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Abstract

Microplastics in wastewater have garnered great interest from researchers over the last decade,
resulting in numerous publications applying various testing methodologies to determine these
contaminant levels in wastewater treatment plants. Given the variability of methods applied
throughout these studies, it is difficult to compare the findings as they are subject to different
biases. The objectives of this report are to present information on how wastewater microplastics
are collected, processed, and analysed and to determine which methods are most feasible for a
monitoring protocol. Sixty-seven original research articles on the topic of determining
microplastic occurrence in wastewater from January 2018 to September 2021 were identified in a
systematic literature search and were each systematically screened, reviewed, and critically
assessed. The methods for sampling, processing, and analysing microplastics in wastewater were
extracted from each reviewed study and critically evaluated using a decision matrix to determine
which methods best met the needs of a proposed microplastic in wastewater monitoring protocol.
The results of this study have demonstrated that significant variability exists in the current
literature on microplastics in wastewater. A practicable standard methodology is needed to
appropriately assess the degree of microplastic contamination in wastewater and make cross-
study comparisons. It is recommended that the existing ASTM standards for collection and
preparation of microplastics in water matrices for analysis be updated to meet feasibility needs
for a monitoring method, and that a standardized method be prepared for the analysis of
microplastic in wastewater samples.
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1 — Introduction

1.1 Background
Concern over microplastic contamination in the environment has spurred many researchers

across the world to characterize regional microplastic discharges from a prevalent point source of
pollution: the wastewater treatment plant (WWTP) (for review, see Alvim et al., 2020; Hamidian
et al., 2021; P. Kang et al., 2020; Turan et al., 2021). Although plenty of data has been produced
from this research, reviewers and authors of original research have cautioned that this data
cannot be adequately compared between regions due to a lack of consistency and comparable
experimental methods between these studies (Alvim et al., 2020; Hamidian et al., 2021; P. Kang
et al., 2020; Long et al., 2019; Magni et al., 2019; Turan et al., 2021). In other words, these
studies demonstrate a need for standardized methods for the determination of microplastics in
wastewater to understand how different regions and treatment technologies perform and whether
these microplastic discharges present a significant risk to the environment.

Accounts of microplastics in the ocean were first reported in the scientific community in the
1970s but were grouped under the general category of marine litter and were not deemed to be an
individual pollutant of environmental concern until 2011 by the United Nations Environmental
Programme (Joint Group of Experts on the Scientific Aspects of Marine Environmental
Protection [GESAMP], 2015). Since then, published research exploring the sources and fates of
microplastics in different environmental systems has increased rapidly (GESAMP, 2015) and
continues to be a subject of research and development. An official definition of microplastics has
not yet been established, but they are generally regarded as being plastic particles smaller than
5mm in diameter and categorized as either primary or secondary microplastics (Nikiema et al.,
2020). These microplastics can enter water systems and oceans through surface runoff,
atmospheric deposition, or by discharge from wastewater systems and treatment plants. The
conventional WWTP has been shown to largely reduce plastic debris in municipal wastewater
prior to discharge, but still acts as a significant point source of microplastic pollution to aquatic
systems (Alvim et al., 2020; P. Kang et al., 2020). WWTPs may not be capable of removing all
microplastic particles in wastewater, and adverse weather conditions can lead to volume
overflows which can result in the discharge of untreated wastewater to receiving environments
(Nikiema et al., 2020). Once in the ocean, microplastics can spread around the world and
decompose into an even greater number of particles (GESAMP, 2015). These particles can be
found in samples of air, soil, water, and even food, but the effects of human and animal exposure
to microplastics are still being studied (Nikiema et al., 2020).
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Microplastics in wastewater may carry physical, chemical, and biological health risks, but the
severity of risks are still being studied and regulations on microplastics in wastewater depend on
this understanding of risk to establish policy (Occurrence of Microplastics in Water...Size Does
Matter!, n.d.). Reported physical impacts to aquatic life include starvation and gut blockage
(Nikiema et al., 2020). Chemical impacts can occur to both animals and humans due to exposure
to toxic monomer constituents of the microplastic polymers. Contaminated surfaces of
microplastics also pose a health risk, which could host pathogenic microorganisms or adsorbed
inorganic, organic, and metallic chemicals (GESAMP, 2015; Nikiema et al., 2020). However,
speakers on the topic of microplastic concerns in water in a 2018 Water Research Foundation
webcast expressed that the risks may be overstated (Occurrence of Microplastics in Water...Size
Does Matter!, n.d.). Specifically, Dr. Allen Burton, a University of Michigan professor for the
School for Environment and Sustainability, noted that observed concentrations of microplastics
in water samples was far outnumbered by algae food sources to daphnia organisms and therefore
did not present significant risk of ingestion. Still, many countries have taken a precautionary
stance on this risk to the environment by prohibiting the use of manufactured plastic microbeads
in cosmetics and over-the-counter products (Department for Environment, Food & Rural Affairs,
n.d.; Health Canada, 2015; Ministry for the Environment, 2021; U.S. Food & Drug
Administration, 2020). These products are often rinsed down drains and carried into wastewater
systems where they may eventually be discharged to aquatic receiving environments.
Microfibers, which enter wastewater systems through washing of synthetic clothing and
contribute to 35% of total microplastic releases to the environment (Nikiema et al., 2020, as cited
from Boucher and Friot, 2017), have also been targeted for regulation by the government of
France, which will require that microfiber filters be installed in all new washing machines by
2025 (US EPA, 2020). These approaches address microplastic pollution from the sources but, to
the author’s best knowledge, legislation on the monitoring and minimization of microplastic
pollution from wastewater discharges has not yet been established anywhere. Shelly Walther, an
Environmental Scientist with the Los Angeles County Sanitation District, spoke on the topic of
microplastics policy and emphasized a need for policy based on scientific knowledge rather than
public perception, which starts with effective and standardized monitoring and testing methods
(Occurrence of Microplastics in Water...Size Does Matter!, n.d.). Ongoing research will reveal
the extent of health risks and impacts that microplastics have on humans and animals, but
adequate testing and monitoring on the amount of microplastics entering the environment is
necessary for assessing risk and establishing policy.

Microplastics are differentiated from other pollutants by their polymeric composition, and from
other plastics by their size, which is typically defined as having an upper limit of 5mm in

2
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diameter (American Society for Testing and Materials [ASTM], 2020a, 2020b; GESAMP, 2015;
Masura et al., 2015; Nikiema et al., 2020). They can be classified as primary microplastics, ones
manufactured to be less than 5mm in size, or as secondary microplastics, ones that have been
shed from larger plastics or degraded down to be less than 5mm in size (Nikiema et al., 2020).
The lower size limit of microplastics has not been collectively agreed upon, and different
definitions of this limit exist for different organizations. In 2015, the GESAMP defined the lower
size limit of microplastics to be 1 nanometer (nm), but in the same year the National Oceanic and
Atmospheric Administration (NOAA) recommended using the pore sizes of the nets used to
capture microplastics (commonly 330 micrometers [um]) to establish the lower limit (Masura et
al., 2015). The Water Research Foundation (WRF) has even indicated that microplastics are
associated to a range of 300-500um (Occurrence of Microplastics in Water...Size Does Matter!,
n.d.), and has illustrated the particle sizes that could be captured by a 330um net (see Figure 1).
Later, the ASTM (2020a, 2020b) would differentiate microplastic fibre size definitions from
particle size definitions. In their standard practice methods section 3.2.3, a fibre “...no longer
than 15 [millimeters (mm)] in length with an aspect ratio of at least 30:1 and <500um in its
smallest dimension” is defined as being a microplastic. Without consistent size definitions of
microplastic fibres, one study may be
underreporting total microplastic particle
counts with respect to another study and
vice versa. Without internationally
recognized definitions of microplastics
and lower size limits, all reported data
may be underreporting based on the
smallest sample filter pore size or the
lowest level of detectability of analytical
;@ o, o methods. If researchers and regulators
§-27mm 27-1mm » -0.75 mm ;75 -0.5mm (;.s - 0.3,rr;m are to properly compare study results of

Algalita microplastic in wastewater, a standard

Figure 1. Microplastic particle sizes ranges from a manta trawl net .. . ..
(reproduced from Occurrence of Microplastics in Water...Size Does definition of mICI’OplaS'[IC SIZe ranges

Matter!, n.d.) must be developed.

1.2 Research Problem Statement
Until recently, no standard had been published that outlined a procedure for the sampling and

preparation of water samples for microplastic analysis that was specific to wastewater treatment
plants. Wastewater has been reported to be a challenging media to work with (Cook & Allen,
2020), and therefore careful consideration for how samples are collected, processed, and

3
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analysed is necessary for reliable detection and quantification. In August 2020, the ASTM
released two standards: D8332-20 for the sampling of microplastics in water (ASTM, 2020a),
and D8333-20 for the preparation of samples for microplastic analysis in water (ASTM, 2020b).
To the author's best knowledge, no standard practice for the analysis of microplastics in any
environmental water samples has been completed and published by the ASTM at this time.
These two standards cite the 2017 works of Dyachenko et al. and Loder et al., who contributed
knowledge on methodologies for sampling and processing microplastics in water matrices (P.
Kang et al., 2020). Despite the availability of these standards, a large body of research has
continued to develop on methods for microplastic testing in wastewater up to the present day that
may provide optimizations to the existing standards.

