. 1), which comprised 66% of the total detected
microplastics. The higher amount of fibres relative to particles as
shown in Fig. 3 is consistent with Dris et al. (2015a) who found that
fibres were the dominant type of microplastic detected in sec-
ondary treated effluent from a WWTP in Paris. Magnusson and
Nor�en (2014) also reported that microplastic fibres comprised
approximately 50% of the detected microplastics in a secondary
WWTP in Sweden.

The majority of observed PE particles had spherical morphology
similar to the previously extracted microbeads from personal care
products, including body and facial scrubs (Fendall and Sewell,
2009) Apart from granular PE beads, the blue and red nylon
beads in the primary effluent of WWTP (B) may also be associated
with cosmetic products, as other plastic polymers can also be used
in cosmetics (Leslie, 2014). Overall, the concentration of micro-
plastics in the primary effluent decreased by 66% after secondary
treatment processes from 1.44 to 0.48 microplastics/L. Thus, based
on a treatment capacity of 17 ML per day, WWTP (B) can potentially
discharge approximately 8.16 � 106 microplastic per day to the



Fig. 1. Number of microplastic particles per litre in wastewater treatment plant (A), (B) and (C) at different sites, A) Primary effluent WWTP (A), B) Primary effluent WWTP (B), C)
Secondary effluent WWTP (B), D) Primary effluent WWTP (C), E) Tertiary effluent WWTP (C) and F) RO effluent WWTP (C).
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ocean (Table 2). The detected microplastic concentration is similar
to Murphy et al. (2016), who found the number of microplastics
reduced from 3.4 microplastics/L in primary effluent to 0.3 micro-
plastics/L after secondary treatment.

WWTP (C) applies the variety of treatment processes including
primary, secondary, tertiary and RO. To examine the transport and
fate of microplastics in WWTP (C), samples from different stages in
the treatment train including after primary treatment, after tertiary
treatment and after RO, were examined. The primary effluent
contained PE (42%), PET (36%), PS (15%), and PP (8%) (Fig. 1), which
comprised 75% (81 particles) of total suspected microplastics. The
majority of detected microplastics were white and blue irregular
shaped particles followed by black fibres within the size range of
100e190 mm. Similar to WWTP (B), microscopic examination of
microplastics in the primary effluent sample indicated that the PE
particles had the same shape and size range as microplastic beads
extracted from facial scrub and toothpaste in previous studies (Carr
et al., 2016; Fendall and Sewell, 2009; Napper et al., 2015;
Schneiderman, 2015). This may illustrate the contribution of per-
sonal care products to microplastics in wastewater effluent. Apart
from PET fibres, PP fibres were also detected, which may originate
fromwashing other fibrous material such as carpet (Claessens et al.,
2011).
Compared to the primary effluent sample, where the 25 mm
mesh filter clogged after 8 L, 200 L of water was sampled by all
mesh sizes for the tertiary and RO samples. PET fibres comprised
the majority of analysed microplastics and contributed to 65 and
88% of total counted microplastics in tertiary and RO samples,
respectively (Fig. 3). Between 75 (59 particles) and 60% (42 parti-
cles) of total suspected microplastics were identified as plastic in
the tertiary effluent and RO samples, respectively. There were also
some differences in plastic composition throughout the treatment
train. For example, white irregular PVC microplastics (4 particles)
were detected after tertiary treatment in the 25e100 mm size range,
but not in the primary treated sample. However, as only 8 L of
primary effluent could be sampled by the 25 mm mesh screen, it is
possible that the PVC particles were present but not detected in the
primary effluent. In WWTP (C) red irregular shaped suspected
microplastics were observed in the tertiary (13 particles) and RO (7
particles) samples, but were identified by ATR-FTIR as alkyd resin.
Alkyd resin serves as a film-forming agent in some paints and may
originate from painted surfaces of the equipment at the WWTP.
Other non-plastic particles in this WWTP included stearic acid,
black rubber and silica. The observation of microplastic fibres in the
samples after RO was initially surprising considering the small size
cut-off of RO membranes, but other studies have indicated that RO



Fig. 2. Fourier Transform Infrared (FT-IR) spectra of dominant microplastics including a) polyethylene (PE), b) polyethylene terephthalate (PET) and c) nylon in WWTP (B).

Fig. 3. Number of microplastic particles per litre in the final effluent of each waste-
water treatment plant according to their shape. RO ¼ reverse osmosis.
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is not an absolute barrier to pathogens and small contaminants
(Cook et al., 2009). This may be due to occurrence of larger size
pores on the membrane, the membrane material and other gross
membrane imperfections (Leslie, 2010), or simply small gaps be-
tween pipework.

While 2.2 microplastics/L were detected in the primary effluent,
Table 2
Capacity of studied WWTPs to discharge microplastics to the aquatic environment.

WWTP Treatment level Population Capacity (ML/d) Number of detected microplasti
particles per L in final effluent

A Primary 1,227,150 308 1.5
B Secondary 67,130 17 0.48
C Tertiary 150,870 13 0.28
C Reverse Osmosis 150,870 48 0.21
the concentration decreased to 0.28 and 0.21 microplastics/L after
tertiary treatment and RO, respectively. Based on a treatment ca-
pacity of 13 ML per day for tertiary treatment and 48ML per day for
RO, WWTP (C) may discharge between 3.6 � 106 and 1 � 107

microplastic particles per day to the aquatic environment in ter-
tiary and RO effluent, respectively (Table 2). Comparing micro-
plastic concentrations at different stages of the treatment train
indicates that over 90% of microplastics in primary effluent were
removed during advanced treatment processes, which also
included the complete removal of particles larger than 190 mm. This
is consistent with 98% reduction of fibres and synthetic particles in
effluent after tertiary treatment (Talvitie et al., 2015). Further, 93%
of microplastic particles <500 mm and 98% of synthetic fibres were
removed after advanced filtration in a German WWTP (Mintenig
et al., 2017).
4. Conclusion

In this study a new method for sampling and processing
wastewater-based microplastics was developed and applied to
three WWTPs utilizing different treatment processes. Despite
comprehensive sample processing, including organic matter
digestion, density separation and staining, between 22 and 90% of
the suspected microplastics were determined to be non-plastic
particles after FT-IR analysis. This emphasises the importance of
c Estimated microplastic discharge the
aquatic environment (million of
particles per day)

Receiving water description

460 Deep water ocean outfall
8.16 Cliff face ocean outfall
3.6 Significant tributary of major urban river
10 Tributary of major urban river
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thorough characterization of microplastics, an aspect that many
studies have not included to date. While the concentration of
microplastics detected in the final effluent ofWWTPswas low, with
0.21e1.5 microplastics/L detected, the discharge volume of the
studied WWTPs mean that a large amount of microplastics may
potentially enter the environment on a daily basis. Similar to pre-
vious studies, fibres were the dominant type of microplastic
detected in all wastewater effluent samples, and were not
completely removed even after advanced treatment processes.
While the presence of microplastic beads from personal care
products has received a lot of attention, these results suggests that
synthetic fibres from clothing may be a bigger issue that needs
urgent attention. Finally, it should be emphasised that this study
focused only on a single sampling campaign and thus long-term
monitoring studies are recommended for a better understanding
of WWTPs as a pathway for microplastics to the aquatic
environment.
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 Chapter 4. Impact of microplastic beads and fibers on waterflea 

(Ceriodaphnia dubia) survival, growth, and reproduction: Implications 

of single and mixture exposures 
 

Based on the findings of the previous chapter (Chapter 3), PET fibers and PE beads 

were the dominant type of microplastic detected in wastewater effluent released to the 

aquatic environment. Additionally, the literature review (Chapter 2) showed that the 

majority of the previous toxicity studies have been undertaken on marine organisms 

using concentrations of microplastics that are unlikely to occur in the aquatic 

environment, with the effects of microplastics on freshwater species receiving less 

attention. This chapter therefore determines the effects of wastewater-based 

microplastics on a fresh water model organism (Ceriodaphnia dubia) following single 

and mixture exposure scenarios, with fibers examined within the range of detected 

environmental concentrations.  

 

This chapter is in the form of a published paper co-authored with my supervisors and a 

close collaborator at CSIRO Land and Water. The bibliographic details of the paper 

including all authors, are: 

 

Ziajahromi S., Kumar A., Neale P. A., Leusch F. D. L. 2017. Impact of microplastic 

beads and fibers on waterflea (Ceriodaphnia dubia) survival, growth and reproduction: 

Implications of single and mixture exposures. Environmental Science & Technology. 51 

(22), 13397–13406.  

 

My contribution to this paper included experimental design, counting and preparation of 

microplastics for bioassays, culturing of C. dubia, undertaking all the bioassays, data 

analysis, preparation of the manuscript, tables and figures and submission of the 

manuscript. A full copy of the published paper is attached to this chapter. 

 

(Signed) _______________________________________ (Date)_20/01/2018____ 
Corresponding (1st) author of paper (student): Shima Ziajahromi  

(Countersigned) _________________________________ (Date)_20/01/2018____ 
Supervisor: Frederic D.L. Leusch 

   



Impact of Microplastic Beads and Fibers on Waterflea (Ceriodaphnia
dubia) Survival, Growth, and Reproduction: Implications of Single
and Mixture Exposures
Shima Ziajahromi,*,† Anupama Kumar,‡ Peta A. Neale,† and Frederic D. L. Leusch†

†Australian Rivers Institute, Griffith School of Environment, Griffith University, Gold Coast, Queensland 4222, Australia
‡Commonwealth Scientific and Industrial Research Organisation, Waite Road, Urrbrae, South Australia 5064, Australia

*S Supporting Information

ABSTRACT: There is limited knowledge regarding the
adverse effects of wastewater-derived microplastics, particularly
fibers, on aquatic biota. In this study, we examined the acute
(48 h) and chronic (8 d) effects of microplastic polyester fibers
and polyethylene (PE) beads on freshwater zooplankton
Ceriodaphnia dubia. We also assessed the acute response of C.
dubia to a binary mixture of microplastic beads and fibers for
the first time. Acute exposure to fibers and PE beads both
showed a dose-dependent effect on survival. An equitoxic
binary mixture of beads and fibers resulted in a toxic unit of
1.85 indicating less than additive effects. Chronic exposure to
lower concentrations did not significantly affect survival of C.
dubia, but a dose-dependent effect on growth and
reproduction was observed. Fibers showed greater adverse effects than PE beads. While ingestion of fibers was not observed,
scanning electron microscopy showed carapace and antenna deformities after exposure to fibers, with no deformities observed
after exposure to PE beads. While much of the current research has focused on microplastic beads, our study shows that
microplastic fibers pose a greater risk to C. dubia, with reduced reproductive output observed at concentrations within an order of
magnitude of reported environmental levels.

1. INTRODUCTION

Microplastics are widespread emerging contaminants that have
been found globally in the marine and freshwater environ-
ments.1 Microplastics can enter the aquatic environment as
both primary and secondary microplastics from aquatic and
land-based sources.2,3 Recently, wastewater treatment plant
(WWTP) effluent was reported as a significant land-based
source of microplastics to both the marine and freshwater
environments.4−6 Wastewater-derived microplastics originate
from synthetic clothing and cleansing products, and primarily
include polyester fibers and polyethylene (PE) beads and
fragments.4−6 These wastewater-based microplastics may be
taken up as food by a variety of aquatic organisms.7,8 For
example, PE microplastics have been detected in the stomach of
filter feeders (Lepas sp.).9 Similarly, Taylor et al.10 found
microplastic fibers, including acrylic, polyester and polypropy-
lene, in deep-sea organisms. Uptake of microplastics by aquatic
organisms can lead to long-term accumulation of microplastic
in their digestive tract, with one study reporting that PE
microplastics make up as much as 58% of the stomach content
of filter feeders (Lepas sp.).9 This decreases the intake of actual
food, which may adversely affect growth and reproduction
rates.11 In the long term, it can also lead to increasing mortality,

due to blocking of the digestive tract or decreased nutrient
uptake.12

Recent studies have demonstrated the trophic transfer of
microplastics in aquatic food webs.13,14 Consequently, it is
important to understand the potential effects of microplastics
on lower trophic levels organisms, such as zooplankton, as this
may have implications for higher level organisms through
biomagnification.13 Ingestion of microplastics, such as fibers
and fragments, has been reported in zooplankton in the
Northeast Pacific Ocean, revealing the need for toxicity studies
on such organisms.15,16 Recently Daphnia magna has been used
as a planktonic freshwater model organism for microplastic
toxicity tests and this can provide insights into the potential
effects of microplastics on lower trophic level organisms.11,17

Further, the detection of microplastics, particularly fibers and
beads, in freshwater ecosystems, such as rivers, lakes, and
estuaries, demonstrates the requirement for toxicity studies
using freshwater organisms.18−20
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In a recent study, Rehse et al.17 examined the short-term
impact of two different size ranges of PE microplastics (1−4
and 100−106 μm) on D. magna and reported that only 1−4
μm microplastics were ingested, which is the size range that is
preferably ingested by filter feeders. Rehse et al.17 also reported
no significant physical effects on D. magna after a 48 h short-
term exposure to 1−4 μm microplastics at concentrations
ranging from 12.5 mg/L (2.5 × 1010 microplastic particles/L)
to 400 mg/L (8 × 1011 microplastic particles/L). However,
after a prolonged exposure of 96 h, 75% immobilization was
reported at the 200 mg/L concentration.17 While ingestion of
larger PE microplastics (100 μm) was not observed in Rehse et
al.,17 a recent study by Jemec et al.8 surprisingly reported
uptake of large synthetic fibers (62−1400 μm) by D. magna,
resulting in high mortality after a short-term exposure. Further,
Ogonowski et al.11 examined the impact of exposure to 1−5 μm
PE microplastics at concentrations ranging from 105 to 108

particles/L on D. magna over 21 d and reported 50% mortality
at the highest concentration. This study also found
approximately 30% lower food intake after exposure to PE
microplastics at 2.2 × 105 particles/L.
It should be mentioned that the high microplastic

concentrations used in the reported studies are unlikely to be
environmentally realistic. To date, there is no reported data on
the concentrations of microplastics in the 1−20 μm size range
due to technical limitations to isolate and characterize small
microplastics in environmental samples.21 However, it is
generally assumed that the environmental concentrations of
smaller microplastic particles are much higher than those
currently reported for microplastics in the range of 20−300 μm
in marine and freshwater ecosystems.11,22,23

In this study, we examined the toxicity of two common
wastewater-derived microplastics, namely, PE beads and
polyester fibers, following acute and chronic exposure in a
freshwater zooplankton (Ceriodaphnia dubia) with a focus on
mortality, growth, and reproduction. We aimed to test lower
microplastic concentrations than have previously been tested in
D. magna, with the lowest fiber concentrations tested during
the chronic exposure experiments in the range of environ-
mentally relevant concentrations previously reported for surface
waters in the Southern North Sea (6.5 × 102 particles/L)24 and
in wastewater effluent (6.1 × 102 particles/L).25 Higher
concentrations were used for the acute experiments, but it
should be noted that the concentration of fibers and PE beads
used in the current study were around 100 times lower than
previously used in acute and chronic tests with D. magna.8,11

To date, studies have investigated the effects of individual
microplastics on aquatic organisms; however, in the aquatic
environment organisms are exposed to combinations of
microplastics that may lead to additive, synergistic or
antagonistic effects. While polyethylene and polyester have
different densities, density modification26 and other environ-
mental factors, such as mixing due to surface circulation and
wind,27 can lead to the simultaneous occurrence of different
types of microplastics in the water column. Therefore, we also
investigated the mixture toxicity response by exposing C. dubia
to a combination of PE beads and polyester fibers as both of
these microplastics are found together in the aquatic environ-
ment.28,29

2. MATERIALS AND METHODS
2.1. Microplastic Preparation for Bioassays. Micro-

plastic fibers were prepared by cutting the fleece surface of

orange fluorescent clothing (100% polyester, density 1.38 g/
cm3) and chopping the fibers into small pieces. The chopped
fibers were then soaked in ethanol (70%) overnight to remove
possible contamination, washed with deionized water and dried
at room temperature. Pristine spherical white 1−4 μm PE
microplastic beads were supplied by Cospheric, USA (density
of 0.987 g/cm3). The pristine PE beads and cleaned fibers were
used to limit potential contamination from plasticizers.
Spherical polyethylene microplastics have been widely reported
in cosmetic products with the size reported to be as small as 8
μm.30 Stock solutions of microplastics at specific concentrations
for bioassays were prepared by adding dry microplastics to
moderately hard water (MHW), which was also used for
bioassays. Since PE beads and polyester fibers have different
densities than MHW and have a tendency to aggregate, a small
amount (0.1% v/v) of Tween-20 surfactant (Sigma-Aldrich,
USA) was used to disperse the microplastics.11 To achieve a
well-dispersed suspension the mixture was vigorously mixed
using a vortex (BioCot, Stuart) for 2 min after the addition of
Tween-20 and treated in an ultrasonic bath for 30 min (Figure
S1). The suspension was then revortexed immediately before
use in the bioassays.

2.2. Microplastics Counting Procedure. While micro-
plastic toxicity studies typically use concentrations in mg/L
units, microplastics detected in the aquatic environment are
generally reported in number of particles/L. Therefore, it is
necessary to convert between mg/L and number of particles/L
to put the bioassay results into an environmental context. To
determine the number of 1−4 μm PE beads in the stock
solution we used a hemocytometer based on the same approach
used for cell counting.11 Counting was done with three
replicates and the total number of microplastics per liter of
stock solution was then calculated. The number of micro-
plastics in each concentration (x) used for bioassays was then
calculated using eq 1, where TMPsstock is the total number of
microplastics in the stock solution, Cx is the concentration (x)
of microplastics in the bioassay, and Cstock is the concentration
of microplastics in the stock solution. More details about the
concentrations of the stock solutions and the microplastics
calculations are provided in section S1.

=
× C

C

MPs (particles/L)
(TMPs (particles/L) (mg/L))

(mg/L)
xstock

stock (1)

Since fibers had a larger size range than the PE beads, the
hemocytometer was not appropriate. Fiber counting was done
using a subsample approach. Five subsamples of the 100 μL
were taken from the stock solution and microplastics were
counted using a camera-connected Stereo Microscope
(Olympus, SZX9, Japan). The 100 μL subsample was chosen
as it could provide the best visual counting area under the
microscope. To reduce error, the number of fibers in each
subsample was recorded using the point-counting tool available
in the CellSens Standard image analysis software. The counting
was repeated twice for each of the five aliquots and the average
number of fibers was then calculated. The number of fibers at
each concentration was calculated according to eq 1.

2.3. Fiber Characterization and Size Distribution
Determination. Fourier transform infrared spectroscopy
(FTIR) with attenuated total reflection (ATR) mode on a
Nicolet iS50 spectrometer, equipped with both an in-built
diamond single bounce sampling accessory and a Continuum
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infrared microscope (Thermo Fisher Scientific, Madison WI,
USA) was used to confirm the polymer type of the fibers. A
sample of fiber was taken from the clothing used for bioassays,
and pressed on to diamond crystal of the ATR accessory and
their spectrum was obtained at 4 cm−1 resolution and 64 scans.
Fluorescent fibers were also visually examined using a Nikon
Eclipse 80i fluorescent microscope at 465−495 nm.
To determine the size distribution of the fibers used for the

bioassays, 10 subsamples of 100 μL of stock solution were
taken, and the size of fibers in each subsample was obtained by
measuring the length of fibers using image analysis software
(Figure S2). This procedure was done in triplicate for each
aliquot to determine the average size range of microplastic
fibers in the stock solution.
2.4. Test Organism (C. dubia). The stock of C. dubia

neonates was obtained from the laboratory stock at the
Commonwealth Scientific and Industrial Research Organization
(CSIRO), Adelaide, SA. Culturing was performed in 800 mL
beakers using diluted mineral water and was maintained at
25°C in a photoperiod of 16 h light and 8 h darkness according
to the U.S. Environmental Protection Agency (U.S. EPA)
guidelines.31 MHW supplemented with 2 μg/L selenium
(Na2SeO4) was used as the test media for bioassays. The
MHW was prepared in the laboratory using analytical grade
reagents based on U.S. EPA standard protocol.31 All toxicity
tests were performed using third brood neonates less than 24 h
old.
2.5. Bioassays. 2.5.1. Single and Mixture Acute Bioassays.

Three separate 48 h bioassays were designed to examine the
short-term effects of microplastics on C. dubia. The
experimental design included single exposure to PE beads
and polyester fibers separately as well as exposure to a mixture
containing both PE beads and polyester fibers. For single acute
exposure, C. dubia were exposed to a concentration range of
0.5−16 mg/L of PE beads and 0.125−4 mg/L of polyester
fibers, which corresponds to 1.7 × 104−5.4 × 105 particles/L
for PE beads and 1.1 × 103−3.4 × 104 particles/L for polyester
fibers. The studied concentrations in both mg/L and number of
particles/L can be found in Table S1.
The concentration range was selected based on preliminary

range finding experiments (section S2 and Table S2). A 48 h
acute immobilization test using copper(II) sulfate pentahydrate
(CuSO4.5H2O) as a known reference toxicant with a
concentration range of 5−20 μg/L was carried out according
to the U.S. EPA guidelines to ensure that the C. dubia neonates
were appropriately sensitive.32 Assay negative controls includ-
ing a water control (MHW only) and a solvent control
(Tween-20, 0.1% v/v).
All bioassays were conducted in 50 mL glass beakers

containing 25 mL of test media and 5 cultured neonates were
randomly transferred to each test vessel. No food was added
during the acute experiments and all treatments were done with
four replicates. All treatment groups were incubated at 25°C
under constant conditions. After the 48 h exposure, water
quality parameters such as dissolved oxygen (DO), pH, and
electrical conductivity (EC) were measured (Hach, HQ40d,
US). The survival of neonates in each treatment group was
recorded after 48 h using a stereo microscope (Lecia Wild
M3Z, US). Neonates that failed to move after 15 s of physical
stimulation (gentle prodding with a plastic pipet) were
considered dead.32 At the end of the test, alive and dead
individuals were collected for gut analysis and microscopy. The
LC50 values and 95% confidence interval (CI) for both the PE

beads and polyester fibers were calculated. To reduce potential
microplastic contamination, all experiments were conducted in
glass beakers, which were washed with ultrapure water (18.2
MΩ·cm) prior to each test and were covered with cling wrap
during handling and incubation. Additionally, new and
unopened glass scintillation vials were used for microplastic
stock solution preparation to avoid potential contamination.
A 48 h mixture exposure with both PE beads and polyester

fibers was also designed to test the potential toxicity of
microplastics in equitoxic mixtures. The concentrations used
for the mixture toxicity tests were selected based on individual
LC50 values for PE beads and polyester fibers, with identical
fractions of their individual LC50 values for each micro-
plastic.33,34 Four concentrations below the LC50 value (1/16
LC50, 1/8 LC50, 1/4 LC50, and 1/2 LC50), one at the LC50 value
and one concentration above the LC50 value (2 × LC50) were
used (Table S3). The mixture exposure was conducted using
the same procedure as described for the single acute tests.

2.5.2. Chronic Bioassays. Two parallel 8 d exposure
bioassays were conducted for PE beads and polyester fibers,
according to the U.S. EPA protocol.32 For both types of
microplastics, C. dubia were exposed to six concentrations. The
exposure concentrations used for chronic bioassays were 62.5−
2000 μg/L for PE beads and 31.25−1000 μg/L for polyester
fibers, which corresponds to 2.1 × 103−6.7 × 104 particles/L
for PE beads and 2.7 × 102−8.6 × 103 particles/L polyester
fibers. The details of used concentrations can be found in Table
S4. It should be noted that the lowest tested fiber
concentrations, including 31.25 μg/L (2.7 × 102 particles/L)
and 62.5 μg/L (5.4 × 102 particles/L), were within the range of
reported environmental concentrations; however, the higher
concentrations were likely to be above environmentally realistic
levels.
At each experimental concentration, 1 neonate (<24 h old)

was transferred to a 50 mL glass beaker containing 25 mL of
test media, with the media changed every 48 h. All treatment
groups including negative controls (both MHW and Tween-
20) were carried out with ten replicates. Before starting the test
and every 48 h after media renewal, all test solutions were
spiked with green algae (Selenastrum capricornutum) at a
concentration of 8 × 105 cells/mL and orange algae (Dunaliella
salina) at a concentration 1 mL/L. Survival and the number of
new offspring were recorded on a daily basis during the
exposure period. At the end of the test, all adults and neonates
were collected and fixed in glutaraldehyde (2.5%) and kept at
4°C for further inspection. The 8 d reproduction EC50 values
and 95% confidence interval (CI) for both the PE beads and
polyester fibers were calculated.

2.6. Visual Analysis of C. dubia. The gut content of C.
dubia after acute and chronic exposures to microplastics was
visually examined using a camera-connected stereo microscope
(Olympus, SZX9, Japan) and image analysis software (cellSens
Standard). All C. dubia samples were washed three times with
ethanol (99%, Sigma-Aldrich) before microscopy to remove
glutaraldehyde. The gut of C. dubia exposed to different
concentrations of PE beads and polyester fibers was visually
inspected and compared to the negative control sample
(MHW). To visually determine the fullness of the gut for PE
exposed C. dubia, the gut was divided into five parts with
specific percentile points (Figure S3) and the percentage of gut
fullness was determined accordingly.35 To further inspect
fluorescent fibers, C. dubia exposed to fibers were also inspected
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under a fluorescent microscope (Nikon Eclipse 80i) at 465−
495 nm.
Growth was assessed by measuring the body size of all adults

and neonates (up to 25 individuals) from each chronic
treatment group using the stereo microscope in the same way
as described for fiber size measurement.
2.7. Morphological Analysis of C. dubia. Since visual

inspections only provide information about the uptake of
microplastics by C. dubia, scanning electron microscope (SEM)
imaging was conducted on adult C. dubia to assess
morphological alterations, such as deformities, after chronic
exposure to better understand the adverse effects of micro-
plastics. The samples were washed with 2% osmium tetroxide
and gently dehydrated in an increasing series of ethanol (30, 40,
50, 60, 70, 80, 90, 100%). In the next step, the samples were
dried to the critical point in a critical point dryer (Leica EM
CPD300). Prior to using SEM the samples were coated with a
thin layer of platinum (approximately 10 nm) using a
Cressington 208HR sputter coater. SEM images were obtained
using a Philips XL30 FEG SEM, using secondary electron (SE)
mode, a 10 kV beam, and spot size 3 at a 10 mm working
distance. Images were collected at various magnifications
including at 200×, 350×, and 800× for each sample.
2.8. Data Analysis. Data were analyzed using GraphPad

Prism (version 7) statistical software. Log−logistic concen-
tration-effect curves were used to determine the LC50 and EC50
values and the 95% confidence intervals using nonlinear
regression. To determine the significance of effects in the
chronic bioassays, data were analyzed by one-way analysis of
variance (ANOVA) and statistical difference was set at α = 0.05.
2.9. Mixture Modeling. The mixture effects of PE beads

and polyester fibers were evaluated based on the toxic unit
(TU) model, which is defined as the total of the effect
contributions of each component in the mixture. The TU for
mixture of microplastics was calculated using the following
equation.33

= +TU
LC PE (mix)

LC PE (alone)
LC fiber (mix)

LC fiber (alone)
50

50

50

50 (2)

Using this model, TU less than one indicates more than
additive effects (e.g., synergism), while a TU greater than one
indicates less than additive effects (e.g., antagonism).
Further, the two common mixture toxicity models,

concentration addition (CA) and independent action (IA),
were applied to predict the effect of the binary mixture. CA
assumes that the mixture components are acting according to
the same mode of action, while IA assumes that the
components have different modes of action.36,37 Due to the
different morphology of the microplastics, a common mode of
action was not expected. The LC50 value based on the CA
prediction (LC50,mix) was calculated using eq 3, where pi is the
fraction of each microplastic component in the mixture and
LC50i is the LC50 value of each mixture component i. The effect

based on independent action was calculated using eq 4, where
Ei represents the effect of each mixture component i.

=
∑ =

LC
1

i
n p50,mix

1 LC
i

i50 (3)

∏= − −
=

E E1 (1 )
i

n

iIA
1 (4)

It should be noted that all mixture toxicity calculations were
conducted in units of particles/L, rather than mg/L. This is
because we expect that the effect is related to the number of
microplastics present, rather than their mass.

3. RESULTS AND DISCUSSION
3.1. Properties of Fiber Microplastics and Size

Distribution. ATR-FTIR analysis confirmed that the textile
fibers used for the bioassays were polyethylene terephthalate
(PET), a common polymer in the polyester family. The FTIR
spectra are shown in Figure S4. Examining the size range of
fibers used for bioassays showed a range from 25.7 ± 10 to
1150 ± 160 μm with an average length of 280 ± 50 μm. The
majority of fibers were within the 100−400 μm size range
(Figure S2).

3.2. Single Acute Effects. The acute and chronic LC50
values of reference toxicant (copper sulfate) in this study
were in the normal range of 12.2 (95% CI : 10−14.8) and 13.1
(95% CI : 11.9−14.4) μg/L, respectively. Mortality of negative
controls (both MHW and Tween-20) was ≤5% and no
significant difference was observed between the negative
controls with and without Tween-20 (t test, p = 0.37). Further,
negative controls were checked visually under the microscope
and no microplastic contamination was found in the control
treatments. The recorded water quality parameters, such as pH,
EC, and DO, for acute bioassays with polyester fibers and PE
beads after 48 h were comparable and within the recommended
range based on U.S. EPA protocols (Table S5).
The 48 h LC50 values for PE beads and polyester fibers were

2.2 mg/L (95% CI: 1.9−2.6) and 1.5 mg/L (95% CI: 1.3−1.7),
respectively, which corresponds to 7.4 × 104 PE beads/L and
1.3 × 104 fibers/L (Table 1). The mortality of C. dubia after
acute exposure to PE beads and polyester fibers increased with
increasing concentration in a dose-dependent manner (Figure
1A). This differs from the findings of Jemec et al.8 who did not
observe a dose-dependent response in D. magna mortality
during acute exposure to microplastic PET fibers with length
range of 62−1400 μm, which is similar to the fiber size range in
the current study. This could be attributed to the larger size of
D. magna compared to C. dubia, as well as the different
exposure conditions such as variable exposure of D. magna to
microplastics fibers during bioassays due to sedimentation of
microplastics,8 with no sedimentation of PE beads or fibers
observed in the current study.