1.3 Research Question and Project Objectives

This study critically reviewed a systematically selected and screened body of research applying
established and newly developed methodology for determining microplastic occurrence in
wastewater treatment plants. The aim of the research is to make a recommendation for the most
efficient, accurate, and representative methods that should be considered for future standard
practice revisions and protocols. The discussion and results are presented in four sections: (1)
data and reporting units; (2) sampling methods; (3) sample processing methods; and (4) sample
analysis methods. The main objective of this research is to recommend a harmonized sampling,
sample processing, and sample analysis method for the testing and monitoring of microplastics in
wastewater treatment plants. Additionally, a body of recently published research was
systematically reviewed and critically appraised, and the methodologies used and results
obtained were compiled in a literature review matrix which was used to evaluate the
effectiveness of the methods. Finally, these methods were evaluated using a decision matrix, and
a recommendation for a harmonized methodology is presented in the ASTM Draft Standard
Template for Test Methods (ASTM, n.d.) format.

1.4 Project Scope
The scope of the following project is limited to sampling, sample processing, and sample

analysis methods applied to wastewater samples in municipal wastewater treatment plants.
Quiality assurance and control methods were researched but were not included in the project
discussion due to content limitations. The collection, treatment, and analysis of sludge and semi-
solid wastewater streams were not included, nor were procedures for testing microplastics in
environmental water samples. Additionally, the scope of the literature included in the systematic
review is limited to databases freely accessible with a BCIT Student account. The purpose of this
project is to evaluate the feasibility of existing and proven methods for finding microplastics in
wastewater for a monitoring protocol, and new methods were not proposed in this study.

4
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2 — Methods

2.1 Systematic Literature Review and Search Methods
The available literature on microplastics in wastewater is plentiful, but the applied testing

methods are highly variable as illustrated in section 1.1. It was therefore determined that the
most appropriate research method for this project would be one that maximized available and
focussed studies. The systematic literature review method provided a standardized approach to
searching and identifying applicable studies, and was selected as the research method for this
project.

The Reporting Standards for Systematic Evidence Syntheses (ROSES) in Environmental
Research tool was used to develop the search, screen, review, and writing strategies and methods
(Haddaway et al., 2017). The tool was modified to a small degree to meet the scope of the
student research project. Modifications included removal of the methods protocol section as no
published protocols were used to develop the systematic literature review, removal of reasons for
heterogeneity in the review as the selected articles were focussed, and removal of the risks of
publication bias as this was evaluated as part of the critical appraisal in the literature matrix
instead. This modified tool was used to perform the systematic literature review searches and
screening in sections 2.1.1 through 2.1.2.

2.1.1 Systematic Literature Review Search Methods
The systematic literature review search was performed between September 09 and September 13,

2021. Tertiary sources were first searched on September 09, 2021, followed by primary and
secondary sources on September 12 and 13, 2021. Tertiary sources were searched only on the
BCIT Library database using the keywords microplastic* AND wastewater* set to a content type
of only books. This search identified sources that could provide background on the project topic,
but ultimately were not descriptive enough to use as primary resources for the project. Secondary
and primary sources were searched in the following order on the bibliographic web databases
BCIT Library, Science Direct, MDPI, and Research Gate using the keyword strings: microplastic
AND (wastewater treatment plant) AND (detection OR identification) AND (method OR
methodology OR technique) where possible. The MDPI database search string only contained the
keywords microplastic AND (wastewater treatment plant) due to limitations of the logical
operator. Truncation was applied in compatible search engines, which was limited to the BCIT
Library database only, using the keywords microplastic*, wastewater treatment plant*, method*,
and technique*. Additionally, the WEF and WRF web databases were searched using the term
microplastic for conference proceedings and webcasts. The purpose of the selected keywords

was to focus the search on the contaminant and matrix of concern for research.
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The exploratory literature search found that a high volume of research was published between
2012 and the present, and a number of existing microplastic in wastewater methodology review
papers had already analysed the studies up to 2018 (Alvim et al., 2020; Hamidian et al., 2021; P.
Kang et al., 2020; Turan et al., 2021). Due to research time constraints and the application of
2017 published research in existing ASTM standard practices, it was determined that literature
published after 2017 (i.e., January 2018 to September 2021) would provide an adequate basis for
studying recent methods and findings that could provide potential optimizations to the ASTM
standard practices. Further limitation and expansion operators were applied as they were
available in the search engines. Literature type filters were applied to all databases to exclude
newspaper articles and editorials, book reviews, dissertations, theses, encyclopedia entries, short
communications, perspectives, preprints, posters, presentations, and data. Subject terms or
author-specified keyword filters of microplastics or wastewater were utilized in the BCIT
Library, Science Direct, and MDPI databases. Filters through the BCIT Library expanded the
search to include non-library literature and limited the search to full-text online and scholarly
results only, and all searches were limited to environmental or engineering subjects or
disciplines. The purpose of the applied filters was to generate reliable and original research
relating to environmental engineering. No search updates were conducted throughout the project
due to the short 15-week project writing timespan. The filtered search returns yielded the
following hits: BCIT Library (80), Science Direct (233), MDPI (9), Research Gate (21), and
WEF (2).

2.1.2 Systematic Literature Review Screening and Source Management Methods
The purpose of the systematic literature search was to focus on articles that were more likely to

meet the needs of the project, but the results still included numerous unrelated articles.
Systematic screening strategies, outlined in the flowchart in Figure 2, were used to isolate
suitable articles for use in the project and eliminate unrelated or unreliable research. The
literature results of the database search were screened for title and abstract relevancy to the
project. Titles were screened for inclusion of the topic terms microplastic and wastewater or
wastewater treatment plant. Articles were excluded from further screening and review if they did
not include the term microplastic(s) in the title. Titles that included testing methodology terms
(detection, measurement, identification, method, technique, procedure) were immediately
screened into the reviewable literature without abstract screening. Articles that included only the
required title topic terms were further screened for their abstract content. The literature abstracts
were screened for relevancy to the objectives of this project. The abstract had to include the term
microplastic and any term relating to a wastewater treatment plant (e.g., sewage, wastewater
treatment facility, etc.). Furthermore, the abstract was screened for keywords indicating some
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experimental testing or
methodology (sampling,
collection, processing,
preparation, analysis, detection,
occurrence, measurement, etc.).
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Figure 2. Systematic Literature Search and Review Flow Diagram (adapted from
Haddaway, 2020)

Title and abstract screening reduced the search results down to 101 literature sources to be in-
text screened. Sources from the BCIT Library and Science Direct databases were saved in
ProQuest RefWorks online (RefWorks, n.d.). RefWorks lists and literature from MDPI and
Research Gate were then exported to Zotero (Zotero, n.d.). The database search results were
compared for replicates, bringing the final amount to 81 literature sources after de-duplication.
The screened sources were compiled of 60 original research, 18 review articles, two conference

proceedings, and one book. Three sources were not included in the systematic literature review
due to lack of accessibility. Request for access to research was not granted before the project
due date for two sources, and one source was removed from the database before it could be
downloaded. In total, 78 articles were accepted following abstract and title screening and de-
duplication. These articles were downloaded and further screened based on in-text content.

Secondary literature, or review articles, were screened in-text for relevancy and other literature
sources. These review articles were assessed for relation to the project topic and must have
included sub-headings for the four topics of concern: sampling, sample processing, sample
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analysis, and quality assurance/quality control. Four of the 15 review articles were screened for
relevancy and included in the reviewable literature. From these review articles, 154 key and
fringe references were extracted from the methodology sections and were pre-screened for
applicability to this project. These articles were first screened for date of publication, January
2018 to September 2021, then screened for the same title and abstract requirements as for
systematically searched articles. After de-duplication, there were seven additional articles to be
screened in-text with the systematically searched ones for a total of 67 original research articles.
Access to one article was requested but not granted before the project due date, and therefore
was not included in the systematic review. Given time limitations, only four of the review
articles were included in the project. This was done to allow enough time to review the primary
literature, which was the focus of the data extraction and discussion methods in this project.

The primary literature, or original research, were further screened in-text for relevancy and
completeness. The in-text screening required that the article contained sub-headings for
experimental methods in the methodology section. This included sub-headings for (1) sample
location, sampling, collection; (2) sample processing, preparation, digestion, separation; (3)
sample analysis, detection, identification, characterization, quantification; and (4) quality
assurance and quality control. It was required that at least two of these sub-headings were
included and were descriptive enough that the methodology could be reproduced on a step-by-
step basis. In-text screening of primary literature was performed in order of notability, starting
with sources found in the systematic search and secondary literature, followed by the rest of the
literature selected for in-text screening. Articles were excluded from further review if their
methods were vague or simply cited as being described in another source not included in the
screened literature. Articles that did not contain original research were excluded from further
review but included in the secondary literature list. Additionally, articles that were focussed on
specific plastic types, other contaminants, or non-wastewater matrices were not included in the
reviewable literature given that their methods may not apply to the topic of this project. Based on
these restrictions, 13 research articles were eliminated from further review after in-text
screening. In total, 56 original research (including conference proceedings) were deemed fit for
review following in-text screening and were systematically reviewed for narrative synthesis.