Table 1. C. dubia 48 h (Acute) Lethal Concentrations (LC50 and LC10) for PE Beads and Polyester Fibers (mg/L, 95%
Confidence Interval (CI)) Based on Survival (Figure 1A), with Number of Particles/L at Each Effect Concentrationa

LC50 LC10

test material mg/L number of particles mg/L number of particles slope df R2 SS Sy.x

polyester fibers 1.5 (1.3−1.7) 1.3 × 104 0.6 (0.4−0.9) 5.5 × 103 −2.4 26 0.94 4618 9.9
PE beads 2.2 (1.9−2.6) 7.4 × 104 1.1 (0.7−1.8) 3.9 × 104 −3.5 22 0.90 2592 14.4

adf, degrees of freedom; SS, absolute sum of squares; Sy.x, standard error of the estimate.
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Complete (100%) mortality was observed at concentrations
of 4 mg/L (i.e., 3.4 × 104 particles/L) for polyester fibers and 8
mg/L (i.e., 2.7 × 105 particles/L) for PE beads during acute
bioassays. Moreover, C. dubia exposed to fibers often showed
abnormal swimming behavior, especially at the higher
concentrations, and were found entangled in the fibers,
resulting in an inability to swim and complete immobilization.
This observation may explain the higher toxicity of polyester
fibers to C. dubia compared to PE bead microplastics. Previous
research on a freshwater organism (H. azteca) also showed
greater toxicity of microplastic fibers compared to PE
microbeads during acute exposure, which was attributed to
the longer residence time and slower egestion of fibers.38

3.3. Acute Mixture Effects. The TU of the equitoxic
mixture of polyester fibers and PE microplastics was calculated
at 1.85, indicating less than additive effects. In other words, the
effect of the binary mixture was less than expected based on the
effects of the individual microplastics (Figure 1A). To further
explore the mixture effects the models of CA and IA were
applied, which assume that mixture components are either
acting according to similar or dissimilar modes of action,
respectively. These models are typically applied to chemical
mixtures and to our knowledge have not been applied to
mixtures of microplastics. While the modes of action by which
these microplastics induce an effect in C. dubia is unclear given
apical effects were studied, it appears that the microplastics are
impacting on C. dubia through different exposure pathways. For
example, C. dubia ingested PE beads, while fibers appeared to
restrict the mobility of C. dubia through entanglement.
Consequently, IA is expected to be a more representative
model. The experimental LC50 value of the mixture was 8.7 ×
104 particles/L, with the IA LC50 prediction within a factor of

1.3 of the experimental mixture (LC50 1.2 × 105 particles/L). In
contrast, the CA prediction was approximately a factor of 2
lower than the experimental mixture LC50 (LC50 4.2 × 104

particles/L). This fits with observations from the literature for
chemical mixtures that CA is the more conservative model,39

though IA appears to be more representative in the current
study.
The current study is the first to examine the mixture effects

of microplastics. Similar to the transition from ecotoxicology to
nanotoxicology,40 the application of conventional ecotoxicology
methods and mixture toxicity models to microplastics requires
further investigation. For example, the physicochemical proper-
ties of microplastics, such as their size and morphology, as well
as their potential to aggregate and undergo sedimentation, can
affect toxicity. Consequently, the application of mixture toxicity
models developed for chemicals to microplastics needs further
work, including using different microplastic mixture ratios, as
only one equitoxic mixture was considered in the current study.

3.4. Chronic Effects. Sensitive end points of growth,
reproduction and time to first brood were examined during
chronic exposure of C. dubia to PE beads and polyester fibers
(Figure 2, Tables 2 and 3). Mortality of the negative controls
(both MHW and Tween-20) was observed to be ≤5% and no
microplastic contamination was found in the negative control
samples. The mean time to first brood did not significantly

Figure 1. Dose−response curves of (A) survival after single and
mixture acute exposure and (B) reproduction after chronic exposure of
C. dubia to PE beads and polyester fibers.

Figure 2. Average size of adults (mm) and reproduction rate (number
of neonates) during chronic exposure to PE beads (A) and polyester
fibers (B). Data is represented as mean ± SD. Asterisks show the
concentrations with significant reduction of body size and total
number of neonates (ANOVA, p < 0.05). Control represents water
(MHW) sample.
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change (ANOVA p = 0.3) with increasing test concentrations
for PE beads and polyester fibers, and was calculated between
4.0 and 4.5 d for PE beads and 4.0 and 4.4 d for polyester fibers
(Tables S6 and S7). A dose−response relationship was
observed during chronic exposure with a significant reduction
in number of neonates with increasing microplastic concen-
tration (Figures 1B and 2, Tables 2 and 3). The survival rate of
C. dubia adults was observed to be ≥90% for all studied
concentrations except at the highest concentration for both PE
beads and polyester fibers, which both induced 40% mortality
(Tables 2 and 3). Despite the excellent survival of adults during
chronic exposure, the body size of adults and the number of
neonates were negatively affected by exposure to both PE beads
and polyester fibers (Figure 2). With polyester fibers, a
significant reduction in neonate numbers and adult body size
was observed at a concentration of 500 μg/L (i.e., 4.3 × 103

particles/L) and above (Figure 2B), while higher exposure to
PE microbeads was needed to produce a similar effect (1000
and 2000 μg/L (i.e., 3.3 × 103 and 6.7 × 104 particles/L)) for
neonate numbers and adult body size, respectively; Figure 2A).

Although exposure to both PE beads and polyester fibers
resulted in decreased body size and reduced the total number of
neonates, the effect with polyester fibers was more pronounced.
For example, a concentration of 1000 μg/L (i.e., 3.3 × 104

particles/L) of PE microbeads produced a 56% reduction in the
total number of neonates compared to the negative control
(MHW), whereas the same exposure concentration of polyester
fibers significantly (ANOVA, P = 0.0001) reduced number of
neonates by 84% compared to the negative control (Figure 2).
The EC50 values for reproduction also indicated greater adverse
effect of polyester fibers (EC50 429 μg/L (95% CI = 345−
539)) compared to PE beads (EC50 958 μg/L (95% CI = 760−
1353)) (Table 4). No significant difference was found in the
body length of neonates after both PE bead and polyester fiber
exposure (Tables S6 and S7). It should be noted that
microplastic fibers within the range of environmentally relevant
concentrations (6.1 × 102 − 6.5 × 102 particles/L24,25) did not
have a significant effect on the exposed organisms, with adverse
effects on reproduction and adult body size occurring at
concentrations around six times higher than previously
reported in the environment.
Exposure to PE beads was expected to lead to accumulation

of microplastics in the digestive tract, given they are in the size
range of C. dubia’s typical food source. The inability for self-
cleaning and egestion of microplastics may lead to blockage of
the digestive tract and inhibition of food uptake.41 The reduced
food consumption rate in the presence of microplastics has
previously been reported in other aquatic organisms, such as
crab and lugworm.41,42 During chronic exposure, the lower
food uptake would negatively impact the level of energy
reserves, likely forcing C. dubia to preferentially invest more of
the limited available energy in survival rather than growth and
reproduction, resulting in a reduced number of offspring. This
was previously observed for D. magna after exposure to silver
nanoparticles.43 In the current study, chronic (8 d) exposure to
both PE beads and polyester fibers resulted in a decreased
reproductive output (Figures 1B and 2). A positive correlations
between depletion of energy reserves and reduced reproduction
rate in D. magna has been reported after exposure to
nanopolystyrene.23

Abnormal swimming behavior was only observed in C. dubia
exposed to polyester fibers, with their movement often
inhibited as a result of entanglement in twisted fibers. While
ingestion of fibers was not observed in the gut of C. dubia using
the stereo microscope, the reduced reproduction and growth
seen during chronic exposure to fibers is likely to be associated
with inability to tolerate fibers as a stressor in the environment
and loss of energy as a response to physical contact with fibers
and damage to body. The potential for physical damage was
investigated further in section 3.5 below.
While microplastic beads and fibers are negatively affecting

growth and reproduction of C. dubia, the mode of action of
microplastics, particularly fibers, and effects on the cellular

Table 2. Survival and Reproduction of C. dubia Exposed to
PE Beads during Chronic Bioassaysa

number of neonates in each brood (mean
± S.D.)

concentration
(μg/L)

adult survival
(%) first brood

second
brood third brood

negative control 100 3.0 ± 0.7 6.8 ± 2.3 11.2 ± 4.1
62.5 100 3.2 ± 0.7 5.7 ± 1.0 9.6 ± 4.3
125 100 2.4 ± 0.9 4.9 ± 1.1 7.5 ± 3.2
250 100 2.5 ± 1.1 4.0 ± 1.9 9.1 ± 4.7
500 100 2.7 ± 0.4 5.0 ± 0.8 7.1 ± 2.9
1000 100 1.5 ± 1.4 4.9 ± 2.9 5.5 ± 1.5*
2000 60 0.9 ± 0.9 3.0 ± 1.9* 3.5 ± 2.1*

aNote: Asterisk (*) shows significant difference (p < 0.05). Negative
control represents MHW.

Table 3. Survival and Reproduction of C. dubia Exposed to
Polyester Fibers during Chronic Bioassaysa

number of neonates in each brood
(mean ± S.D)

concentration
(μg/L)

adult survival
(%) first brood

second
brood third brood

negative control 100 3.0 ± 1.2 4.9 ± 1.3 16.3 ± 3.2
31.25 100 3.0 ± 0.6 6.1 ± 1.6 17.9 ± 0.9
62.5 100 2.8 ± 1.0 9.6 ± 4.3* 16.7 ± 7.0
125 100 2.7 ± 0.8 5.4 ± 0.8 20.3 ± 2.2*
250 100 2.9 ± 0.8 3.9 ± 1.8 12.5 ± 5.1*
500 90 1.8 ± 0.8 2.5 ± 1.6* 5.3 ± 3.5*
1000 60 1.8 ± 0.9 0.2 ± 0.4* 2.8 ± 2.6*

aNote: Asterisk (*) shows significant difference (p < 0.05). Negative
control represents MHW.

Table 4. C. dubia 8 d (Chronic) Effect Concentrations (EC50 and EC10) of PE Beads and Polyester Fibers (95% Confidence
Interval (CI)) Based on Reproduction Output (Figure 1B), with Number of Particles/L at Each Effect Concentrationa

EC50 EC10

test material μg/L number of particles μg/L number of particles slope df R2 Sy.x

polyester fibers 429 (345−539) 3.5 × 103 208 (136−325) 2.4 × 103 −3.1 58 0.75 28
PE beads 958 (760−1353) 3.2 × 104 84.3 (29.1−244) 2.7 × 103 −0.8 58 0.58 16

adf, degrees of freedom; Sy.x, standard error of the estimate.
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function of C. dubia are unknown. Jeong et al.44 has recently
provided first evidence regarding the mode of action of
nanosized microplastics in a marine copepod (P. nana). This
study showed permeation of nanosized polystyrene microbeads
(0.05 μm) to the cell membrane and induction of the oxidative
stress response, leading to cell damage and reduction of growth
rate and reproduction output.44 Further work is required to
understand the mode of action of larger microplastics.
3.5. Visual and Morphological Analysis. The gut

content of all surviving C. dubia after acute and chronic
exposure was visually analyzed using a stereo microscope.
White PE beads were observed in the gut of C. dubia after 48 h
exposure to all concentrations (0.5 to 16 mg/L) (Figure 3B).
The level of gut fullness increased with test concentrations. For
example, the percentage of gut fullness increased from <50% at
concentrations of 0.5 and 1 mg/L to 100% at concentration of
4 mg/L (Figure S3). However, at concentrations above 4 mg/L
the gut of all examined organisms was observed as 100% full.
The test organisms exposed to fibers were inspected under

both stereo and fluorescent microscope. While no fibers were
observed in the gut of C. dubia, small bubbles were observed
under the carapace of exposed organisms to fibers (Figure 3A),
which increased with increasing exposure concentrations and is
likely a response to environmental stress. A similar phenom-
enon has previously reported for D. magna exposed to silver
nanowires.45 PE beads were also found in the gut of surviving
C. dubia after chronic exposure, which was correlated to the test
concentration. For instance, higher level of gut fullness was
observed at the highest concentrations while the gut of C. dubia
exposed to the lower concentrations only showed spots of
microplastics (Figure S5).
Apart from reduced body size of C. dubia after exposure to

polyester fibers and PE beads (Figure 2), we also observed
deformations in the body of C. dubia after 8 d exposure to

polyester fibers using scanning electron microscopy. Deform-
ities, such as carapace and antenna deformities, were observed
at polyester fiber concentrations of 500 μg/L (4.3 × 103

particle/L) and 1000 μg/L (8.6 × 103 particle/L), with
completely deformed carapaces (Figure 4A) compared to the
negative controls (MHW) (Figure 4C). Moreover, the seta of
the antenna displayed an abnormal shape and were split (Figure
4B) compared to the negative control (Figure 4D), which could
be due to physical contact with the fibers. Although damage to
antenna may potentially be caused by handling during sample
preparation for SEM, we did not find the same damage in the
negative control organisms, nor in C. dubia exposed to the
lower concentration of fibers (Figure S6). Interestingly, we did
not observe any noticeable deformations in C. dubia exposed to
PE beads. This observation may explain the greater adverse
effects in C. dubia after exposure to polyester fibers.

3.6. Implications and Outlook. The results from this
study demonstrated dose-dependent effects after acute and
chronic exposure to both PE beads and polyester fibers, with
fibers consistently showing greater negative effects than PE
beads. Further, the microplastic fibers caused a 50% reduction
in reproductive output of C. dubia at concentrations
approximately six times higher than the reported environmental
concentrations. Consequently, more subtle effects may occur at
lower concentrations. Unlike previous studies, we did not
observe any ingested fibers in C. dubia. However, malforma-
tions were observed in the carapace of organisms exposed to
polyester fibers. This demonstrates that the adverse impact of
microplastic fibers on exposed aquatic organisms is not solely
due to ingestion but also external physical damage, and that the
latter can significantly affect survival, growth and fecundity of C.
dubia. We have also evaluated the short-term effect of a binary
mixture of PE beads and polyester fibers, which is the first of its
kind to be reported for microplastics. The results showed less

Figure 3. C. dubia after acute exposure to polyester fibers (bubbles under carapace shown with the red arrow) (A), PE beads (gut full of white
microplastics) (B), and negative control (MHW) (C), and chronic exposure to polyester fibers with reduced body size and no eggs in the body (D),
PE beads with less eggs in the body (E), and negative control (MHW) (F). The concentration of both types of microplastics was 1000 μg/L for
chronic and 4 mg/L for acute.
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than additive effects after acute exposure to a mixture of PE
bead and polyester fiber microplastics, with the effect of the
mixture similar to the predicted effect based on the model of
independent action. It should be noted that applying
conventional toxicity testing methods to microplastics, as well
as mixture toxicity models developed for chemicals, may have
limitations and requires further validation. Therefore, it is
important to identify the mode of action and to develop new
approaches for microplastic toxicity testing in the future. We
also suggest more studies on the acute and chronic effects of
binary mixture with different types of microplastics to provide
better predictions on mixture effects.
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Chapter 5. Environmentally relevant concentrations of polyethylene 

microplastics negatively impact the survival, growth and emergence of 

sediment-dwelling invertebrates  
 

From a review of the literature in Chapter 2, it was found that the effects of 

microplastics on sediment-dwelling organisms remain poorly understood. This is of 

particular importance because it has been shown that microplastics in the aquatic 

environment will eventually sink to the bottom sediment, where they can pose a risk to 

benthic organisms. Moreover, the literature review highlighted that little is known about 

the effects of environmentally realistic concentrations of microplastics on aquatic biota. 

This experimental chapter assessed the effect of microplastics beads at different size 

ranges in sediment at a concentration that has been previously reported in the aquatic 

environment on the full life cycle of a sediment-dwelling organism (Chironomus 

tepperi).  
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a b s t r a c t

Microplastics are a widespread environmental pollutant in aquatic ecosystems and have the potential to
eventually sink to the sediment, where they may pose a risk to sediment-dwelling organisms. While the
impacts of exposure to microplastics have been widely reported for marine biota, the effects of micro-
plastics on freshwater organisms at environmentally realistic concentrations are largely unknown,
especially for benthic organisms. Here we examined the effects of a realistic concentration of poly-
ethylene microplastics in sediment on the growth and emergence of a freshwater organism Chironomus
tepperi. We also assessed the influence of microplastic size by exposing C. tepperi larvae to four different
size ranges of polyethylene microplastics (1e4, 10e27, 43e54 and 100e126 mm). Exposure to an envi-
ronmentally relevant concentration of microplastics, 500 particles/kgsediment, negatively affected the
survival, growth (i.e. body length and head capsule) and emergence of C. tepperi. The observed effects
were strongly dependent on microplastic size with exposure to particles in the size range of 10e27 mm
inducing more pronounced effects. While growth and survival of C. tepperi were not affected by the
larger microplastics (100e126 mm), a significant reduction in the number of emerged adults was
observed after exposure to the largest microplastics, with the delayed emergence attributed to exposure
to a stressor. While scanning electron microscopy showed a significant reduction in the size of the head
capsule and antenna of C. tepperi exposed to microplastics in the 10e27 mm size range, no deformities to
the external structure of the antenna and mouth parts in organisms exposed to the same size range of
microplastics were observed. These results indicate that environmentally relevant concentrations of
microplastics in sediment induce harmful effects on the development and emergence of C. tepperi, with
effects greatly dependent on particle size.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Around 322 million tonnes of plastic was produced globally in
2015, with about 30% disposed as waste, which may eventually
enter the marine and freshwater environment (Jambeck et al.,
2015; Plastic Europe, 2015). Plastic materials can remain in the
aquatic environment for thousands of years where they undergo
weathering and natural defragmentation (e.g. due to photolysis,
hydrolysis and physical forces) and consequently introduce sub-
stantial amounts of microplastics to the aquatic environment (Lee
e by Maria Cristina Fossi.

au (S. Ziajahromi).
et al., 2013). Further, municipal and industrial wastewater treat-
ment plant (WWTP) effluent has been identified as a significant
source of microplastics, such as microfibers from synthetic clothing
and microbeads from cosmetic products (Mason et al., 2016;
Ziajahromi et al., 2017).

While microplastics in the aquatic environment can have
different densities, it is expected that polymers with a lower den-
sity than water (e.g. polyethylene) will remain at the surface, while
denser plastics (e.g. polyester, PET) will sink to the sediment.
However, recent studies have demonstrated that the majority of
microplastics with different polymer types and densities will
eventually end up in the bottom sediment (Galloway et al., 2017;
Lagarde et al., 2016). For example, Casta~neda et al. (2014) detec-
ted a large amount of low density microplastics, such as poly-
ethylene, in deep-sea sediment. This can be attributed to ecological
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processes such as aggregation and interaction with organic mate-
rial and microorganisms (e.g. microalgae, bacteria and fungi) that
can change microplastic properties, leading to increased density
and subsequent settling to sediment (Galloway et al., 2017; Lagarde
et al., 2016). Therefore, it is most likely that a wide range of
microplastics will eventually sink to the bottom sediment in
aquatic ecosystems where they may pose a threat to benthic or-
ganisms. Consequently, there is a need for ecotoxicology studies on
the effects of microplastics on sediment-dwelling organisms.

Microplastics are known to induce significant detrimental ef-
fects (both physical and chemical) on growth, fecundity and sur-
vival of exposed organisms (Au et al., 2015; Chua et al., 2014). The
effects have been shown to be more significant in vulnerable or-
ganisms or those in early life stages, which are more sensitive to the
presence of microplastics in their habitat (Oliveira et al., 2013).

Uptake and adverse effects ofmicroplastics on benthic organisms
such as lugworm, mussels and benthic amphipods, have been pre-
viously reported (Au et al., 2015; Van Cauwenberghe et al., 2015;
Wright et al., 2013). Nevertheless, most studies to date are conduct-
ed using concentrations of microplastics that are unlikely to occur in
thenatural environment. Huvet et al. (2016) reported that usingnon-
environmentally relevant concentrations of microplastics in eco-
toxicological studies has led to reporting overestimated effects. Thus,
it is important to understand the extent to which environmentally
relevant concentrations of microplastics pose a risk to aquatic or-
ganisms, with further work required in this area.

Additionally, microplastics in the natural environment occur in
various size ranges and theycan continue tobreakdown into smaller
pieces (Besseling et al., 2014), leading to the exposure of aquatic
organisms to a wide size range of microplastics. Thus, the effect of
microplastics on aquatic organisms may vary with different size
ranges. For example, it has been shown that ingestion of different
sizesofmicroplastics (0.05, 0.5 and6 mm)can lead todifferenteffects
in marine copepod (Tigriopus japonicus) (Lee et al., 2013) and rotifer
(Brachionus koreanus) (Jeong et al., 2016). To date, numerous toxicity
studies have examined the impact of a single size ofmicroplastic and
the effects associated with different microplastic sizes remains
poorly understood. Moreover, while microplastics have been
recently reported in freshwater environments, the effects of
microplastics on freshwater organisms, particularly sediment-
dwelling organisms, has received less attention.

In this study, we investigated the effects of polyethylene (PE)
microplastics on the survival, growth and emergence of a fresh-
water sediment-dwelling organism (Chironomus tepperi) with the
aim to provide a realistic exposure scenario using an environ-
mentally relevant level of microplastics that has been previously
reported in freshwater sediment. We have provided a practical
perspective of the concentration of microplastics by specifying
microplastic concentrations as number of particles/kgsediment. In a
recent study, Ballent et al. (2016) constantly detected >500
microplastic particles/kgsediment in tributary sediment of freshwater
Canadian lakes with beads as one of the common detected micro-
plastics. This concentration is also comparable with the maximum
concentration of microplastics detected in the sediment of United
Kingdom lakes (Vaughan et al., 2017). We based our sediment in-
vestigations on these two studies and have therefore used 500
microplastic particles/kgsediment for all experiments. We also
examined the size-related impacts of microplastics by exposing
C. tepperi to four different size ranges of PE microplastics.

2. Materials and methods

2.1. Test organism (C. tepperi)

C. tepperi, a non-biting midge, is a commonly used freshwater
model organism for toxicity testing. These organisms play an
important role in the aquatic food chain as the larvae can serve as a
food source for many fish species. The culturing and toxicity bio-
assays of C. tepperi were conducted based on OECD protocols
(OECD, 2004a) and Simpson and Kumar (2016). Midge larvae were
cultured from egg masses cultured at CSIRO Land and Water, South
Australia. The egg masses were collected from culture tanks and
transferred to 600mL glass beakers containing 500mL moderately
hard water (MHW) according to the standard method outlined in
the OECD guidelines (OECD, 2004a, 2004b). The cultures were kept
at 21�C and a 16:8 h (light:dark) cycle. Second instar larvae (<5 d
posthatch) were then used for the bioassays.

2.2. Preparation of microplastics for bioassays

Four different size ranges of regular-shaped pristine PE micro-
plastics including 1e4, 10e27, 43e54 and 100e126 mm (density
0.98e1.02 g/cc) were purchased from Cospheric, USA. All were blue
beads except 1e4 mmmicroplastics, which were white in colour. PE
microplastics with the possible origin of cosmetic products have
been widely found in the aquatic environment (Ballent et al., 2016;
Casta~neda et al., 2014) and WWTP effluent (Mintenig et al., 2017;
Ziajahromi et al., 2017).

Given the strong tendency of dry microplastics to aggregate,
significant errors could arise in counting the number of dry
microplastics and spiking into sediment. Therefore, we prepared
stock solutions to facilitate microplastic counting and to ensure a
correct estimation of the number of added microplastics. The stock
solutions of microplastics with specific concentrations (mg/L) were
prepared by adding dry microplastics to 20mL of MHW. To avoid
aggregation of microplastics inwater, 0.1% v/v of surfactant Tween-
20 (Sigma-Aldrich, USA) was added. The stock solution was then
mixed using a vortex (BioCot, Stuart) for 2min. Additionally, 30min
ultrasonic treatment was conducted for the 1e4 mm microplastics
due to their greater tendency to aggregate.

To determine the number of microplastics in the stock solutions
two counting approaches based on the size of microplastics were
used. A hemocytomer method was used for microplastics ranging
from 1e4 and 10e27 mm (Ogonowski et al., 2016). Counting was
repeated three times and the average number of microplastics per
litre of stock solution was calculated. For the larger sizes of
microplastics, 43e54 and 100e126 mm, counting was done using
ten sub-samples for each size range, with each sub-sample con-
taining 100 mL of stock solution. Microplastics were recorded under
a camera-connected Stereo Microscope (Olympus, SZX9, Japan,
6.3�magnification) using a point-counting tool available in image
analysis software (cellSens Standard). Counting was repeated twice
and the average number of microplastics was then calculated per
mL of the stock solution. The details of the microplastics calcula-
tions in the stock solutions and the concentration used for the
bioassays are provided in the Section S1 and Table S1 of the Sup-
porting Information (SI).

2.3. Sediment preparation

Natural sediment for the bioassays was collected from an un-
contaminated area in the upstream Murray River, South Australia,
in October 2016, which is known to be a habitat of many
sedimentary-dwelling invertebrates. Sediment samples were wet
sieved through a 420 mm stainless steel laboratory grade sieve to
remove larger particles and possible macrofauna. The sieved sedi-
ment was weighed and transferred into 200mL glass jars. Sediment
was spiked with the stock solutions to achieve a final concentration
of 500 microplastic particles/kgsediment. Details of added volumes of
stock solution are provided in Table S1. To provide a homogenized
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and well-dispersed microplastic-spiked sediment for the bioassays,
the glass jars were tightly wrapped in plastic bags and shaken
overnight using an end-over-end mechanical shaker. Using this
approach microplastics were found be homogenously distributed
throughout the sediment in the test vessels rather than remaining
at the top layer or clinging to the glass surface. Unspiked sediment
was used as the negative control.

One sub-sample of sediment was analysed for particle size and
chemical properties, including pH, electrical conductivity (EC) and
elemental composition. The size of sediment particle was deter-
mined based on the method described in Bowman and Hutka
(2002) by dispersion and pipette sub-sampling. The sample is
partially dispersed by an ultrasonic probe, with organic matter
destroyed by hydrogen peroxide, carbonate destroyed by acetic
acid, soluble salts removed by washing and the sample dispersed
by shaking with sodium hexametaphosphate and sodium carbon-
ate. The sample was then transferred into a sedimentation cylinder
before mixing and taking pipette sub-samples at calculated times
and depths.

2.4. Growth and emergence bioassays

The toxicity bioassays were conducted in two parallel batches
including a 5 d growth assay and a 10 d emergence assay in sedi-
ment. The test procedure was performed based on USEPA technical
guidelines (USEPA, 1996). To ensure that midge larvae were
appropriately sensitive, a 48 h acute water exposure test with
MHW was performed using reference toxicant copper(II) sulfate
pentahydrate (CuSO4.5H2O) with a concentration range of
31.25e500 mg/L according to USEPA guidelines (USEPA, 2002).
Further, a preliminary 48 h acute exposure test was conducted
using MHW only (negative control) and Tween-20 (0.1% v/v) to
determine the effects of Tween-20 on C. tepperi.

Each bioassay was performed using four different size ranges of
microplastics including 1e4, 10e27, 43e54 and 100e126 mmwith a
concentration of 500 microplastic/kgsediment, as well as a sediment
negative control with no microplastics. All bioassays were con-
ducted with four replicates and incubated under standard condi-
tions (at 21�C, 16:8 h light:dark cycle). For the 5 d growth assay, 10
larvae (less than 5 day old) were transferred to 400mL glass bea-
kers containing 140 g (wet weight) of microplastic-spiked sediment
and beakers were topped with 200mL MHW. A gentle aeration
system was used during the bioassays (Fig. S1). The top layer of
water from the test beakers was gently renewed every second day
and larvae were fed with a small amount of fish flakes at the
beginning of the test and following each renewal. Water quality
parameters including pH, dissolved oxygen (DO) and EC were also
monitored at the beginning of the test, following each renewal and
at the end of the test for both the growth (5 d) and emergence
(10 d) assays. For the growth assay, after the 5 d incubation period
and prior to pupation, the larvae were removed from the beakers
and the numbers of surviving larvae were recorded. To remove the
midges from sediment, the sediment content of each beaker was
transferred to a 420 mm sieve and sediment was gently washed off
with tap water until all surviving midges appeared. At the
completion of the bioassays, all the surviving larvae were fixed in
formalin (10%) for microscopy inspections and measurements. The
endpoints in the 5 d growth assay included survival, body length
and head capsule length, which were measured to assess the
development of larvae. The emergence assay was conducted in the
same way as described above until the emergence of adults in the
negative control reached at least 80% (Simpson and Kumar, 2016),
then the number of emerged adults in all test beakers were
recorded. For growth and emergence assays all test vessels were
covered with cling film. For the emergence assay, the cling filmwas
replaced after 8 days with a net to monitor the emerging adults.

2.5. Visual and morphological analysis of C. tepperi

C. tepperi were washed three times with ethanol (99%, Sigma-
Aldrich) to remove formalin prior to microscopy. To facilitate the
inspection of the gut content, the soft tissues were digested using
potassium hydroxide (KOH, 95%, BDH, Australia). The larvae were
treated overnight in 2mL KOH at 60�C in a stable condition (Chua
et al., 2014). The gut content of larvae was inspected using a ste-
reo microscope (Olympus, SZX9, Japan) and the length of body and
head capsule of all surviving larvae (up to 35 individuals) from each
treatment group were measured using image analysis software
(cellSens standard).

The samples were further analysed using scanning electron
microscopy (SEM) in order to investigate possible external struc-
tural changes and deformities of C. tepperi, particularly the antenna
and mouth part. The samples of larvae exposed to different size
range of PE microplastics were randomly selected from bioassays
and gently dehydrated in an increasing series of ethanol (30, 40, 50,
60, 70, 80, 90, 100%). Prior to SEM, the samples were dried to the
critical point in a critical point dryer (Leica EM CPD300). The
samples were then coated in gold with a thickness of 20 nm and
imaged using a TESCAN Mira3 field emission scanning electron
microscope (FE SEM) at 10 kV with beam intensity 6.00.

2.6. Data analysis

GraphPad Prism (version 7) statistical software was used for
data analysis. To determine the significance of effects with different
microplastic size ranges in the growth and emergence assays, data
were analysed by one-way analysis of variance (ANOVA) followed
by Dunnett's multiple comparisons test. A D'Agostino-Pearson
omnibus testwas performed to test the normality of data. Statistical
difference was set at a¼ 0.05.

3. Results and discussion

3.1. Effects of microplastics on survival and development of
C. tepperi (5 d assay)

The EC50 value of reference toxicant copper (II) sulfate was
159 mg/L (95% CI: 93.5e271.4), which shows the appropriate
sensitivity of midges under the test condition. The recorded water
quality parameters such as pH, EC and DO during both assays were
in the recommended range based on USEPA protocols and are
presented in Table S2. Also, no significant difference was observed
between the mortality (<5%) of C. tepperi in the control assays with
and without Tween-20 (t-test, p¼ 0.3). Additionally, the composi-
tion and particle size distribution as well as the chemical properties
of the tested sediment sample are shown in Table S3.

The survival rate of C. tepperi in the negative control treatment
(unspiked sediment) was>90%. The survival of C. tepperi exposed to
an environmentally relevant concentration of PE microplastics was
significantly size-dependent with greater effects observed after
exposure to the smaller particles (one-way ANOVA, p< 0.0001;
Fig. 1 (A)). For example, a significant decrease was observed in
survival of C. tepperi after exposure to PE microplastics in the size
ranges of 1e4 mm (ANOVA, p¼ 0.0001), 10e27 mm (ANOVA,
p¼ 0.0001) and 43e54 mm (ANOVA, p¼ 0.0001) compared to the
negative control. The lowest survival rate was observed after
exposure to 10e27 mm microplastics, with 57% survival compared
to 92% in the negative control (Fig. 1 (A)). Exposure to the
100e126 mmPE microplastics did not significantly affect survival,
which was found to be 87% compared to 92% in the negative control
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Fig. 1. Percent survival of C. tepperi in 5 d growth assay (A) and percent emergence of
C. tepperi in 10 d emergence assay (B). Data is represented as mean ± SD. *significantly
different from negative control (ANOVA, p < 0.05).

Fig. 2. Body length (A) and head capsule size (B) of C. tepperi larvae after 5 d exposure
to PE microplastics. *significantly different from negative control (ANOVA, p < 0.05). II,
III and IV represent the larvae instar.
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(ANOVA, p¼ 0.6). This finding is consistent with Jeong et al. (2016)
who found a size-dependent effect on survival, growth rate and
fecundity of rotifer B. koreanus, with more significant effects after
exposure to the smaller polystyrene microplastics in the size range
of 0.05 and 0.5 mm compared to 6 mm microplastics.