2.1.3 Systematic Literature Review Data Extraction Methods
Primary, secondary, and tertiary literature that was accepted following in-text screening were

assessed in a literature review matrix (see Appendix I11) using Microsoft Excel 2016. Authors
names, publication date, journal title, and APA format reference were used to identify literature
in the spreadsheet. Source material relating to the project was briefly summarized for all
literature, including research aims or purposes, research methods, key findings and conclusions,
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and author discussions on study validity and limitations. A comment on how the source material
relates to the project and what significant contributions it makes to the research was included.

Secondary and Tertiary sources were additionally reviewed for key and fringe references, which
would contribute to the list of reviewable primary source literature as discussed in section 2.1.2.

The primary literature was reviewed more closely for material due to their relation to the project
objectives (see section 1.3), requiring significant quantitative and qualitative data extraction. The
literature review matrix included a summary of methods for each article, and details of methods
were recorded in five tables outlining the equipment, techniques, and procedures used in the
methodology. The data was separated into four spreadsheets based on steps in the microplastic
determination methodology: Literature Data and Results, Sampling Methods, Sample Processing
Methods, and Sample Analysis Methods.

Literature Data and Results was compiled of the WWTP characteristics. This included location,
treatment technologies, and quantitative results including microplastic removal efficiencies and
microplastic concentrations in influent and effluent. Where necessary, the data units were
converted to maintain a single reporting unit through the project. Removal efficiencies were
reported in units of percent microplastic removal and concentrations were reported in units of
microplastic per liter (MP/L). Where data was available, results were also reported in mass units.

The sampling methods were broken down into multiple categories and recorded for every
reviewable article. Any procedural element on sampling methodology was recorded in a table,
including the wastewater streams sampled, the sample type taken, the equipment used, the
frequency and intervals of sampling, the volumes taken, and the sample storage conditions. For
research articles that employed field-sieving of samples, additional details on the number of
sieves and mesh sizes were recorded.

Details on how samples were handled, extracted, and prepared after sampling for each reviewed
article was included in a sample processing methods table. Processing methods were compiled
into three main categories: initial separation and treatment, oxidation and digestion, and final
separation and microplastic extraction. Initial separation techniques were given standard terms
with a brief description of equipment, conditions, and reagents used. Oxidation and digestion
were further categorized based on the three methods observed throughout the reviewed studies:
organic matter oxidation, cellulose digestion, and enzymatic digestion. Some of the reviewed
research applied a combination of these oxidation and digestion processes, which were tracked as
reaction step numbers. Equipment, reagents, and procedures were recorded for all of the
oxidation and digestion processes. The final separation and microplastic extraction were
recorded similar to the initial separation with the addition of alternate microplastic isolation
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techniques. Finally, the estimated preparation time and processing costs were recorded where
information was provided.

The sample analysis spreadsheet was separated into three main categories: microplastic pre-
selection techniques, microplastic detection and confirmation techniques, and reported
parameters. The methods and instruments used, as well as selection criteria if specified, were
recorded for each study under the microplastic pre-selection techniques category. Sub-sample
sizes, instrument conditions, and microplastic detection techniques were recorded for the
microplastic confirmation and detection category. Additionally, reported parameters, detection
limits, mass conversions, and any adjustments for microplastic recovery or contamination were
recorded under the reported parameters section.

2.1.4 Critical Appraisal Methods
A critical appraisal of reviewable tertiary, secondary, and primary sources was applied in the

literature matrix spreadsheet (see Appendix I11). A general appraisal was used for tertiary sources
in columns J to L, consisting of appraisal of the source reputability, research and method
justifications, and validity of results, key findings, and conclusions. Published systematic review
checklists were used for the critical appraisal of the secondary and primary sources.

The Checklist for Systematic Reviews and Research Syntheses by the Joanna Briggs Institute
(JBI, 2020) was used to define the critical appraisal parameters for secondary sources. The
secondary literature was evaluated in columns M to P for review article quality in the
presentation of the review question, the applied search strategies, the critical appraisal strategies,
conclusions, and potential biases.

The Collaboration for Environment Evidence Critical Appraisal Tool (CEECAT) Version 2.0
(Konno et al., 2021) prototype was determined to be the most relevant tool for primary research
that falls under the environmental engineering discipline. This tool, applied in columns L to S,
was primarily used to assess for risk of biases in the reviewed literature, including those due to
uncontrolled variables, selection criterion, methods used, detection and measurement techniques,
missing and unreported or under-reported data, and analytical errors. The primary literature was
also critically appraised for how well the research question was presented, justifications for
research methods used, and how the evidence supports the key findings and conclusions.

2.2 Statistical Analysis Methods
Most of the extracted data was qualitative and was only analysed through narrative syntheses.

Where data needed to be synthesized, basic statistics were applied. The reported results were
averaged where multiple results from different sampling instances or different WWTPs using the
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same sampling and testing methodologies were reported in a single study. The middle value was
reported where results in a single study were expressed as a range. It was assumed that the results
of microplastic in wastewater testing would be similar in magnitude across multiple samples or
WWTPs in a single study when the same sampling and testing methodology was used. When
cross-study comparisons were made, the median values were used. The median is a better
representative for the large variations in magnitude of reported results between the reviewed
studies (Discrete Data Sets - Mean, Median and Mode Values, n.d.) and using it eliminated the
need for detecting and removing outliers.

2.3 Evaluation Methods

Following data extraction and critical appraisal, decision matrices were prepared to identify the
most preferable sampling, processing, and analysis methods for detecting microplastics in
wastewater. This was done using the Decision Matrix Procedure Method 1 outlined by the
American Society for Quality (ASQ, n.d.). The rows consisted of methods, techniques, and
equipment used in the literature. The columns consisted of a series of quality criteria based on
the Canadian Plastics Science Agenda (CPSA) Framework needs for plastics detection,
quantification, and characterization methods as well as efficiency criteria. This included method
reproducibility, representation, reporting, quality assurance, quality control (Environment and
Climate Change Canada, 2019), time, cost, automation (Quevauviller et al., 2006), and
environmental impact of the methods. One of three units was assigned to each category to assess
how well the methods met the criteria, where a unit of 0 indicated that the criteria was not met, 1
indicated that the method was less than ideal, and 2 indicated that the method was ideal in
meeting the criteria. The results of the decision matrix were averaged per row to estimate what
the most ideal methods are for use in a harmonized microplastic in wastewater testing
methodology.

2.4 Draft Harmonized Method Design

The final deliverable of the project was a draft harmonized method that incorporated the
recommendations and results of the literature review, critical appraisal, and decision matrix. This
draft was adapted from the ASTM Draft Standard Template for Test Methods (ASTM, n.d.)
format, and included the following headings: (2) Scope, (2) Summary of Test Method, (3)
Significance and Use, (4) Interferences, (5) Apparatus, (6) Reagents and Materials, (7) Sampling,
(8) Conditioning/Processing Procedure, (9) Analytical Procedure, (10) Calculation or
Interpretation of Results, and (11) Precision and Bias. The proposed standard method was
presented in detail in Appendix I1.
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3 — Systematic Literature Review Discussion and Results

The systematic literature Sampling Sample Analyss
review research included

experimental and review Presfeing

studies, both of which FempleFrocesho e

focused their methods and
discussion around three
methodological stages: oo/ i Fitrgon M;f:j;—;ﬁ
sample collection, sample

preparation, and sample
analysis (Flowchart in Figure
3). Sampling involved Onaton v Specoscopy
methods for capturing and

concentrating wastewater

samples to be analysed. Sample processing included methods to remove unwanted interferences
and extracted microplastics from the samples. Sample analysis involved the methods used to

detect, quantify, and characterize microplastics in wastewater. These methods, as well as data

and results, were reviewed and critically appraised as part of the following discussion.

Figure 3. Flow Diagram for Common Microplastic in Wastewater Testing Methods

3.1 Microplastic Removal Efficiencies and Concentration in Wastewater
The research aim of most of the reviewed studies were to characterize the microplastic

contamination in a respective region’s wastewaters. The microplastics were described by
quantitative values, mainly concentration, as well as qualitative values, including type, colour,
polymeric composition, and size. It has already been established that the results of these
individual research studies cannot adequately be compared due to the use of different
methodologies to obtain the data (see 1 — Introduction 1.1 Backgroundfor details). But the data and
results can provide insight into the effectiveness and potential biases of the methods used. This
section focuses on the connection between the quantitative results between the studies and how
they may be influenced by the experimental methods applied in the reviewed literature.