A similar size-dependent trend was observed in the growth of
C. tepperi larvae. A significant decrease (ANOVA, p< 0.0001) in body
length was observed upon exposure to size ranges of 1e4, 10e27
and 43e54 mmPE microplastics (Fig. 2A). Again, exposure to
10e27 mm particles resulted in the smallest body length
(7.6± 2.4mm) compared to the negative control (12.9± 3.1mm).
However, no significant decrease was found after exposure to
100e126 mmmicroplastics (ANOVA, p¼ 0.2) with the average body
length of 12.5± 1.2 (Fig. 2A; Fig. 3) which was within the reported
normal body length range of 10e13mm for C. tepperi in uncon-
taminated conditions (Martínez-Gardu~no, 2011).

The length of the head capsule, which has been suggested as the
best indicator of morphological growth and larvae instar (Stevens,
1993), was also measured. Exposure to 1e4, 43e54 and
100e126 mmPE microplastics did not significantly affect the size of
the head capsule (ANOVA, p¼ 0.4) and >90% of the exposed larvae
reached four instar stage (Fig. 2B). However, those exposed to
10e27 mmmicroplastics showed a statistically significant reduction
(ANOVA, p¼ 0.0001), with the mean head capsule length of
0.31± 0.06mm (Fig. 2B). Therefore, it appears that the majority of
organisms (>85%) exposed to 10e27 mmPE microplastics did not
develop to the four instar stage (Fig. 2B). Nybom et al. (2016)
likewise reported a smaller head capsule size and lower develop-
ment rate in midge larvae C. riparius exposed to PCB contaminated
sediment compared to larvae exposed to unamended sediment.

The SEM imaging also showed a reduction in the size of the head
capsule and mouth part as well as a noticeable reduction in the size
of the antenna in larvae exposed to 10e27 mm particles (Fig. 4).
However, no morphological deformities to the external structure of
the mouth part in larvae exposed to different size ranges of PE
microplastics was observed.

The gut content of all surviving midge larvae after the 5 d
growth assaywas visually inspected using a stereo-microscope. The
image analysis confirmed the presence of PE microplastics (blue
beads) with the size range of 10e27 mm (Fig. 5) and 43e54 mm in
the gut of organisms. While it is most probable that 1e4 mmPE
microplastics were likewise ingested by C. tepperi, we were unable
to observe this size range of microplastics in the gut of larvae,
possibly because this small size of microplastics were effectively
egested. Further, 100e126 mmPE microplastics were not observed
in the gut of any of the inspected larvae.

Given that C. tepperi feeding habits include filter feeding and
ingesting sediment (Bervotes et al., 2002), it is likely that C. tepperi
would preferably take up microplastics in the same size range as
the sediment particles. While the particle size fraction preferred by
larvae from other species in the Chironomidae family (C. riparius)
has been suggested to be 1e25 mm (Ristola et al., 1999), which fits



Fig. 3. C. tepperi larvae after the 5 d growth assay including the negative control (A) and after exposure to PE microplastics in the size range of 100e126 mm (B), 43e54 mm (C),
10e27 mm (D) and 1e4 mm (E).

Fig. 4. SEM micrograph view of mouth part, head and antenna of C. tepperi larvae, with head (A) and antenna (B) of C. tepperi in the negative control, and head (C) and antenna (D)
of C. tepperi exposed to 10e27 mmPE microplastics. The red arrows show the different sizes of antennas in the control and exposed larvae. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

S. Ziajahromi et al. / Environmental Pollution 236 (2018) 425e431 429
well with the 10e27 mm size range where the most significant ef-
fect was observed in this study, the preferred size range of sediment
for C. tepperi is still unknown. Further, this result is consistent with
Scherer et al. (2017) who exposed various freshwater invertebrates
including C. riparius to different size ranges of polystyrene beads
including 1, 10 and 90 mm and indicated that C. riparius mostly



Fig. 5. C. tepperi larvae after the 5 d growth assay including the negative control (A, B) and after exposure to PE microplastics in the 10e27 mm size range (C, D), with white arrows
showing ingested blue microplastics. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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ingested microplastics with size of 10 mm.
The lack of significant effects on the growth and survival of

C. tepperi exposed to the 100e126 mm particles is likely due to the
inability of C. tepperi to consume particles in this size range.
Ingested microplastics may accumulate in the gut of C. tepperi and
reduce the uptake of natural food, leading to the organism receiving
less nutrition and consequently affecting survival and growth.
Previous studies on chironomid species (C. riparius) showed a
balance between ingestion and elimination of ingested sediment
with no accumulation of sediment in the digestive tract (Bervotes
et al., 2002). As indicated in Fig. 5, this trend was not observed
for microplastics in the current study. This can be attributed to the
longer residence time of microplastics in the gut of C. tepperi
compared to sediment particles due to the likelihood of micro-
plastics to agglomerate in the gut of C. tepperi, in particular for the
smaller PE microplastics, which showed a very strong tendency to
aggregate in the water phase. This could potentially result in
blockage of the digestive tract and consequently inhibit food up-
take. The aggregation of microplastics in the gut of C. tepperi larvae
was further observed during a 48 h water exposure (without
sediment) using the four different size ranges of microplastics with
the smaller size microplastics shown to aggregate in the gut of
exposed organisms. Further details about the water exposure assay
and microplastics in the gut of the exposed C. tepperi are provided
in Section S2 and Fig. S2, respectively. Aggregation of microplastics
in the gut of organisms has been previously reported for micro-
plastics in the size range of 1.7e3.8 mm in the midgut of
zooplankton, which led to the blockage of the alimentary canal
(Cole et al., 2013).
3.2. Effects of microplastics on emerging of C. tepperi (10 d assay)

The emerging rate of adults was assessed using the emergence
assay after 10 d. The emergence of C. tepperi in the negative control
treatment (unspiked sediment) was >90%. Exposure to an envi-
ronmental relevant concentration of PE microplastics negatively
influenced the total number of emerged adults in a size dependent
manner (one-way ANOVA, p< 0.05; Fig. 1 (B)). The most significant
reduction in percent emergence was observed after exposure to the
10e27 mmPE microplastics size range (ANOVA p¼ 0.003), where
the emerging rate was only 17.5% (Fig. 1 (B)) compare to 92% in the
negative control which is likely attributable to reduced food uptake
bymidge larvae due to ingestion of PEmicroplastics, as discussed in
Section 3.1. Previous studies have also reported that survival and
emergence of C. tepperi was significantly affected under low food
conditions with significantly delayed development and lower
emerging rates for larvae given 90% less food (0.1mg/d) compared
to control conditions (1mg/d) (Townsend et al., 2012).

The emerging rate of C. tepperi exposed to the size ranges of 1e4,
43e54 and 100e126 mm was also significantly reduced by 40%
(ANOVA, p¼ 0.008), 41% (ANOVA, p¼ 0.003) and 49% (ANOVA,
p¼ 0.005), respectively, compared to the negative control. Given
the excellent survival (87%) of C. tepperi larvae exposed to
100e126 mmPE microplastics during the growth assay and the fact
that larger microplastics were not ingested by the exposed larvae
during the 5 d growth assay, we did not expect a significant
reduction in the number of emerged adults exposed to 100e126 mm
particles during emergence assay. However, the delayed emergence
in the presence of 100e126 mm microplastics may be explained by
changing feeding capacity during larvae development in the
emergence assay, potentially affecting the size preference of
ingested microplastics. Scherer et al. (2017) reported a relationship
between the development of C. riparius larvae and changes in the
size of ingested microplastics, with 90 mm microplastics only
ingested by larger chironomid larvae. Further work is required to
better understand the mechanism of ingestion of larger micro-
plastic particles and how these larger microplastics are impacting
C. tepperi emergence.
4. Conclusion and implications

Our results suggest that environmentally realistic concentra-
tions of microplastics in sediment can adversely affect the survival,
growth and emergence of sediment-dwelling organism C. tepperi.
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Further, we have demonstrated size-related effects of microplastics
by exposing C. tepperi to different size ranges of microplastics, with
smaller microplastics in a similar size range as the preferred par-
ticle uptake size fraction for C. tepperi having the greatest impact on
survival, growth and emergence. The significantly lower number of
emerged adults and higher mortality, as well as reduced body size,
of C. tepperi exposed to PE microplastics in the 10e27 mm size
range, is likely to be associated with aggregation of microplastics in
the gut of organisms. This phenomenon can negatively affect the
egestion mechanism of C. tepperi and can consequently lead to
blocking of the digestive tract and the inability to uptake sufficient
amounts of food. This study provides a first insight into the negative
effects of microplastics at a realistic concentration on C. tepperi
growth and emergence and indicates that exposure to micro-
plastics in sediment may pose a risk for sediment-dwelling or-
ganisms. More research is required to further investigate the
mechanism of egestion and residence time of microplastics
compare to sediment particles as well as the selectivity between
uptake of microplastics and sediment by C. tepperi.
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Chapter 6. Effects of polyethylene microplastics on the acute toxicity of 

a synthetic pyrethroid to midge larvae (Chironomus tepperi) in 

synthetic and river water. 

 
From the literature review (Chapter 2), it was found that microplastics have the ability 

to interact with chemicals. However, the effects associated with microplastics and 

sorbed chemicals and the potential effects of microplastics on the toxicity of chemicals 

are less understood. This chapter evaluated the toxic effects of a synthetic pyrethroid 

(bifenthrin) in water on a freshwater organism (Chironomus tepperi) in the presence and 

absence of microplastics. 
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6.1.  Abstract  

Microplastics are a ubiquitous pollutant in the aquatic environment worldwide. 

However, there is limited understanding regarding the interaction of chemicals, 

particularly synthetic pyrethroids, with microplastics and the potential toxic effects of 

sorbed contaminants on aquatic organisms. Here, we experimentally determined for the 

first time whether the presence of polyethylene (PE) microplastic beads at 

environmentally relevant concentrations can affect the acute toxicity of synthetic 

pyrethroid bifenthrin to an invertebrate Chironomus tepperi in both synthetic water and 

river water. The uptake of three different size ranges of microplastic beads (10-27, 43-54 

and 100-126 µm) by C. tepperi and their effects on survival and growth of larvae during 

co-exposure to microplastics and natural food was also investigated over a 192 h 

exposure. The gut analysis showed that, unsurprisingly, smaller microplastics (10-27 

µm) were ingested more by larvae than large microplastics, though ingestion of 

microplastics in the presence of food did not significantly affect the survival and growth 

of C. tepperi larvae. Bifenthrin was less toxic in synthetic water after acute exposure in 

the presence of microplastics (LC50 value of 1.3 µg/L compared to 0.5 µg/L, 

respectively), most likely because sorption of bifenthrin to microplastics made it less 

bioavailable to exposed larvae. Bifenthrin alone was less toxic in river water containing 

9.6 mg/L organic carbon than in synthetic water (LC50 of 1.3 µg/L compared to 0.5 

µg/L, respectively), and the addition of microplastic did not further reduce its toxicity, 

perhaps indicating maximal partitioning reached with organic matter in river water. A 

sorption capacity experiment also showed that >91 % of bifenthrin in water was sorbed 

to microplastics. This study suggests that PE microplastics can reduce the negative 

effects of hydrophobic chemical to exposed organisms, most likely by reducing its 

bioavailability.  

 

Keywords: bifenthrin, organic matter, PE beads, reduced toxicity, sorption  
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6.2.  Introduction 

Microplastic pollution in aquatic ecosystems has become a serious environmental issue. 

Microplastics can make their way to the aquatic environments from various sources 

including land-based (e.g., land runoff and wastewater effluent) and aquatic-based (e.g., 

fragmented particles from discarded plastics) sources (Eerkes-Medrano et al., 2015; 

McCormick et al., 2014). Wastewater treatment plant (WWTP) effluent has been 

identified as a significant pathway to discharge substantial amounts of microplastics, 

including beads and fibers from personal care products and household laundry, to the 

receiving aquatic environment (Mason et al., 2016; Ziajahromi et al., 2017b). The 

capability of microplastics to remain and accumulate in the environment for thousands 

of years, as well as their potential to negatively impact aquatic biota, are of particular 

concern (Wardrop et al., 2016). To date, numerous laboratory and field studies have 

shown that exposure to microplastics can pose a risk to a varie ty of aquatic organisms 

from zooplankton (Cole et al., 2013; Ziajahromi et al., 2017a) to mammals (Eriksson 

and Burton, 2003; Fossi et al., 2012) and can cause blockage of the digestive tract and 

physical damage to the body. Further, microplastics have been shown to sorb persistent 

organic pollutants (POPs) (Galloway et al., 2017; Hirai et al., 2011). The sorption of 

trace organic contaminants (TrOCs) such as polybrominated diphenyl ethers (PBDEs), 

polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs) and 

chlorinated pesticides (e.g., DDT), to microplastics found in the environment has been 

widely reported in the literature (Hirai et al., 2011; Rios et al., 2010; Van et al., 2012).  

In theory, TrOCs that interact with microplastics often have low solubility in water and 

are typically lipophilic, meaning they can bind to the hydrophobic surface of 

microplastics (Matsuzawa, 2010). It has been shown that contaminants from the 

surrounding environment sorbed to microplastics, as well as chemical additives (e.g., 

phthalates) embedded in the plastic polymer, can induce toxic effects in exposed 

organisms as a consequence of chemical leaching from the microplastic to the organism 

upon ingestion (Faure et al., 2015). While some studies have found that microplastics act 

as an effective route to transfer sorbed contaminants to an organism (Avio et al., 2015; 

Besseling et al., 2013; Browne et al., 2013; Rochman et al., 2013; Wardrop et al., 2016), 

others have demonstrated that chemicals sorbed to microplastics may be less 

bioavailable to exposed organisms (Chua et al., 2014; Sleight et al., 2017), with lower 

effects reported compared to direct exposure to the contaminant. Recently, Sleight et al. 

(2017) reported a 33% reduction in the bioavailability of phenanthrene to exposed 

zebrafish larvae (Danio rerio) in the presence of PVC microplastics compared to 
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exposure to phenanthrene without microplastics. Likewise, Chua et al. (2014) reported 

that microplastics decreased the bioavailability and uptake of PBDE by Allorchestes 

compressa. While the interaction of microplastics and TrOCs has received some 

attention, the potential effects of microplastics on the bioavailability and toxicity of 

sorbed TrOCs under environmentally relevant conditions remains poorly understood.  

Bifenthrin is a synthetic pyrethroid insecticide, which has been frequently monitored in 

the environment at concentrations likely to cause toxic effect to aquatic organisms 

(Marshall et al., 2016). Hladik and Kuivila (2009) reported bifenthrin as one of the most 

frequently detected pyrethroids, with concentrations up to 4.7 ng/L detected in surface 

waters. Higher concentrations of bifenthrin have been found in surface waters receiving 

runoff from residential and agricultural areas (29.8 ng/L), as well as WWTP effluent 

discharges (6.3 ng/L), with the concentrations detected reported to be toxic to aquatic 

organisms such as the amphipod Hyalella azteca (Weston and Lydy, 2010). Bifenthrin is 

a hydrophobic contaminant with low solubility in water and an octanol-water partition 

constant (log Kow) of 5.4 (Hladik and Kuivila, 2009) and, therefore, has a high tendency 

to partition to dissolved and particulate organic carbon in the aquatic environment 

(Boyle et al., 2016). Thus, in this study, bifenthrin was chosen as a model chemical, 

given the lipophilic nature of bifenthrin, which may have the potential to interact with 

microplastics. Herein, for the first time we showed the acute toxic effects of bifenthrin 

on a freshwater organism (Chironomus tepperi) in the presence and absence of 

environmentally relevant concentrations of a common wastewater-derived microplastic, 

namely polyethylene (PE) beads. Given that C. tepperi larvae are filter feeders and can 

ingest sediment in the natural environment (Bervotes et al., 2002), it was expected that 

microplastics would be taken up by the exposed larvae. To examine how co-exposure to 

microplastics and natural food would impact the ingestion of microplastics by C. tepperi 

as well as the potential effects of the microplastic itself on the survival and development 

of larvae, we performed an uptake study using different size ranges of PE microplastics 

(10-27, 43-56 and 100-126 µm) during 48, 96 and 192 h exposure. The size range that 

was preferentially ingested (10-27 µm) was used for the acute toxicity experiments. The 

concentration of PE microplastic beads used for the bioassays in this study (1.6 ×103 

microplastics particle/L) were in the range of the maximum environmental 

concentrations of microplastic beads (1×103) reported by Castañeda et al. (2014) in a 

Canadian freshwater ecosystem.  

Further, given that substances present in surface water, such as dissolved organic 

carbon, can interact with bifenthrin and potentially affect the sorption of bifenthrin to 
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microplastics, we conducted the acute experiments both in synthetic water and river 

water to assess the potential toxicity of bifenthrin and microplastics under more 

environmentally realistic conditions.  

6.3. Material and Methods 

6.3.1. Test organism (C. tepperi) and culturing 

The culturing and toxicity bioassays with C. tepperi were performed according to 

OECD protocols (OECD, 2004a). The C. tepperi were obtained from egg masses 

cultured at CSIRO Land and Water, South Australia. The egg masses were collected 

from culture tanks and added to 600 mL glass beakers containing 500 mL moderately 

hard water (MHW) and tissue paper, which were prepared based on the standard 

method outlined in the OECD protocols (OECD, 2004a, 2004b). MHW was also 

prepared using analytical grade reagents according to the USEPA standard guideline 

(USEPA, 2002a). The cultures were kept at 21°C with a 16:8 h photoperiod (light:dark) 

and were gently aerated until the larvae hatched. Second instar larvae (<5 d posthatch) 

were then collected from the culture beakers and used for the bioassays. 

6.3.2. Preparation of microplastics 

Pristine blue PE microbeads (density 0.98-1.02g/cc) with size ranges of 10-27, 43-54, 

and 100-126 µm were supplied from Cospheric, USA. PE microplastics with the 

possible origin of cosmetic products have been previously reported in WWTP effluents 

and the aquatic environment (Castañeda et al., 2014; Mason et al., 2016). To facilitate 

the addition of microplastics to the bioassays, stock solutions of microplastics with a 

concentration of 500 mg/L were prepared by adding dry microplastics to 20 mL of 

MHW. To avoid aggregation of microplastics in the aqueous solution and to obtain a 

well-distributed microplastic suspension, a small amount of surfactant Tween-20 (0.1% 

v/v; Sigma-Aldrich, USA) was added to the stock solution. The stock solution was 

mixed using a vortex (BioCot, Stuart) for 2 min immediately before adding to the 

bioassays. Preliminary experiments indicated no effect of Tween-20 (0.1% v/v) on C. 

tepperi at the concentrations used in this study. Microplastics in the stock solution were 

then counted to put the concentration of microplastics (mg/L) in a more realistic context 

(number of particles/L). The counting of microplastics in the stock solutions was 

performed using the same method described in Chapter 5 (Section 2.2).  
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6.3.3. Microplastics uptake study 

Uptake of three different size ranges of PE microplastic beads (10-27, 43-54, and 100-

126 µm) by C. tepperi was examined after 48 h, 96 h and 192 h exposure. The tests were 

performed in 50 mL glass beakers containing 25 mL MHW spiked with 5 mg/L of 

microplastic beads from the stock solutions. Five C. tepperi larvae were transferred to 

each test beaker and the larvae were fed with 20 µL of a fish flake solution (50 g/L). A 

negative control (MHW only) was also included and all the treatments were performed 

with three replicates. To examine the effects of different size ranges of microplastics on 

C. tepperi larvae over time, the experiments were performed in three parallel batches, 

with batches removed after 48, 96 and 192 h. The test medium was renewed and spiked 

with the same concentration of microplastics every 48 h and C. tepperi larvae were fed 

with fish flakes following renewals. The mortality and development of the exposed 

larvae were recorded after 48, 96 and 192 h. At the completion of each bioassay, 

individual larvae were collected (up to 15 individuals) and fixed in formalin (10%) for 

gut analysis and larval growth (e.g., body length) measurement using a Stereo 

Microscope (Olympus, Japan).  

6.3.4. Toxicity bioassays 

6.3.4.1. Acute (48 h) immobilization bioassays with bifenthrinin in absence 

of microplastics 

To ensure of the health and appropriate sensitivity of C. tepperi larvae for the bioassays, 

a 48 h acute test was conducted using reference toxicant copper (II) sulfate pentahydrate 

(CuSO4.5H2O) with concentrations ranging from 31.25 to 500 µg/L, following USEPA 

guidelines (USEPA, 2002b). 

Two parallel 48 h acute bioassays including one experiment with MHW and one 

experiment with river water were conducted based on OECD protocols (OECD, 2011). 

The river water for the bioassays was collected from a previously monitored and known 

to be uncontaminated area upstream of the Torrens River, Adelaide, South Australia. A 

sub-sample of the river water was analysed for organic carbon content, total nitrogen 

and chemical properties according to the methods described in the Supporting 

Information.   

Bifenthrin (analytical grade) was purchased from Sigma-Aldrich, Germany. Stock 

solutions of bifenthrin were made up in HPLC grade methanol (>99.9%, Sigma-

Aldrich). Each bioassay was performed using six nominal concentrations of bifenthrin 

ranging from 0.1 to 3.2 µg/L. It should be mentioned that the concentrations of 
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bifenthrin were selected based on preliminary range finding tests. A negative control 

(MHW only) and a solvent control (0.01%) were also included. All bioassays were 

conducted with four replicates and incubated at 21°C, 16:8 h light:dark cycle. The 

calculated volumes of bifenthrin stock were added to 50 mL glass beakers and allowed 

to fully evaporate in the fume hood. Twenty five milliliters of MHW or river water was 

added to each beaker, giving a maximum solvent concentration of 0.01%, and stirred 

using a Pasteur pipette. For each assay, 5 larvae (less than 5 day old) were transferred to 

the beakers and no food was added during the 48 h acute exposure. Water quality 

parameters including pH, dissolved oxygen (DO) and electrical conductivity (EC) were 

monitored at the beginning and at the end of every test. After the 48 h exposure, the 

organisms were observed under a Stereo Microscope (Lecia Wild, US) and immobility 

(i.e., mortality) of the exposed C. tepperi larvae was recorded. Organisms that were not 

able to change their position within 15 sec after gentle agitation of the test beaker were 

considered immobilized (OECD, 2011). The LC50 and LC10 values and 95% confidence 

interval (CI) were calculated in GraphPad Prism (version 7).  

6.3.4.2. Acute (48 h) immobilization bioassays with bifenthrin in the 

presence of microplastics 

To investigate the effects of PE microplastics on the toxicity of bifenthrin, two parallel 

48 h acute bioassays with MHW and river water were conducted. Microplastic beads in 

the size range of 10-27 µm were used for these bioassays as the uptake study (Section 

6.3.3) showed that C. tepperi mostly ingested this size fraction. Microplastics at a 

concentration of 5 mg/L (1.6×103 microplastics particle/L) were added to bifenthrin-

spiked water as described in Section 6.3.4.1. The control samples for this bioassay 

include a negative control (MHW only), a control with microplastic only and a solvent 

control (0.01% methanol). All the bioassays were performed with four replicates and 

were conducted and analyzed as described above in Section 6.3.4.1 

6.3.5. Sorption experiment of synthetic pyrethroids to microplastic beads 

A sorption experiment was designed to investigate the interaction of microplastics with 

a mixture of synthetic pyrethroids in water including bifenthrin, cyhalothrin, cyfluthrin, 

cypermethrin, fenvalerate and fluvalinate (100 µg/mL). The sorption tests were 

undertaken in 100 mL glass beakers in the presence and absence of microplastics. All 

the test beakers were spiked with the mixture of synthetic pyrethroids under a fume 

hood and 25 mL of ultrapure water (18.2 MΩ·cm) were added to the glass beakers and 



 38 

stirred. Two parallel tests with and without microplastics were performed. Five 

milligram per liter of PE microplastic beads with the same size used for bioassays (10-

27 µm) were added to each test beaker. All treatments were performed in three 

replicates. All beakers were sealed and incubated in a shaker (60 rpm) at 21°C for 48 h. 

After 48 h, microplastics were filtered out of solution using a glass microfiber filter (0.4 

µm) and synthetic pyrethroids were extracted using liquid-liquid extraction with 

dichloromethane. The aqueous concentrations of chemicals dissolved in water in the 

samples with and without microplastics were measured at the end of the test (after 48 h) 

using gas chromatograph-mass spectrometry (GC-MS). Further information about 

extraction of pyrethroids and chemical analysis are provided in the Supporting 

Information Section S6.1.  

6.3.6. Data analysis 

Data analysis was performed using GraphPad Prism (version 7) statistical software. Log-

logistic dose-response curves were used to calculate the LC50 and LC10 values and the 

95% confidence intervals using nonlinear regression. One-way analysis of variance 

(ANOVA) with a Dunnett’s multi comparison test was used to determine the 

significance of data. Statistical difference was set at α = 0.05. 

6.4. Results and Discussions 

6.4.1. Uptake of microplastics and their effects on C. tepperi 

 
The gut analysis of exposed C. tepperi larvae showed that microplastics in the 10-27 µm 

and 43-54 µm size ranges were ingested over the 48, 96 and 192 h exposure, with the 

10-27 µm microplastics more ingested than the larger microplastics (Figure S6.1). In 

contrast, the microplastics in the largest size range, 100-126 µm, were not ingested at 

all. This is consistent with a previous study by Scherer et al. (2017) which reported 10 

µm microplastics as the most preferred ingested size range of microplastics by another 

species of chironomid (C. riparius).   

Exposure to all sizes of microplastics at 5 mg/L did not significantly affect the survival 

of larvae during the 48, 96 and 192 h exposure (ANOVA, p=0.17) (Table 6.1). Although 

no significant difference was observed in the body length of larvae exposed to 

microplastics compared to the control sample, exposure to the 10-27 µm microplastics 

showed a slight decrease in the body length of C. tepperi (Table 6.1) compare to other 
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size ranges. While gut analysis indicates that C. tepperi is able to take up smaller 

microplastics (10-27 µm and 43-54 µm), the ingestion of microplastics in the presence of 

natural food may be limited, and microplastics at the studied concentration did not 

induce significant negative effects on C. tepperi over the 192 h exposure. This is 

consistent with Kaposi et al. (2014) who reported reduced ingestion and lower effects of 

microplastics on growth and survival of marine larvae (T. gratilla) in the presence of 

natural food. The egestion of microplastics was also observed after 48 h, with the 

majority of 10-27 µm microplastics (Figure 6.1) and all 43-54 µm microplastics 

evacuated from the gut of C. tepperi after the 192 h exposure. The lower ingestion and 

enhanced egestion of microplastics in the presence of natural particles and food has 

previously been reported for other aquatic species (Scherer et al., 2017).   

 

Table 6.1. The percent survival and growth of C. tepperi (mean ± SD) exposed to 

different size ranges of microplastics during 48, 96 and 192 h exposure.  

Microplastics 
size range (µm) 

Survival (%) Body length (mm) 

 48 h 96 h 192 h 48 h 96 h 192 h 
Control 100±0.0 100±0.0 100±0.0 7.23 ±1.1 7.65 ±1.4 10.5±0.9 

 
10-27 93.3±10.0 83.6±19.6 76.3±23.0 5.93±1.2 7.35±1.3 9.12±1.8 

 
43-54 97.7±6.6 96.6±8.1 93.3. ±11.5 6.01±0.9 7.39±1.1 10.3±2.1 

 
100-126 98±6.6 93.3±10.3 93.3±11.5 6.13±0.4 8.01±1.1 10.3±0.9 
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Figure 6.1. The gut content of C. tepperi including negative control (A) and after 

exposure to blue 10-27 µm microplastic beads after 48 h (B), 96 h (C) and 192 h (D). 

Red arrow represents a blue bead in the gut of an exposed organism. 

6.4.2. Toxicity bioassays with bifenthrin and microplastics  

The LC50 value of the reference toxicant copper sulfate pentahydrate was 152 µg/L (95% 

CI: 91-217), which indicates appropriate sensitivity of C. tepperi larvae during the test 

conditions. The survival of C. tepperi larvae in the negative controls for both the MHW 

and solvent control was >95% and no significant difference was observed between the 

survival of larvae in the controls with and without microplastics (ANOVA, p=0.23). The 

recorded water quality parameters, such as pH, EC and DO for all treatments after 48 h 

were within the recommended range according to the OECD protocol (OECD, 2004a) 

(Table S6.1).  

6.4.2.1. Effects of bifenthrin on C. tepperi in the presence and absence of 

microplastics in synthetic water (MHW) 

Survival of C. tepperi larvae decreased with increasing concentrations of bifenthrin in 

both the presence and absence of microplastics in synthetic water (Figure 6.2A). In the 

absence of microplastics, the survival of exposed larvae to the highest concentrations of 
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B): 48 h  

1 mm 1 mm 500 µm   
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500 µm   
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bifenthrin, 1.6 and 3.2 µg/L, was 10% and 0%, respectively, whereas exposure to the 

same concentrations of bifenthrin in the presence of 5 mg/L PE microplastics resulted in 

55% and 20% survival, respectively. The acute (48 h) LC50 values for bifenthrin alone 

and in the presence of microplastics were 0.5 µg/L (95% CI: 0.4 – 0.6) and 1.3 µg/L 

(95% CI: 1.1-1.6), respectively (Table 6.2). A significant decrease in the survival of 

larvae compared to the negative control occurred at a bifenthrin concentration of 0.4 

µg/L in absence of microplastics (ANOVA, p=0.02), while a significant effect only 

occurred at bifenthrin concentrations four fold higher (1.6 µg/L) in the presence of 

microplastics (ANOVA, p=0.0017). The reduced toxicity of bifenthrin in combination 

with PE microplastics is most likely due to a reduced bioavailable concentration due to 

its high hydrophobicity and sorption potential to microplastics. This result is consistent 

with a previous study by Beckingham and Ghosh (2017) who demonstrated that the 

presence of PE microplastics reduced the bioavailability and transport of PCBs to a 

sediment dwelling organism (Arenicola marina). A study by Chua et al. (2014) also 

reported the reduced uptake of PBDE in A. compressa in the presence of PE 

microplastics from cosmetic products. This was attributed to the strong sorption of 

PBDE to PE microplastics. Similarly, Oliveira et al. (2013) reported delayed mortality in 

fish (Pomatoschistus microps) exposed to a combination of pyrene and PE microplastics 

compared to those exposed to pyrene alone. Reduced toxicity in the presence of 

microplastics has not just been observed for TrOCs, with a study by Khan et al. (2015) 

reporting lower uptake of silver in zebrafish (Danio rerio) in the presence of PE 

microplastic beads potentially due to the ability of the microplastics to sorb and decrease 

the bioavailable silver concentration.  

However, it is important to note that different microplastics have different sorption 

capacities, and the ability of microplastics to reduce the toxicity of chemicals is mainly 

dependent on the sorption capacity of microplastics and the extent to which different 

chemicals desorb from microplastics. For example, using a linear model, in a very recent 

study Wang and Wang (2018b) reported that PE microplastics had a higher capacity to 

sorb phenanthrene compared to polystyrene (PS) and  polyvinyl chloride (PVC) 

microplastics with a distribution coefficient (log Kd) value of 3.3 for PE, 1.86 for PS and 

1.03 for PVC. Similarly, Chua et al. (2014) suggested PE microplastics have a greater 

capacity to sorb organic chemicals (e.g., PBDEs) compared to other types of polymers.  