3.1.1 Wastewater Treatment Plant Microplastic Removal Efficiency
The way to describe how well a series of treatment systems remove microplastics from

wastewater is to report it in overall removal efficiency (Spellman, 2016, section 1.7.3). The
removal efficiency (Equation 1, reproduced from Spellman, 2016, section 1.7.3.1) is a measure
of plant performance that determines the overall effectiveness of treatment in removing a
pollutant, in this case individual microplastic particles.
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Estimated microplastic particle removal efficiencies of the wastewater treatment plants
(WWTPs) in the reviewed literature ranged from 17% to over 99%. There was no significant
trend in increased microplastic removal rate for WWTPs employing advanced tertiary
wastewater treatment over secondary treatment, but these wastewater quality and testing
methodologies were variable and therefore it may not be reasonable to compare their removal
efficiencies. Figure 4 shows how studies that reported low concentrations of microplastics tended
to also report lower WWTP removal efficiencies than studies with higher microplastic
concentrations. A 98.3% removal efficiency of microplastics in a secondary WWTP with an
effluent concentration of 0.5MP/L was reported in one study (Gies et al., 2018), but in another
study applying tertiary treatment the removal efficiency was only 82.1% with an effluent
concentration of 0.05MP/L (Lv et al., 2019). Here, the lower removal efficiency may just be a
factor of the low concentration of microplastics rather than a measure of treatment efficacy. It is
also affected by the units used to calculate it, where removal efficiency by mass may indicate
WWTP performance differently. The study that reported an 82.1% microplastic particle removal
efficiency also reported a 99.5% removal efficiency by mass for the same WWTP, indicating
excellent removal of particle mass despite lower efficacy in removing total particles. The
sampling and testing methodologies applied may also contribute to biases in removal
efficiencies. In one study, an unfiltered sample of influent and a pre-filtered sample of effluent
were used to assess WWTP microplastic removal rates (Gies et al., 2018). Pre-filtering would
eliminate a fraction of particles smaller than the sieve pore size in effluent but not influent, thus

contributing to a high bias in
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may be more advantageous to assess treatment performance using a different standard, such as
concentrations.

3.1.2 Wastewater Microplastic Concentration
Microplastic concentration in wastewater influent and effluents was used to assess microplastic

contamination of wastewaters in most of the reviewed literature. Where removal efficiency is a
measure of treatment performance, the concentration gives information on how much
microplastic enters the treatment plant and how much is discharged after treatment. This is an
important parameter to report because many of the reviewed studies concluded that although
microplastic removal efficiencies of the studied WWTPs were high, significant amounts of
microplastics were still being discharged to the receiving environments due to the large volume
of wastewater processed on a daily basis (Gies et al., 2018; Liu et al., 2019; Long et al., 2019;
Magni et al., 2019).

The most common way to report microplastic concentration in the reviewed studies was by
number of microplastic particles per liter of wastewater (MP/L). These units give information on
how many microplastic particles are estimated in influent and effluent and give a sense of scale
to the contamination. The median influent concentration for 38 researchers reporting this value
was 46.5MP/L, varying from as low as 0.28 MP/L (Lv et al., 2019) to as high as 65,953 MP/L
(Fortin et al., 2019) (see Table 1 in Appendix | for details). Effluent counts showed similar
trends to the influent, for a median concentration of 3 MP/L from 47 articles reporting effluent
concentrations. The reported concentrations vary significantly, up to five orders of magnitude,
which may be due to considerable differences in water quality between the analysed regions or
may be due to biases inherent in the different methodologies used to find these values.
Furthermore, mechanical stressors of treatment technologies and testing methods themselves can
fragment plastics into multiple smaller particles, leading to higher apparent concentrations.

A major problem with reporting microplastic concentration by number of particles is that it is not
a conserved base value, which is to say that a single particle can turn into several particles due to
fragmentation as a result of mechanical stressors during wastewater treatment or sample
processing (Simon et al., 2018). This can cause unexpectedly high effluent concentrations when
compared to influent concentrations which in turn can lead to low biases in calculated removal
efficiency. An alternative conserved reporting format is microplastic mass per liter (mg/L or
ug/L), which was sparingly measured in the literature with results ranging from less than a
microgram per liter to over a milligram per liter (see Table 2). Mass concentrations could either
be directly obtained from thermal analysis (Bannick et al., 2019; Rasmussen et al., 2021), or
could be estimated based on particle composition and dimensions observed under microscope

14



Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

and infrared spectroscopy (Lv et al., 2019; Simon et al., 2018, 2019). Although mass values may
be less influenced by mechanical stressors than numeric particle values, the current non-
destructive methods to find mass are unreliable. As seen in Table 2, Lv et al. (2019) estimated
microplastic mass at an order of magnitude higher than Simon et al. (2018) but also reported
microplastic particle numbers four orders of magnitude less than what Simon et al. counted.
These results are contradictory, which may be due to a calculation or reporting error in one or
both studies. There is also potential that the results are not truly comparable due to differences in
the methods use to quantify or estimate microplastic mass.

Table 1. Reported Influent and Effluent Microplastic Mass Concentrations in Reviewed Literature

Source Publication date  Influent (MP/L) Influent (ug/L) Final Effluent  Final Effluent
(MP/L) (ug/L)

Lvet. al | 2019 0.28 5600 0.09 98*

Simon et al. | 2018 7216 250% 54 4.2%

Simon et al. | 2019 N/A N/A 3 0.31

Bannick et al. 2019 N/A N/A N/A 45

Rasmussen et al. 2021 533 156.74 4 2.39

*Results are averages

The results of the microplastic in wastewater studies in the reviewed literature vary in the
magnitude of reported concentrations, how concentration is reported, and the calculated removal
efficiencies. On the surface, these results could describe how wastewater quality varies across
the world or the effectiveness of wastewater treatment in different facilities. But the results are
not comparable because they were not all determined in the same way. Different methods used to
sample, process, and analyse microplastics in wastewater can impart different types and degrees
of biases on the results. Therefore, it is necessary to evaluate how these methods impact results
and determine which methods are most appropriate for standardization. Although the results of
these studies cannot be directly compared against each other, they can be used as evidence in
some of the critical evaluations of the applied testing methods and assist in making conclusions
on which methods are suitable for monitoring microplastics in wastewater treatment plants.

3.2 Wastewater Treatment Plant Microplastic Sampling Methods

The first step in determining the microplastic composition in wastewater is sampling. Good

sampling techniques are necessary for representative results and must consider wastewater

heterogeneity and variability (Quevauviller et al., 2006, section 1.2.1). These are impacted by

composition of source wastewater, conditions of significant dilution such as rainfall events, and

diurnal or seasonal changes in wastewater quality and flow. The depth that samples are taken can
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also contribute to variable results, where
microplastics may concentrate at the
wastewater surface (Tagg et al., 2020). Five
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criteria and considerations were met, or if they were achieved at all, varied significantly across
the reviewed literature, (see flowchart in Figure 5). This section explores the different
approaches and methods applied in the reviewed literature and will recommend a suitable
sampling strategy for microplastic in wastewater detection.

3.2.1 Sampling Equipment, Intervals, and Techniques
The methods for sampling in the reviewed research started with the equipment and sample

strategies. Researchers had to determine how the samples would be collected and what
equipment they needed to perform the sampling. There were two main decisions for researchers
in the literature: to take the samples as a grab or composite, and to retain the samples as bulk
suspensions in wastewater or to pre-filter them over stacked sieves. There are advantages and
disadvantages of each option, and their applicability will depend on what the goals of the
research are. Feasibility and representativeness are likely to be primary concerns for monitoring
studies, and methods that can best achieve these will be discussed in this section.

The equipment types and materials chosen for sampling microplastics in wastewater varied
significantly across the reviewed studies depending on research priorities. Researchers concerned
about finding accurate results for smaller volumes of sample may be more concerned about the
effects of cross contamination of equipment or the environment into their samples. This could be
managed by using non-plastic materials, such as stainless steel buckets or glass jars (Liu et al.,
2019; Simon et al., 2018) for manually collecting samples and stainless steel or silicon tubing for
conveying pumped samples (ASTM, 2020a; Bannick et al., 2019). Additional strategies may be
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measurements were a priority, especially in

Filtrate large volume sampling, researchers could
Figure 6. Covered stacked sieve sampling device (reproduced from employ a flow meter to find volumes when
Hoetal. 2019 sampling time is known (ASTM, 2020a;
Bannick et al., 2019). Researchers concerned with sample representativeness may select
equipment that is optimized for sample volume size or sample particle size. Sample volume size
is a priority in the ASTM (2020a) standard procedure, where volumes higher than 1500L are
recommended to minimize standard error. To handle such large sample volumes, sieving must be
used to concentrate the wastewater solids of interest into a manageable sample vessel. Most of
the reviewed studies used sample pre-sieving, but this led to concerns over particle size
representation for some researchers. Only solids retained on the sieves were included in the
reported results, and therefore the number of particles reported was dependent on the smallest
sieve mesh size used. A median sieve mesh size of 55um was used in 30 of the reviewed studies
employing sample pre-sieving, but it has been demonstrated that samples could be sieved down
to a particle size of 10-20um (Bannick et al., 2019; Ben-David et al., 2021). The problem with
smaller sieve sizes is that they tend to clog, and therefore their use was dependent on the sample
volume collected or the availability of personnel and other sieves to replace clogged ones
(ASTM, 2020a; Bannick et al., 2019; Long et al., 2019). The sampling priorities need to be
established to determine what equipment is needed for a microplastic in wastewater monitoring
protocol, which will also influence the sampling method used.

There are two general methods that can be applied for sampling wastewater: the grab method and
the composite method (WEF, 2010, section 5.1.1). The grab method can be performed manually
or automatically and involves the collection of a single sample that represents wastewater
conditions at one instance in time (Quevauviller et al., 2006, section 1.2.2; WEF, 2010, section
5.1.1). This type of sampling is not considered appropriate for monitoring methods as it does not
provide information on how wastewater conditions may change through the day or year
(Quevauviller et al., 2006, section 1.2.2.1). The composite method involves the collection of
wastewater samples into a single vessel based on time or flow intervals (Quevauviller et al.,
2006; WEF, 2010). A composite sample allows the observer to look at an average of wastewater
quality over a period of time in a single sample, and is generally automated to collect set
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sampling volumes or volume integrated with wastewater flow rates (Quevauviller et al., 2006,
section 1.2.2). The choice to collect the samples as grabs or composites is dependent on the
research goals, but the drawbacks need to be carefully considered in addition to their advantages.

Grab samples were taken as the primary
method of sampling in most of the reviewed
studies. Some studies manually took
samples using plastic, glass, or steel
collection containers, which offer a quick,
Low Pressure easy, and inexpensive method for collecting
samples. But this method requires active
sampling work by personnel and can pose

Silicon Tubes

limitations on sample representativeness.
Sampiing ' 2001 Barrels Ideally the sample can be taken from the

ocation
most homogenous part of the wastewater

Figure 7. High Volume Automatic Grab Sampling Apparatus i
(reproduced from Bannick et al., 2019) stream (Quevauvnler etal, 2006)’ but

access may be limited when sampling the
stream manually. Manual sampling may also limit how much volume is collected due to
available personnel time. Researchers in 24 studies reported taking manual grab samples for a
median collectable volume of 13L. The largest volume collected manually (81.5L of effluent by
Simon et al. (2018)) was still less than 10% of the recommended sampling volume in the ASTM
sample collection standard practice (ASTM, 2020a). Automatic sampling methods, such as
pumps or sampling faucets, could achieve sampling volumes in excess of 1000L. Bannick et al.
(2019) demonstrated an automatic grab sampling method in Figure 7 that could collect up to
1000L of effluent sample in three hours using pre-sieving and vacuum filtration to the smallest
sieve mesh sizes. These higher volumes are expected to better represent trace microplastics and
overcome standard error. Furthermore, Ben-David et al. (2021) found that larger volume samples
collected over longer periods (8-9 hours and 100L) had fewer variable results than small volume
samples collected over a shorter period (2-3 hours and 30L) and were comparable in variability
to composite samples collected over a 24-hour period. However, both research groups only
conducted these sampling tests on effluent streams, which are less variable throughout the day
(WEF, 2010) and therefore these sampling methods many not be applicable to higher solids and
more variable influent streams. Grab sampling methods can be applied in a way to collect larger
and more representative sample volumes, but they may not be the most appropriate method for
estimating daily microplastic loads to a wastewater treatment plant, which may be better
represented by a composite sampling method.
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Composite sampling, unlike grab sampling, provides a method for estimating an average
wastewater quality over a period of time using automatic samplers. This method of sampling
would improve representativeness of the samples for daily loads, but is limited to the volume it
can collect. Composite sampling is recommended over grab sampling for monitoring purposes
(Quevauviller et al., 2006), and sampling parameters should be selected according to variability
of the matrix: flow based sampling for variable water qualities, as in the influent, and volume
based sampling for consistent water qualities, as in the effluents (WEF, 2010, section 5.1.1). The
main limitation of composite sampling in the reviewed literature was the total volume that could
be collected. The largest volumes collected for studies applying 24-hour flow-based composite
sampling was 270L of final effluent (Petroody et al., 2020). The ASTM (2020b) standard
practice requires 24-hour composite sampling of high solid or influent streams at a minimum
flow rate of 1 GPM, which works out to be 227 L/hr to minimize standard error. The ability to
achieve these volumes of collection depend on the composite sampling apparatus and the
availability of personnel, and therefore it may not be practical to capture such high volumes.
Ben-David et al. (2021) also reported a low coefficient of variability of 24-hour composite
samples taken at volumes of 24L or less, so the results may still be representative in smaller
volumes. The ASTM (2020a) method would have composite samples directly filtered, but this
would require continuous availability of personnel to replace the sieves as they become clogged
over a 24-hour period. Smaller composite sampling volumes could be collected into containers
and filtered later (Conley et al., 2019), minimizing the need for personnel oversight through the
sampling process but potentially increasing standard error. Composite samples offer a solution to
representation of wastewater quality throughout the day, but are prone to limitations on volumes
that can be collected and therefore may not be applicable for all sampling streams and situations.

Once the sampling method has been established, the sampled volume needs to be managed in a
way that is reasonable for processing and analysis. Whether the sample method used is for
collecting grabs or composites, there are two main strategies for how the collected volumes are
managed: capturing the wastewater suspension directly in a container or collecting the solids on
site by pre-sieving the wastewater volume over a series of sieves. Each method for managing
sampled wastewater has advantages and disadvantages, but their use ultimately depends on the
priorities of the microplastic monitoring study and will be discussed in the next sections.

3.2.2 Direct Sampling
Direct sampling occurred when wastewater was collected as suspended samples in an un-filtered

form. This method of sampling is simple and includes all particle size fractions, but may involve
limitations in volumes collected and sample integrity during storage. The data recovered from
the reviewed literature showed volume limitations of direct sampling, where median collected
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volume collected for all streams in 20 studies was 10L with a maximum volume of 60L (Raju et
al., 2020). These volumes may be too small to be representative of continuous wastewater
quality or meet detection limits for scarce microplastics. However, they allow for researchers to
capture and observe very small microplastics that may otherwise be filtered out in a pre-sieved
sample. In addition to volume concerns, samples collected directly may be at risk for aging. Ding
et al. (2020) found that reference plastic particles incubated in wastewater at 25°C for three days
experienced degradation and agglomeration. Sample aging can be minimized by storing samples
at reduced temperatures (Quevauviller et al., 2006), but the impacts of this need further research.
Direct sampling is useful for determining proportions of microplastics in a larger range of size
fractions, but it is limited to the collectable volume and therefore may not be appropriate for
quantifying total microplastic loads and releases to and from a wastewater treatment plant.

3.2.3 Pre-Sieving Sampling

Pre-sieving of wastewater samples refers to how wastewater is passed through one or more
sieves with different pore sizes to separate the solid fraction from the liquid fraction. The solids
fraction retained on the sieves is collected for sample analysis, whereas the water fraction is
typically discarded. Most of the reviewed studies employed pre-sieving of wastewater samples,
and the ASTM (2020a) standard practice mandates use of pre-sieving. Pre-sieving offers an
advantage over direct sampling in that larger volumes of sample can be collected, thereby
contributing to reduced standard error. Where direct sampling was limited to collection volumes
of under 100 L, researchers pre-sieving samples reported collecting up to 2000 L (Kazour et al.,
2019). Despite these larger volume captures, the current standard for microplastic in water
sampling specifies sampling volumes of 1500-5450 L (ASTM, 2020a). One reason for why these
ASTM volumes were not feasible in the reviewed literature is that the sieves are prone to
clogging at even small volumes, especially for higher solids influent streams. Samples had to be
monitored closely for sieve clogging, which could occur in under 20 minutes of sampling at
flows less than 20 L/min for smaller pore sizes sieves (Long et al., 2019). The ASTM (2020a)
standard practice requires that sieves be replaced once they are clogged to continue sampling, but
this would require continuous monitoring and availability of personnel. The composite samples
would be particularly difficult to manage for sieve clogging if personnel aren’t available to
monitor the system for the full 24-hour cycle. Sampling volumes should be maximized where
possible, but volumes greater than 1000 L may not be practicably feasible for monitoring
methods due to the need for continuous monitoring of the sieves.

The major drawback of pre-sieving wastewater samples is the inherent elimination of
microplastic particles that are smaller than the smallest sieve pore sizes. The ASTM (2020a)

standard practice mandates a minimum sieve pore size of 20um, but the size range of
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microplastics has been defined down to 1nm (GESAMP, 2015). The smallest sampling sieve
mesh sizes used in the field were 10um, but in the absence of sieving these microplastics from
wastewater could be captured in sizes as small as 0.45 um by filtering in the laboratory (Bayo et
al., 2020a; Ben-David et al., 2021; Conley et al., 2019). This method allows for the capture of
microparticles smaller than required by the ASTM standard method, but is limited by workable
volumes. One study was able to field filter 2000L of sample through a pore size of 10um under
vacuum (Bannick et al., 2019), which means that the limit of detection can be improved upon the
ASTM standard practice. Many researchers used multiple sieves in series to separate size
fractions of particles, which may be beneficial in minimizing sieve pore clogging but the number
of sieves and sieve pore sizes varied. The number of sieves used to sample may allow for larger
sample volumes to be collected. Researchers that collected more than 100 L of wastewater used
at least three sieves to pre-filter their samples, but more research would need to be conducted to
make a definitive conclusion on any trends relating number of sieves to sample volume size.