Wardrop et al. (2016) indicated that the bioavailability of different congeners of PBDEs 

in the presence of PE microplastic beads to fish were linked to the hydrophobicity of 

chemical. It was shown that highly hydrophobic (log Kow 9) congeners of PBDE were 
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less bioavailable and were not significantly accumulated in fish, most likely due to 

strong sorption to microplastics and slower desorption kinetics. Therefore, more 

research is required to further investigate the toxicity of various classes of TrOCs in the 

presence of different microplastics to aquatic organisms as well as the effects of other 

factors such as pH on sorption and desorption of TrOCs from microplastics. For 

example, if the reduction of toxicity is indeed due to strong partitioning of the chemical 

to the microplastic, it is unclear what, if any, impact changes in an organism’s gut pH 

may have on the partitioning, and potential desorption under gastric pH conditions. 

Also, while fresh microplastics used in this study and given that in the environment 

microorganisms (e.g. bacteria and fungi) can interact and generate biofilms on 

microplastics, it is beneficial to further investigate how sorption of TrOCs would be 

different for aged microplastics. 

 

Table 6.2. C. tepperi 48 h (acute) lethal concentrations (LC50 and LC10) for bifenthrin in 

the presence and absence of microplastics (µg/L, 95% Confidence Interval (CI)) based 

on survival for the bioassays with synthetic water (MHW) and river water. 

 

6.4.2.2. Effects of bifenthrin on C. tepperi in the presence and absence of 

 microplastics in river water 

A dose-dependent relationship was also observed after 48 h exposure to both bifenthrin 

alone and in combination with microplastics in river water (Figure 6.2B). In contrast to 

synthetic water (MHW), we observed a significant reduction in the toxicity of bifenthrin 

alone to midge larvae in the bioassays undertaken with river water as the test media, 

with a LC50 value of 1.3 µg/L (CI: 1-1.8) (Table 6.2). A significant effect on survival 

was only observed at a bifenthrin concentration of 1.6 µg/L for experiments with and 

without microplastics. The reduction in toxicity is most likely due to the presence of 

organic carbon (non-purgeable organic carbon concentration of 9.6 mgC/L, Table S6.2), 

Test material LC50 (µg/L) LC10 (µg/L) Slope R2 

Bifenthrin only (MHW) 0.5 (0.4 – 0.6) 0.2 (0.1-0.3) -2.3 0.90 

Bifenthrin + MPs (MHW) 1.3 (1.1-1.6) 0.3 (0.2-0.5) -1.7 0.86 

Bifenthrin only (river water) 1.3 (1-1.8) 0.3 (0.1-0.5) -1.5 0.76 

Bifenthrin + MPs (river water) 1.4 (1-2) 0.2 (0.09-0.4) -1.2 0.72 
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which can interact with bifenthrin, reducing its bioavailability and consequently leading 

to less toxic effects.  

While experimental organic carbon-water partition coefficients (KOC) are not available 

for bifenthrin, KOC can be predicted using polyparameter linear free energy relationships 

(pp-LFER), with an estimated log KOC of 4.81 to 5.21 Lwater/kgorganic carbon (Ulrich et al., 

2017). Using the predicted KOC values and the detected organic carbon concentration, 

the fraction of bifenthrin sorbed to organic carbon (fOC) can be estimated based on Neale 

et al. (2011), with between 38-61% sorbed. While the sorption capacity of the organic 

carbon from the Torrens River will likely differ from the sorption capacity of the organic 

carbon used in the pp-LFER, this simple calculation suggests that a significant fraction 

of bifenthrin will be sorbed to organic carbon. 

The results in the current study are consistent with previous studies that reported 

decreased toxicity of synthetic pyrethroids to aquatic organisms in the presence of 

dissolved organic matter (DOM) (Yang et al., 2006). For example, Yang et al. (2006) 

observed reduced toxicity of a synthetic pyrethroid (permethrin) to C. dubia, with LC50 

values increasing from 0.48 µg/L in the absence of DOM to 0.77 µg/L in lake water 

containing 10 mg/L of DOM.  

Unlike what was observed with the bioassays conducted in MHW, in river water the 

presence of microplastics did not modify the toxicity of bifenthrin compared to 

bifenthrin alone, with a LC50 value of 1.4 µg/L compared to 1.3 µg/L, respectively 

(Table 6.2). This lack of effect may be due to the fact that the organic carbon in the river 

water served the same role as the microplastics during the MHW experiments. Using a 

multimedia model, Gouin et al. (2011) showed the importance of organic carbon to sorb 

chemical compared to microplastics, with the majority of highly hydrophobic organic 

chemicals (e.g. log Kow >7) partitioning preferentially to organic carbon rather than PE 

microplastics. Moreover, in a recent study, Beckingham and Ghosh (2017) showed that 

PE microplastics and sediment organic carbon exhibit the same range of Kd values for 

organic contaminants (e.g., PCBs). It should be mentioned that the same LC50 (1.3 µg/L) 

observed in MHW with microplastics and in river water can perhaps suggest a maximal 

binding of bifenthrin.  However, further work on competitive sorption and partitioning 

of chemicals between organic carbon and microplastics is required.  
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Figure 6.2. Dose-response curves after 48 h exposure of C. tepperi to bifenthrin in the 

presence and absence of PE microplastic beads, (A): in synthetic water, and (B): in river 

water.  

6.4.3. Sorption of synthetic pyrethroids to microplastics 

The concentrations of synthetic pyrethroids in the water phase in the treatments with PE 

microplastics were 88 to 92% lower than the treatments in the absence of microplastics 

(Figure S6.2). Specifically, the concentration of bifenthrin was reduced by greater than 

91% in the presence of microplastics. This can be attributed to the sorption of synthetic 

pyrethroids to PE microplastic particles during the 48 h sorption test, which was related 

to their hydrophobicity. It should be noted that in all the treatments with microplastics, 

no synthetic pyrethroids were detected above the detection limit (30 µg/L). While the 

findings from the toxicity experiments (section 6.4.2) suggested that only 62% of 

bifenthrin would be sorbed to PE microplastics and 38% of bifenthrin would still be 
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bioavailable, the greater sorption of bifenthrin (91%) during sorption experiments in 

ultrapure water could be potentially due to the different characteristics of MHW used in 

the toxicity bioassays, such as hardness and salinity. However, the findings of both 

experiments clearly demonstrated that there is a strong potential for sorption of 

bifenthrin by PE microplastics.  

Previous studies showed that equilibrium with PE microplastics is reached within 24 to 

48 h for chemicals with a similar hydrophobicity such as DDT, phenanthrene and 

perfluorooctanoic acid (PFOA) (Bakir et al., 2014). Thus, sorption of pyrethroids onto 

PE microplastics was expected to reach equilibrium during the 48 h sorption 

experiment. In a recent study, Rehse et al. (2018) reported a 25% reduction in the free 

concentration of bisphenol A after a 48 h exposure with polyamide microplastics 

compared to bisphenol A alone. Further, Wang and Wang (2018a) reported linear 

sorption of pyrene to microplastics with PE having the highest sorption capacity (79%) 

compared to polystyrene (60%) and PVC (52%) over 120 h experimental duration, due 

to the different physiochemical properties of the different polymers. 

6.5. Conclusions 

Our results have demonstrated that microplastics can be taken up by C. tepperi, with 

smaller sizes of microplastics (10-27 µm) ingested more easily than larger microplastics. 

This study also suggested that ingestion of microplastics in the presence of natural food 

does not induce significant negative effect on survival and growth of C. tepperi during 

192 h exposure, with the majority of microplastics egested during this exposure 

duration. Further, our toxicity bioassay results in synthetic water have indicated that 

microplastics played a significant role in reducing the toxicity of bifenthrin to C. tepperi 

larva. This reduction in toxicity is most likely associated with partitioning of bifenthrin 

to microplastics, reducing its bioavailability, which continues after ingestion of the 

microplastic particle and means that bifenthrin is unable to desorb and leach into 

organism’s body. When natural river water was used as the test media, this moderating 

effect of microplastics on bifenthrin toxicity was no longer significant, most likely due 

to stronger partitioning of bifenthrin to organic matter rather than microplastics. The 

finding of this study suggest that PE microplastics have the ability to modulate the 

toxicity of hydrophobic TrOCs to aquatic organisms, but that the partitioning of 

bifenthrin to organic carbon naturally occurring in river water may be more significant 

than microplastics. More research is required to further examine the sorption and 

desorption kinetics of contaminants from different microplastics over longer exposure 



 46 

time, as well as impact of other parameters on this equilibrium, such as changes in pH in 

the digestive system of some animals.  
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Chapter 6. Supporting Information 
 

Table S6.1. Water quality parameters after 48 h acute exposure to bifenthrin in the 

presence and absence of microplastics in MHW and river water. 

48 h bioassay without microplastics (MHW) 

Concentration of bifenthrin (µg/L) pH DO (%) Conductivity (EC) µS/cm 

Control 7.48 99.5 245 

0.1 7.14 96.9 237 

0.2 7.22 97.9 233 

0.4 7.15 96.5 262 

0.8 8.08 98.4 260 

1.6 7.69 98.5 254 

3.2 8.01 95.9 266 

48 h bioassay without microplastics (MHW) 

Concentration of bifenthrin (µg/L) pH DO (%) Conductivity (EC) µS/cm 

Control 7.49 89.4 255 

0.1 7.64 90 240 

0.2 7.76 88.8 243 

0.4 7.8 92 242 

0.8 7.85 93.8 252 

1.6 7.87 92.3 250 

3.2 7.8 92.6 249 

48 h bioassay without microplastics (river water) 

Concentration of bifenthrin (µg/L) pH DO (%) Conductivity (EC) µS/cm 

Control 8.68 94.9 2041 

0.1 8.65 93.8 2083 

0.2 8.7 94.5 2093 

0.4 8.7 93.2 2111 

0.8 8.73 94.3 2111 

1.6 8.68 93.1 2095 

3.2 8.67 93.0 2088 

48 h bioassay with microplastics (river water) 

Concentration of bifenthrin (µg/L) pH DO (%) Conductivity (EC) µS/cm 

Control 8.69 95.1 2012 

0.1 8.58 95.0 2079 

0.2 8.68 95.0 2102 

0.4 8.64 95.1 2101 

0.8 8.64 95.8 2090 

1.6 8.66 93.7 2015 

3.2 8.67 94.8 2068 
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Section S6.1: Chemical extraction and analysis of synthetic pyrethroids in water:  

A liquid-liquid extraction was performed to extract synthetic pyrethroids from water 

samples. The samples were mixed with 30 g/L NaCl (analytical grade, >99.5%, Sigma-

Aldrich). The samples were then transferred to a separation funnel and 100 mL/L of 

dichloromethane (99.9%, RCI Labscan, HPLC grade) was added to the funnel and 

shaken for 2 min and the aqueous and solvent phase were allowed to separate. This 

extraction was repeated twice with 50 mL/L dichloromethane and the dichloromethane 

extract was collected in a 50 mL flask. To remove any traces of water, sodium sulphate 

(anhydrous, >99%, Sigma-Aldrich, Germany) was added until the water content of the 

solvent was completely removed. The extracted phase was then dried using a rotary 

evaporator until the extract reached the final volume of 1 mL. The synthetic pyrethroid 

analysis was done on a Thermo Scientific Trace gas chromatograph Ultra with ISQ 

single quadrupole mass spectrometer, with an injection temperature 250°C and a sample 

injection volume of 1 µL. 

 

 

Table S6.2. Chemical properties of Torrens River sample used for acute (48 h) 

bioassays    

NPOC (mg/L Total Nitrogen (mg/L) K 

(mg/L) 

Ca 

(mg/L) 

Mg 

(mg/L) 

N 

(mg/L) 

S 

(mg/L) 

9.6 1.0 10 76 69 247 9.6 
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Figure S6.1. The gut of C. tepperi larvae including a negative control (A) and  after 48 h 

exposure to different size ranges of PE microplastics (blue beads) in the size of (B): 10-

27 µm , (C): 43-54 µm and (D): 100-126 µm  

 

Figure S6.2. The percent sorption of synthetic pyrethroids to PE microplastics after 48 h 

sorption experiment in ultrapure water. Data is presented as mean ± SD. 
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Chapter 7. General Discussion  

The main objectives of this thesis were to develop an approach to accurately quantify 

microplastics concentrations in wastewater and to assess the effects of wastewater-

based microplastics at environmental relevant concentrations on freshwater organisms. 

Specifically, this research was designed to address current knowledge gaps (outlined in 

Chapters 1 and 2) such as lack of standardized methods for sampling and analysis of 

microplastics, which is necessary for accurate monitoring of microplastics in the 

environment and for assessing the risk of microplastics to the aquatic biota. Chapter 3 

provided an accurate estimation of the concentration of microplastics in wastewater 

samples with minimum bias through developing new validated sampling and sample 

processing procedures. Further, in Chapter 3 the efficiency of different treatment 

processes including primary, secondary and tertiary treatment, to remove microplastics 

were assessed by monitoring the concentration of microplastics after different steps of 

the treatment train in full scale WWTPs.  

Based on the findings of Chapter 3, and given that microplastics are released to the 

aquatic environment through WWTP effluent where they may pose a risk to aquatic 

organisms, experiments reported in Chapters 4 and 5 evaluated the impacts of 

commonly detected wastewater-derived microplastics (PE beads and PET fibers) on 

freshwater organisms. In Chapter 4, the acute, chronic and mixture effects of 

microplastics on a freshwater zooplankton (C. dubia) were examined. Chapter 5 

provided the first insight into the potential effects of environmental realistic 

concentrations of microplastics on the full life cycle of a sediment dwelling organism 

(C. tepperi).  

Another negative impact of microplastics can be due to the interaction of TrOCs with 

microplastics. However, the knowledge about the extent to which microplastics can 

affect the bioavailability of TrOCs and their potential toxic effects to aquatic organisms 

are generally lacking. Therefore, in Chapter 6 the effect of microplastics on the toxicity 

of synthetic pyrethroid bifenthrin to a freshwater organism (C. tepperi) under laboratory 

and environmentally realistic conditions were evaluated.  

The first part of this chapter will summarise the key findings and compare those with 

literature reports. The last part of this chapter will expand on the implications of those 

findings and outline possible future research. 
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7.1.  Key findings  

7.1.1. Identification of microplastics in WWTPs effluent 

In the first part of this project, a novel validated sampling device was designed with 

efficiency of 92 to 99% to fractionate microplastics in the size range of 25->500 µm. 

The sampling device was successfully applied to collect large volumes of wastewater at 

three Australian WWTPs utilizing primary, secondary and tertiary treatment, 

respectively. Despite a comprehensive sample processing procedure, analysis with FTIR 

showed that a significant fraction of extracted microplastics (between 22 to 90%) were 

not actually plastic particles. This emphasizes the importance of thorough and accurate 

identification of microplastics in wastewater samples, something that has received less 

attention previously and may have resulted in inaccurate microplastic concentrations 

reported in previous studies  

A variety of microplastic types and shapes were detected in three studies WWTPs. The 

most dominant microplastics across all WWTPs were PET fibers and PE beads and 

fragments with the possible origin of washing synthetic garments (Browne et al., 2011) 

and use of personal care products containing microplastics such as facial scrubs, 

toothpaste and cosmetic products (Fendall and Sewell, 2009; Napper et al., 2015). This 

result is consistent with previous studies that frequently detected microplastics fibers 

and beads in wastewater effluent (Mason et al., 2016; Murphy et al., 2016; Talvitie et 

al., 2015).  