Pre-sieved sampling offers the advantage of collection of larger sample sizes, which minimizes
standard error and can eliminate the macro-plastic portion from sample processing and analysis.
But pre-sieving automatically eliminates smaller microplastic size fractions from the final
microplastic estimates in wastewater. Efforts should be made to capture smaller particle sizes
while minimizing monitoring time. Additionally, microplastic size fractions should be
standardized and defined in the final results to report only the size fractions that were sampled.

3.2.4 Microplastic Sampling Methods Evaluation and Decision Matrix
The possible sampling methods extracted from the reviewed literature were evaluated in a

decision matrix in Table 3 of Appendix I. To meet feasibility and quality objectives, the ideal
sampling method should be representative, quick, and cost-effective and it should produce high
quality and reliable results. Although grab samples are quick and can be done with minimal
resources, they represent a snapshot in time which may not be reflective of continuous
wastewater conditions. Pre-sieving adds additional resources and time to the sampling method,
but greatly increases the volume of sample that can be collected, especially when using sieve
mesh sizes greater than or equal to 20um. High volumes are preferred in samples as they
minimize the standard error of results, but too large of volumes may require excessive
monitoring to ensure that sieves do not clog and overflow. Additionally, it may only be feasible
to sample a medium sized volume for high solids content wastewater such as influent. It has
therefore been decided that the most practically feasible and accurate method for sampling
microplastics in wastewater is to pre-sieve medium volumes of influent and high volumes of
effluent over a minimum 20um sieve mesh size using 24-hour composite samplers.
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eliminate the effects of these interferences in analysis, samples are typically first processed to
digest interfering solids and extract plastic particles, but the procedures used to do this varied
significantly between the reviewed studies (see flowchart in figure 8). There were two main
methods applied to isolate microplastic particles from the wastewater samples: organic matter
oxidation and/or microplastic particle extraction by density separation. But even for studies that
applied the same digestion and isolation techniques, their procedures could be different in the
order of processing steps, the materials and equipment used, and the wastewater streams that
these methods were applied to. The quality of the results and efficiency of the method is
dependent on how these procedures are performed, and therefore the processing methodology
needs to be standardized to produce reliable and comparable results. The processing methods
need to be carefully selected and performed to minimize potential biases due to contamination
and recovery, but also need to be cost-effective and time-sensitive if they are to be applied as
monitoring methods. The following sections will introduce and discuss each of the common
microplastics in wastewater processing methods and steps encountered in the reviewed studies,
and will highlight the advantages and disadvantages of these methods.

3.3.1 Oxidation and Digestion Procedures
Most researchers in the reviewed methods applied at least one procedure to break down organic

suspended solids in the wastewater samples that could interfere with the analysis of
microplastics. The most common procedure involved oxidation, but it was often supplemented
by enzymatic digestions (see Error! Reference source not found.. These methods may be
effective in decomposing organic material in wastewater, but they need to be gentle on
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microplastics to give reliable results.
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on a sample of influent, and reported that samples could be fully processed in 24 hours. But this
method involved four hours of active personnel work to prepare samples for digestion, perform
centrifugations and decantation, and to clean up samples and reagents (Cook & Allen, 2020).
Therefore, this ASTM standard practice may not be feasible in monitoring applications for high
solids wastewater matrices due to time intensive treatment of samples and costs of specialized
enzymes and reagents (Al-Azzawi et al., 2020; Raju et al., 2020). This section will discuss
alternative processing methods used in the reviewed literature and how applicable they are in
microplastic in wastewater monitoring applications with regards to effectiveness and feasibility.

Acid and alkaline digestions have historically been used to manage non-plastic suspended solids
in wastewater, but were not as common in the literature published reviewed in this project. The
use of acid digestion can target organic solids that may not be effectively removed through
peroxide oxidation, such as cotton or semi-synthetic fibers (Conley et al., 2019). However,
typical acid and alkaline reagents have also been reported to degrade some plastic compounds,
(Al-Azzawi et al., 2020; Raju et al., 2020). One researcher found that 10% potassium hydroxide
solution dissolved the plastics polyethylene terephthalate and polylactic acid in wastewater
sludge samples (Al-Azzawi et al., 2020), and another found that polyethylene beads were
completely destroyed by 1 Molar hydrochloric acid and 10 Molar sodium hydroxide solutions at
elevated reaction temperatures (Ding et al., 2020). Naji et al. (2021) were the only researchers to
implement alkaline digestion on their samples, but their results showed possible signs of particle
decomposition given that 90% of their detected plastic particles were 3-50um in size despite
only sampling down to a particle size of 333um. Given these findings, acid and alkaline

23



Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

digestions, even at lower concentration, may be too aggressive for microplastic extraction and
therefore should not be considered in a standard method for measuring wastewater microplastics.

Enzymatic digestion is a gentler option for removing organic solids from wastewater samples.
Enzymes were used to digest cellulose, proteins, starches, fats, and chitin in wastewater (ASTM,
2020b; Wang et al., 2020), and were usually applied in combination with other enzymes or in
addition to peroxide oxidation. The use of enzymes is reported to be very effective in removing
organics from wastewater samples (Ding et al., 2020; Raju et al., 2020), but has been criticized
for being costly and time-consuming (Al-Azzawi et al., 2020; Raju et al., 2020). Simon et al.
(2018) applied cellulase enzyme to samples following an oxidation reaction that required 40
hours of incubation. However, the ASTM (2020b) standard method specifies an enzymatic
digestion period of 20 hours for a mixture of protease and lipase, and Ding et al. (2020) even
performed their entire sample digestion using only a protein enzyme in the short period of two
hours. The use of enzymatic digestion could be a promising method for digesting organic
interferences in wastewater samples, but it warrants further investigation into time and cost-
effective procedures to determine if it is feasible for a microplastics in monitoring method.

The most common procedure in the reviewed studies for removing interfering solids in
wastewater samples was oxidation, where more than 80% of the studies applied oxidation in
some form. There were two main methods for performing oxidation: simple peroxide oxidation
or iron (I1) catalyzed peroxide oxidation, referred to as Fenton’s reaction. Simple peroxide
oxidation was used in half of the studies performing oxidation procedures, with various volumes
of 15-35% concentration hydrogen peroxide using single or iterative digestions spanning 12 to
168 hours (see Table 4 in Appendix I). Alvim et al. (2020) completed their peroxide oxidation
reaction within two hours at elevated temperatures on wastewater effluent samples, but it is not
clear if this short oxidation period would work for higher solids samples, such as influent. Other
researchers enhanced the speed of their oxidation reactions by using Fenton’s reagent, where the
iron (I1) in the reagent catalyzes oxidation reactions when used with hydrogen peroxide at low
pH (Simon et al., 2018). Researchers that used Fenton’s reagent reported reaction times of less
than 24 hours to as little as 30 minutes (see Table 4, Appendix I). Therefore, oxidation reactions
can be time-efficient and do not require expensive enzyme reagents, but their impacts on
microplastic integrity also need to be considered.

Although widely utilized, these oxidation reactions have been shown to have variable effects on
microplastic particles in wastewater. Ding et al. (2020) found that polyethylene beads in a
reference sample were destroyed by peroxide oxidation. However, oxidation reactions have
generally been reported to remove interfering suspended solids without causing major
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degradation to the microplastic particles (Al-Azzawi et al., 2020; Raju et al., 2020). Studies that
processed reference spikes along with their samples reported overall recoveries in the 56-100%
range (Alvim et al., 2020; Ben-David et al., 2021; Gies et al., 2018; Long et al., 2019; Mayo et
al., 2019; Raju et al., 2020; Simon et al., 2018). There was also concern in some studies that the
oxidative reactions could lead to interferences in the detection of microplastic particles in the
analysis stage. Signs of polypropylene decomposition in the spectral analysis of samples
prepared using Fenton’s reagent were reported in one study, but the researchers could still
successfully identify all reference microplastics (Alvim et al., 2020). Peroxide oxidations may
not be aggressive enough to remove biological films from microplastic particles, which can
interfere with the identification of plastics in micro-Raman spectroscopy (Ben-David et al.,
2021). Additionally, iron precipitates produced in Fenton’s reaction could coat microplastic
particles and inhibit their detection (Al-Azzawi et al., 2020). Oxidation reactions have been
shown to effectively remove suspended solids with adequate treatment without significantly
compromising the integrity of plastics. With optimizations to reduce processing time, this makes
the oxidation method a feasible option for a microplastics in wastewater monitoring protocol.