The removal of microplastics at different stages of WWTPs was also examined by 

sampling microplastics from different treatment trains. The results indicated a 66 and 

90% reduction in microplastic concentrations after secondary and tertiary treatment, 

respectively. In the studied tertiary WWTP, the number of microplastics in primary 

effluent was estimated at 2.2 microplastic/L, which decreased to 0.2 microplastic/L after 

advanced treatment processes. This result supports the previous findings of the efficient 

removal of microplastics by tertiary treatment. Murphy et al. (2016) reported a 92% 

decrease in the concentration of microplastics from 3.4 microplastics/L in primary 

effluent to 0.25 microplastic/L in tertiary effluent. Likewise, Talvitie et al. (2017) 

reported over 95% removal of microplastics after tertiary treatment. Previous studies 

also showed that the type of microplastics with the lowest removal after advanced 

treatment processes were mostly microplastic fibers (Mason et al., 2016; Moret-

Ferguson et al., 2010; Talvitie et al., 2015; Talvitie et al., 2017). This was also observed 

in the current study, with advanced treatment processes such as reverse osmosis 
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showing high removal efficiency of microplastics in the form of beads and fragments, 

but less efficient removal of microplastics fibers. Fibers in the size range of 25-190 µm 

comprised 65 and 88% of the total amount of detected microplastics in the tertiary and 

reverse osmosis effluent, respectively. The lower removal can be attributed to the 

morphology of fibers, which likely enables them to pass through very fine filters or 

larger size pores on the membrane.  

The results of the current research indicates that WWTPs with less efficient treatment 

processes (e.g., primary treatment) can make a significant contribution to microplastics 

in aquatic environment, depending on their treatment capacity. In this study, the primary 

WWTP effluent containing 1.5 microplastic/L can potentially release 4.6×108 particles 

to the aquatic environment on daily basis, based on a treatment capacity of 308 ML/day. 

While the majority of microplastics were efficiently removed after tertiary treatment, 

the remaining small concentration cannot be considered insignificant due to the large 

daily treatment capacity of WWTPs (millions of liters per day). The amount of 

microplastics potentially released from the studied tertiary WWTP was estimated to be 

up to 1×107 microplastics per day, which is consistent with Murphy et al. (2016) and 

Mason et al. (2016) who reported 6.5×107  and 4.3×106 microplastics discharged per 

day, respectively, in the final effluent of tertiary WWTPs.   

7.1.2. Biological effects of wastewater-based microplastics on freshwater organisms 

7.1.2.1. Impacts of microplastic fibers and beads on an organism in the 

water phase, the waterflea (C.dubia) 

From Chapter 3, it was found that microplastic PET fibers and PE beads with the 

possible origin of synthetic clothing and cosmetic products are frequently released from 

WWTPs to the aquatic environment, where they may pose a risk to aquatic organisms. 

Therefore, the second part of the research focused on the effects of common 

wastewater-based microplastics namely fibers and beads on survival, growth and 

reproduction of a freshwater zooplankton (C. dubia) during acute and chronic exposure. 

In this study microplastics were tested at lower concentrations than have previously 

been tested in ecotoxicological studies. Further, for the first time the effects of a mixture 

of PET fiber and PE bead microplastics were examined. To provide an environmental 

context, the applied microplastic concentrations (mg and µg/L) were also reported as 

number of particles/L. The results of acute (48 h) and chronic (192 h) exposure to 

microplastics showed that all the measured endpoints including survival, growth and 
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reproduction of the exposed C. dubia were significantly reduced in a dose-dependent 

manner. The results also indicated that microplastic fibers produced more significant 

effects than beads. This finding is consistent with Au et al. (2015) who reported more 

pronounced effects with fibers compared to bead microplastics for a freshwater 

organism (H. azteca). 

The negative effects observed with PE beads were attributed to inhibition of food 

uptake given that beads were observed in the gut of exposed organism, with gut fullness 

increasing with increasing microplastic concentration. In the study by Ogonowski et al. 

(2016) using D. magna increased mortality and reduced food uptake was reported after 

exposure to microplastic beads as a result of ingestion of microplastics. 

In contrast, the effects with fibers can be explained due to physical damage and 

entanglement given that fibers were not ingested by C. dubia. The body damage of C. 

dubia after exposure to fibers was confirmed using scanning electron microscopy 

(SEM), which showed deformities of antenna and carapace of C. dubia exposed to the 

highest concentration of fibers. Previous study using D. magna also reported negative 

effects of fibers on the survival of exposed organisms during a 48 h exposure which was 

suggested to be due to ingestion of fibers (Jemec et al., 2016).  

In the present study microplastic fibers within the environmental relevant 

concentrations were examined during chronic exposure. However, the results showed 

that significant negative effects only occurred at concentrations six times greater than 

reported environmental realistic concentrations. Further, short-term (acute) exposure to 

a mixture of microplastics showed a strong antagonistic response between the different 

microplastics. It was assumed that microplastic beads and fibers in a mixture are 

impacting C. dubia through different exposure pathways and consequently have 

different modes of action since the effects with fibers were due to entanglement, while 

the effects with beads were due to ingestion. Mixture toxicity models were applied to 

explore the mixture effects, with the independent action model prediction within a 

factor of 1.3 of the experimental mixture results, further suggesting different modes of 

action for the two microplastics.   

7.1.2.2. Impacts of microplastics beads on the sediment-dwelling larvae of 

the rice midge (C. tepperi) 

In a second series of experiments, the effects of a common wastewater-based 

microplastic, PE beads, were investigated using the freshwater sediment-dwelling larvae 

of the rice midge (C. tepperi). The effect of microplastics on benthic organisms is of 

particular importance give that microplastics, including lower density particles, are 



 57 

suggested to eventually sink to the bottom sediment, where they can pose a risk to 

sediment dwelling organisms.  

In response to current knowledge gaps, the concentration of microplastics in this study 

was examined at an environmentally relevant concentration that has previously been 

reported in sediment. Similar to the previous chapter (Chapter 4), a realistic perspective 

of the concentration of microplastics was provided, with the microplastic concentration 

reported in particles/kgsediment. To investigate the effects associated with microplastic 

size, four different size ranges of beads (1-4, 10-27, 43-54 and 100-126 µm) were 

examined. The results demonstrated a size-dependent effect on survival, growth and 

emergence of C. tepperi larvae with larvae observed to be more sensitive to the smaller 

size ranges of microplastics (1-4 and 10-27 µm) compared to the other tested size 

ranges. It was found that organisms exposed to 10-27 µm had the lowest growth 

(measured by both body size and head capsule) and did not develop to four instar 

larvae. 

This can be explained by the preference of C. tepperi larvae to ingest the smaller size 

range of microplastics, which is consistent with Ristola et al. (1999) who reported 1-25 

µm as the size range of natural sediment that C. tepperi would preferably ingest in the 

environment. However, unlike sediment, which has been shown to be efficiently 

eliminated from the gut of C. tepperi, the negative effects associated with microplastics 

could be attributed to the longer residence time of microplastics in the gut of exposed 

organisms due to aggregation and accumulation of microplastic particles in the digestive 

tract. This may lead to inhibition of food uptake and consequently reduced survival and 

growth of the exposed organisms. This results is consistent with Townsend et al. (2012) 

who reported a decreased survival and development rate of C. tepperi larvae that were 

treated under low food conditions.   

The results also showed a similar negative impact on the emergence of exposed larvae, 

with a significantly delayed emergence observed upon exposure to the 10-27 µm beads. 

While no significant effect was observed on the development of C. tepperi during 

exposure to larger microplastics (100-126 µm) in the growth assay, a significant 

delayed emergence was observed for organisms exposed to the same size ranges of 

microplastics during the emergence assay. This can be attributed to the development of 

larvae during the emergence assay, which may affect the preferred size range of 

microplastics for consumption and potentially lead to ingestion of larger microplastics 

(Scherer et al., 2017).  
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7.1.2.3. Impact of microplastic on the biological effects of chemical 

contaminants on freshwater organisms 

In the third part of the project (Chapter 6), the influence of a wastewater-based 

microplastic (PE microplastics beads) on the toxicity of the pyrethroid bifenthrin on C. 

tepperi larvae was investigated in synthetic water and river water. To select the optimal 

microplastic size for the experiments, the uptake of different sizes of microplastic beads 

(10-27, 43-54, 100-126 µm) and their potential effects on survival and growth of larvae 

over 192 h was evaluated in the presence of natural food. It was found that 10-27 µm 

microplastics were mostly ingested by C. tepperi compared to other sizes of 

microplastics. This is in accordance with a previous study by Scherer et al. (2017) that 

reported 10 µm microplastics as the most preferred ingested size range of microplastics 

by C. riparius compare to 1 and 100 µm microplastics. While microplastics were taken 

up by C. tepperi, no significant effect was observed on survival and growth of the 

exposed larvae during 24, 96 and 192 h exposure. This finding is consistent with Kaposi 

et al. (2014) who reported reduced ingestion and limited effects of microplastics on 

growth and survival of marine larvae (T. gratilla) in the presence of natural food. Based 

on the finding of the uptake study, 10-27 µm microplastics were used for toxicity 

bioassays with bifenthrin. The results of acute toxicity tests showed that the presence of 

microplastics significantly reduced the toxicity of bifenthrin to the exposed larvae in 

synthetic water. This is likely due to the sorption of bifenthrin to microplastics, 

decreasing the bioavailability of bifenthrin to C. tepperi compared to direct exposure to 

bifenthrin. This finding is consistent with Chua et al. (2014) and Oliveira et al. (2013) 

who reported reduced uptake of PBDE in A. compressa and pyrene in P. microps, 

respectively, in the presence of PE microplastics compared to exposure to the chemicals 

alone. This was attributed to the strong sorption of the chemicals to the PE 

microplastics.   

In contrast, there was no significant difference between the toxicity of bifenthrin in the 

presence and absence of microplastics in river water. The river water had an organic 

carbon concentration of 9.6 mg/L and it is likely that the organic carbon served the 

same role as the microplastics during the synthetic water experiments, with sorption to 

the organic carbon making bifenthrin less bioavailable to C. tepperi. Gouin et al. (2011) 

demonstrated the higher capacity of organic carbon to sorb hydrophobic TrOCs 

compare to PE microplastics. Previous study by Yang et al. (2006) also showed the 

reduced toxicity of a synthetic pyrethroid to C. dubia  in the presence of dissolved 

organic matter.  
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7.2.  Implications of key finding, limitations and future area of research 

Based on the findings of this thesis, some areas of research that need further 

consideration in the future have been identified. In Chapter 3, fiber microplastics were 

found to be the dominant form of microplastics in the final effluent as they were not 

effectively removed even after advanced water treatment processes. Therefore, further 

research is required to develop mitigation strategies to prevent the entry of microfibers 

to the wastewater influent, as well as more effective removal techniques for microfibers 

in WWTPs. One strategy to reduce the input of microplastic fibers to WWTPs could be 

to apply smaller filters to the wastewater outlet of individual washing machines. 

There was a large variability in the composition of microplastics detected in the 

different wastewater samples from different treatment stages. For example, in the 

studied tertiary WWTP, PVC microplastics were detected in the final effluent, but were 

not found in the primary effluent. This could be due to the fact that the current study 

only provided a snapshot of microplastics in wastewater and sampling of wastewater at 

different times may have resulted in different compositions of microplastics in the 

wastewater. Thus, a study in which microplastics are analyzed over a long-term 

monitoring campaign could help determine the importance of temporal variation in 

microplastic concentrations. Examining the daily and seasonal variations in the 

abundance of microplastics in WWTP influent and effluent would be beneficial to 

investigate the peak times (and activities) that microplastics are released to the aquatic 

environment. 

In Chapter 4, single and mixture effects of wastewater-based microplastics on a 

freshwater zooplankton (C. dubia) were examined. There are some limitation in 

applying conventional toxicity approaches to microplastics given that the mode of 

action of microplastics are likely to be different than other chemicals and our 

understanding regarding their mechanism of toxicity is still insufficient. Further, the 

physicochemical properties of microplastics, such as their size, and their potential to 

aggregate can also make toxicity testing challenging. Therefore, there is a need for more 

research to better understand the mode of actions by which microplastics induce effects 

in exposed organisms and to also develop new approaches for microplastics toxicity 

assessment. There is also a need for more research on the validity of applying common 

mixture toxicity models, such as concentration addition and independent action, to 

microplastics. Further, more research is needed on the acute and chronic effects of 

mixtures of different types of microplastics to provide better predictions of mixture 

effects, given that organisms are likely to be exposed to microplastic mixtures in the 
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environment.  

In Chapter 5, the effects of different size ranges of microplastics beads on the full-life 

cycle of C. tepperi in sediment were investigated. While microplastics in the larger size 

ranges did not appear to be ingested by the larvae, a significant reduction in the 

emergence rate of C. tepperi exposed to the largest size range of microplastics was 

observed. Research is required to further investigate the mechanism of action of larger 

microplastics on C. tepperi. Also, more research is needed to better understand the 

accumulation and residence time of different size ranges of microplastics in the gut of 

exposed organisms compared to sediment particles, as well as microplastic depuration.  

In Chapter 6 the acute effects of microplastics on the toxicity of the synthetic pyrethroid 

bifenthrin to C. tepperi was evaluated in both synthetic and river water. While it was 

found that microplastics significantly reduced the toxicity of bifenthrin, this effect was 

mitigated in river water containing natural organic carbon. This could suggest that while 

microplastics can, in theory, act as vectors of TrOCs, it may not be as significant as 

generally believed in surface waters rich in organic matter. It is thus important to further 

investigate the partitioning of bifenthrin to microplastics, as well as the partitioning of 

bifenthrin to microplastics in the presence of organic carbon. While this research only 

investigated acute effects, it would be beneficial to evaluate the long-term toxic effects 

of bifenthrin in the presence of microplastics. In addition, as the effect mitigation is 

likely due binding of bifenthrin (and a reduction of bioavailable bifenthrin), it would be 

worth investigating the potential desorption of bifenthrin from microplastics that may 

occur during changes in environmental parameters, such as pH in the digestive system 

of some animals for example.  

7.3.  Conclusion  

In conclusion, new methods developed to minimize the false detection of microplastics 

were applied to sample and analyze microplastics from three Australian municipal 

WWTPs. The findings emphasize the importance of appropriate sample preparation and 

accurate identification of microplastics in environmental samples, something that is 

often lacking but could lead to a significant over-estimation of microplastic 

concentrations. PET fibers and PE fragments with the possible origin of synthetic 

clothing and personal care products were most frequently detected in the analyzed 

effluent samples from all studied WWTPs. This indicates that wastewater treatment 

processes do not completely remove microplastics from effluent and therefore WWTPs 

can act as a significant source of microplastics to the aquatic environment given the 
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large daily discharge of treated WWTP effluent.  

Acute and chronic exposure of common wastewater-based microplastics on freshwater 

zooplankton C. dubia showed that microplastic fibers constantly induced greater 

adverse effects compared to PE beads at the same concentration. Unlike microplastic 

beads that were ingested by C. dubia, the adverse effects associated with fibers are 

attributed to damage to the external body as a consequence of physical contact with 

fibers. Using a conventional toxic unit approach, the acute effects of a binary mixture of 

microplastics fibers and beads were found to be less than additive, with observed effects 

similar to the predicted effect based on the independent action model. Chronic exposure 

to environmental relevant concentrations of PET fibers did not induce significant 

negative effects on the survival and reproduction of C. dubia, with effects only 

observed at concentrations six times higher than previously detected. However, it is 

important to further investigate the effects associated with different microplastics at 

environmental levels on different organisms.  

Using an environmental realistic concentration of microplastics, the first insights into 

the adverse effects of microplastics in sediment on C. tepperi larvae were obtained. It 

was shown that, quite logically, C. tepperi ingested microplastics in a similar size range 

as the preferred size range of sediment particles (1-25 µm). The organisms exposed to 

microplastics showed greater mortality, with surviving organisms found to have a 

smaller body size and head capsule compared to control organisms. The effects 

associated with microplastics were strongly dependent on microplastic size, with 

microplastics in the 10-27 µm size range resulting in greater effects on survival, growth 

and emergence of C. tepperi. Given effects were observed at an environmentally 

relevant concentration, the results emphasize the need to develop strategies to prevent 

the release of microplastics from WWTPs to the aquatic environment.  

Finally, microplastics were found to reduce the toxicity of the pyrethroid bifenthrin to 

C. tepperi in synthetic water. However, the mitigating effects of microplastics were 

eliminated in river water, with both bifenthrin alone and in the presence of microplastics 

resulting in similar effects on C. tepperi. 
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