3.3.2 Microplastic Extraction and Isolation
To prepare the wastewater samples for microplastic analysis by microscopic and spectroscopic

means, the plastic particles need to be separated from other components of the matrix and
isolated onto an analytical medium. Typically, this is done by filtering the digested sample
solution over a small pore size glass or cellulose fiber filter, but some researchers included an
additional extraction stage to separate microplastics from other solids. This separation step is
optional and may provide advantages in reducing inorganic interferences from extracted samples
undergoing analysis, but it also may produce additional uncertainties and biases in the results.

Table 5. Density Separation Reagents and their Respective Density Values

Reagent/Particle Density (g/mL) Source
Microplastics 0.83-2.3 Al-Azzawi et al., 2020; Lares et al., 2018
Sodium Chloride (NaCl) 1.08-1.2 Bayo et al., 2020a; Jiang et al., 2020; Magni et al., 2019
Calcium Chloride (CaCl2) 1.4 Grbic et al., 2020
Cellulose 15 Lares etal., 2018

Gundogdu et al., 2020; Lv et al., 2019; Mayo et al.,

Sodium loidide (Nal) 1.45-180 2019; Petroody et al., 2020; Ziajahromi et al., 2021
Jiang et al., 2020; Rasmussen et al., 2021; Simon et al.,
Zinc Chloride (ZnCI2) 1.5-1.9 2019; Wang et al., 2020; Wolff et al., (2019, 2021);
Yang et al. (2019)
PTFE 21-22 Wolff et al. (2019, as cited from Baur et al., 2013)
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Density separation is a method that uses carefully prepared solutions to separate solids based on
their physical properties. Microplastics, typically characterized by lower densities, float on the
solution surface but denser inorganic particles sink, allowing them to be easily excluded from
further analysis. Densities of these reagents vary (see Table 5), where low density NaCl
solutions are inexpensive and have a high degree of discrimination for denser particles but may
also accidentally exclude microplastics with higher densities, such as polyester (Alvim et al.,
2020; Lares et al., 2018). Denser solutions, such as Nal, may not be as prone to losses of denser
plastics but they are not as cost effective as NaCl (Alvim et al., 2020), which can be a practical
limitation. Other density extraction solutions were used, but often had interferences that could
inhibit microplastic analysis. Higher density ZnCl solution was reported to be corrosive to
sample filters (Jiang et al., 2020), and the canola oil used in Gies et al.’s (2018) oil extraction
protocol can appear in infrared spectra and interfere with microplastic identification. Despite its
usage in many studies, the benefits of applying density separation to wastewater samples for
microplastics analysis is not well justified. It is not clear to what degree non-plastic solids are
removed using this method. Organic solids, such as cellulose, have densities similar to that of
plastics, and therefore would likely not be effectively density separated from microplastics (Al-
Azzawi et al., 2020; Lares et al., 2018). Density separation adds additional time and material to a
processing method where it’s benefits to microplastic detection are not well defended. It is
therefore not recommended to include in a microplastics in wastewater monitoring study, where
direct filtration has shown to adequate for the isolate and analysis of microplastic particles.

3.3.3 Application of Sample Processing to Different Wastewater Streams
Although many of the reviewed studies used similar processing techniques, the application of

these methods also varied by order and sample matrix. To the authors best knowledge, no
experimental studies have been performed on microplastics in wastewater to determine how
order of processing impacts results. It may be more beneficial to perform density separation
following oxidation or digestion reactions as organic particles have similar densities to
microplastics and would likely be extracted together (Al-Azzawi et al., 2020), but none of the
reviewed studies investigated this. On the other hand, variations in how the processing steps are
applied to different wastewater streams within a single study can lead to biases in reported
results, but it may also be the only way to effectively and efficiently process wastewaters that
vary in solids content. This section will discuss how sample processing methods could be
modified for different wastewater streams and how that may impact the final reported results.

Most of the methodologies applied in the reviewed research selected a single sampling,
processing, and analytical method which was applied to all wastewater streams regardless of
suspended solids content. But a handful of studies used different methods for different
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wastewater streams, including the ASTM standardized method for sample processing (2020b).
Where the ASTM recommends a series of oxidation and digestion steps for samples with
medium to high suspended solids (i.e., influent and secondary effluent), they only recommend
simple centrifugal separation for samples with low to very low suspended solids (i.e., tertiary
effluent). Applying methods based on what is necessary to clean up and detect microplastic
particles in wastewater is a good way to maximize efficiency, but it may have limitations on how
microplastics in different wastewater streams are compared. Two research studies applied
oxidation reactions only to the higher solids streams or sample fractions, opting for simple
density separation and/or filtration for the lower solids content samples (Gies et al., 2018;
Hidayaturrahman & Lee, 2019). Any effects of the oxidation procedures on microplastics in the
higher solids content samples would not be reflected in the lower solids content samples.
Similarly, researchers that only performed density separation on some wastewater streams would
be subjecting those samples to selection biases, where denser microplastics or microplastics
adhered to denser particles would be eliminated from further analysis (see section 3.3.2).
Applying different processing methods to different wastewater streams becomes a problem when
the researchers intend to use these results to determine WWTP microplastic removal efficiency.
For instance, Liu et al. (2019) collected samples from influent and final effluent streams but only
applied density separation to the influent stream. Their overall reported WWTP removal
efficiency of 64.4% may be biased low if denser microplastic particles were accidentally
separated out in the influent, leading to lower than expected influent concentrations. Depending
on the goals of the monitoring study, different methods to process higher and lower solids
wastewater samples could be beneficial by limiting time and material use to only where it is
needed. However, this could cause biases where the differently processed samples are directly
compared to each other, and therefore recommendations for how different wastewater streams
are processed is directly tied to the goals of the monitoring studies. Where the goal is to only
compare influent and effluent discharges independently over time, then different processing
methods are highly beneficial. Where the goal is to monitor WWTP performance over time, the
same processing methods applied to every measured wastewater stream would be necessary to
limit biases in results and therefore the processing method should be consistent between
wastewater streams.

3.3.4 Sample Processing Methods Evaluation and Decision Matrix
Desirable qualities in a sample processing method include effective clean-up measures, minimal

impact of reagents on plastics integrity, timeliness, and cost-effective parameters. The existing
ASTM standard (2020b) for the preparation of microplastic in water samples may utilize
effective and proven methods, but it involves multiple digestion reagents and time-intensive
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work from laboratory personnel that may limit the feasibility of this method in monitoring
applications. Alternative methods for processing wastewater were evaluated in a decision matrix
(see Table 6, Appendix I). Enzymatic digestions produced good recovery for microplastics in
wastewater, but generally only targeted one type of organic compound at a time which could lead
to time and costs accumulation. Oxidation reactions were shown to be effective in removing
organics from wastewater samples, and Fenton’s reactions in particular achieved rapid reaction
times. Density separation could eliminate some inorganic constituents of wastewater, but also
risked losses of denser microplastics and added time and material to the method that wasn’t well
justified. Applying a different processing method based on solids content of the wastewater
stream may improve efficiency in the method, but can lead to uncertainties in comparison of
results from these different streams. It is therefore recommended that a harmonized
microplastics in wastewater sampling method apply Fenton’s reaction to remove organic
interferences from all sampled wastewater streams followed by direct filtration of the digested
samples to isolate the particles on an analytical medium.

3.4 Sample Analysis
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and characterization of

microplastics in wastewater. A variety of techniques and analytical instruments have been used
to measure and classify microplastics (see Figure 10), each with their individual set of
characterization capabilities. The analytical methods selected also determine the type and quality
of data that can be retrieved, where commonly reported parameters included microplastic counts,
sizes, types or shapes, composition, and colour. Although counts, composition, and colour were
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generally reported in the same way across all studies, sizes and type/shape of microplastics were
inconsistently defined and classified and contributed to difficulties in being able to make cross-
study comparisons. Another parameter that was only measured and characterized in a few of the
reviewed studies is microplastic mass. The benefit of reporting in this unit is that it is a
conserved based quantity (Simon et al., 2018), but there were limited methods and applications
for finding this value in the reviewed literature and non-destructive methods have been criticized
as being unreliable (Magni et al., 2019). As research develops on the fate and ecological impacts
of microplastics in the environment, it will become clearer what microplastic features are most
important and which analytical methods are best to determine these parameters. For now, all
commonly reported characteristics in the reviewed research (count, size, type/shape, colour, and
composition) will be considered as key parameters to report and the following section will
determine which analytical methods are most suitable for detecting these attributes.

3.4.1 Microscopic and Pre-Selection Methods
Microscope analysis is often performed prior to other analytical methods and may be referred to

as a pre-selection method for visually identifying and isolating microplastic particles for further
characterization. Researchers typically used stereomicroscopes or dissecting microscopes to
observe particles, which was usually performed manually but could be automated in some cases.
Microscope analysis allows authors to determine plastic type, colour, and size. It also allows for
a preliminary count on suspected microplastic particles, and has been identified as a quick and
cheap method for characterizing microplastics (Mayo et al., 2019; Robey, n.d.). One problem
with this method is the potential for bias due to human error in identifying particles as plastics
(H. Kang et al., 2020). Sample processing does not completely eliminate non-plastic particles
from the extracted sample, and therefore careful and reliable analysis needs to be performed in
order to correctly identify microplastics, especially if polymer confirmation procedures will not
be performed on them. The reliability and accuracy of microscope analysis can be enhanced in
two ways: following an established set of criteria for positively identifying microplastics, or
using fluorescent staining to distinguish between natural and plastic particles.

Criteria to distinguish plastic particles from natural or non-plastic particles was used in nine of
the reviewed studies with varying requirements. Most of these studies adapted criteria from
Hidalgo-Ruz et al.’s 2012 article Microplastics in the marine environment: a review of the
methods used for identification and quantification. This included three criteria for identifying a
microplastic: “... (1) the object should not have cellular or organic structures, (2) fibres should
be equally thick throughout the entire length, (3) colour of particles should be clear and
homogeneous throughout” (Gies et al., 2018, as cited from Hidalgo-Ruz et al., 2012). Additional
criteria described by Nor and Obbard in their 2014 article Microplastics in Singapore’s coastal
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mangrove ecosystems was used by Conley et al. (2019) and required that «...3) fibers were not
segmented nor appeared as flat, twisted ribbon; and 4) fibers or particles did not fragment when
pressed.” Furthermore, Ben-David et al. (2021) specified criteria to eliminate particles that
exhibited metallic sheens. These criteria provide standard detection procedures to assist the un-
trained eye in distinguishing between microplastics and non-plastics, but visual analysis is still
subject to biases of individual perception and abilities. These criteria also need to be reviewed
for application, as some may not be suitable for microplastics that have been weathered by
wastewater processes, such as criteria for shine and tapering (Conley et al., 2019). The use of
criteria for visually inspecting microplastic particles is necessary for developing a standardized
visual microplastic characterization method. However, a method that could discretely distinguish
plastic particles from natural particles would improve confidence in detection of plastics, which
can be achieved using dyes.

Fluorescent dyes can be used to enhance the efficiency and accuracy of microscopic analysis
methods. Applying dyes to the sample filters make particles easier to distinguish and can even
allow for automated detection under microscope. There were two ways to approach this in the
reviewed literature: applying dye to stain the non-plastic particles, and applying dye to stain the
microplastic particles. In the reviewed literature, Bengal Rose dye was used to stain the natural
and non-plastic particles (Ben-David et al., 2021; Petroody et al., 2020; Ziajahromi et al., 2021).
It was not clear whether any synthetic polymer types could also be stained by this dye and lead to
false negative analysis, but Ben-David et al. (2021) addressed this uncertainty by performing a
series of tests on the stained and non-stained particles to confirm suspect particles. Dyed
particles were subject to a pressure test, where particles that disintegrated were deemed natural
and particles that remained intact were presumed plastic. Additionally, non-stained particles
were subjected to the previously discussed criteria to further categorize them as natural or
plastic. This method allows for non-plastic particles to be identified and removed from further
analysis, but it still requires manual sorting which can be time-consuming and would be better
replaced with a staining method that supports automated analysis.

Nile Red dye can be used to stain plastic particles and distinguish them from natural and non-
plastic particles using manual and automated means (H. Kang et al., 2020; Mayo et al., 2019;
Raju et al., 2020). The primary benefit of staining the plastic particles is that the fluorescence of
the stain can be used to apply fully automatized detection methods. This eliminates human error
in the usual visual microscopic inspection of particles, and is fast, representative and cost
effective. Mayo et al. (2019) reported that 40% of a filter area could be analysed in one hour at
an estimated rate of USD $20/hr, and it achieved 100% recovery in analysis of reference spikes.
The main problem with using Nile Red dye is that it can also dye natural organic particles, such
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as cellulose, which can be misidentified as plastic (Mayo et al., 2019; Raju et al., 2020). One
author also noted low recoveries of some polymer types due to incomplete dying of resistant
plastic particles or due to plastic dissolution in the dye solvent (H. Kang et al., 2020). Therefore,
care needs to be taken to ensure adequate dyeing concentration and time and that the carrier
solvent for the dye will not impact the integrity of the plastic particles. Despite being a promising
microplastic identification method, Nile Red staining and microscopic detection must be
supplemented by polymeric composition detection methods to reliably report microplastic
content. Nile Red stain does offer a characterization method for microplastics in wastewater that
is affordable, fast, and reliable, and therefore would be a good supplement to microscopic
analysis but should be performed along with spectroscopic analysis in order to supplement
accuracy of results.

3.4.2 Infrared Spectroscopic and Thermal Detection and Confirmation Methods
Spectroscopic and thermal analytical methods can be used to detect and identify microplastics

and their polymeric compositions. The basic operating mechanism for infrared spectroscopy is
through the emission of light in the infrared (IR) region of the electromagnetic spectrum and the
detection of the light absorbance of the particles being analysed (Robey, 2019). There are two
infrared spectroscopic techniques that were applied regularly in the reviewed studies: Fourier
Transform Infrared (FTIR) and Raman spectroscopy. These methods operate by similar
principles, but FTIR uses an incandescent light source and Raman uses a laser light source
(Robey, 2019). Variations of these analytical instruments exist and were applied in many of the
reviewed studies to enhance the data signals, including focal plane array based micro FTIR (FPA
based p-FTIR), attenuated total reflectance FTIR (ATR-FTIR), and micro-Raman (pu-Raman)
spectroscopy. These spectroscopic methods have the advantage in being non-destructive,
meaning that the samples can be retained for further analysis. An alternative analytical detection
method is the thermal method, which is destructive but can provide accurate information on
microplastic masses. This section will discuss the application of these instruments for detecting
microplastics in wastewater.

Infrared spectroscopy is used to accurately identify microplastics in wastewater in most studies.
Although these methods are far more reliable in positively identifying microplastics than visual
analysis, they often require significant processing times. At an estimated analysis rate of
$45/hour USD (Mayo et al., 2019), it can be practically and economically infeasible to assess a
full sample. For this reason, many researchers only analysed a small sub-sample of isolated
particles, where visual analysis aided in the reduction of particles by pre-screening them for
suspected microplastics. Additionally, not all spectroscopic instruments were suitable for
identifying all microplastic colours, sizes. It is therefore necessary that the goals of the research
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be established before selecting a spectroscopic method of analysis, for which FTIR or Raman
spectroscopy are the current mainstream options.

The most common spectroscopic method used to analyse microplastics in the reviewed studies
wastewater was FTIR. This instrument can be used to identify particles down to sizes typically
captured on a sampling sieve while still processing a representative sub-sample in a reasonable
amount of time. Mayo et al. (2019) demonstrated that FTIR could process a 10% portion of
extracted particles within two hours at a recovery rate of 92.5%. The smallest particle size that
could be detected through this method was 20um, but this resolution could be improved using
FPA-based p-FTIR, which could resolve down to a particle size of 6.6pm (Simon et al., 2019).
The lower size resolution of FPA-based p-FTIR doesn’t necessary significantly increase
processing times. It was demonstrated that FPA-based micro-FTIR could be fully automated for
microplastic detection, where an analysis of a 2.4% area of sample filter (12mm? area for a filter
diameter of 25mm) only required 10-15 minutes of analysis time (Da Silva et al., 2020).
However, the upper limits to detection using FPA-based p-FTIR meant that larger microplastics
may need alternative detection methods. The analysis of larger microplastics could be achieved
using ATR-FTIR, which is only appropriate for detecting particles greater than 500um in size
(Wolff et al., 2021) but this requires additional instrumentation that may not be readily available.
Aside from detectable particle sizes, FTIR analysis can also experience limitations in positive
identification of particles which could lead to low biases in the results. Excessive noise or the
presence of interfering signals could impede in microplastic detection (Gies et al., 2018; Mayo et
al., 2019; Simon et al., 2018). The thickness and degree of weathering of particles could also
lead to their non-detection or misidentification, as can the presence of additives or contaminants
within or on the surface of the particle (Bayo et al., 2021; Mayo et al., 2019; Raju et al., 2020).
Generally speaking, some form of spectroscopic analysis is required for the identification of
polymeric composition of particles and to verify the microplastic particle counts. FTIR is a good
candidate for a standard method because it can analyse a representative sub-sample size within a
reasonable amount of time, but it’s higher detection limits may not meet the needs of a method
concerned with small microparticle sizes.

Raman spectroscopy is an alternative spectroscopic detection method to FTIR that was the
second most common analytical method in the reviewed studies. This method is advantageous to
FTIR in that it can resolve smaller particles and therefore can achieve lower detection limits.
Raman spectroscopy can resolve down to particles sizes of 1um (Fortin et al., 2019) with
excellent recovery rates (Mayo et al., 2019). However, the drawback of this method is that the
processing times are much longer than FTIR which can lead to added costs and use of non-
representative sub-sample portions. Raman spectroscopy can take two hours to process just 1%
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of an extracted sample for a detection size of 20um (Mayo et al., 2019), and 72 hours to process
a 33% of a sample for a detection size of 4um (Wolff et al., 2019). Similar to FTIR, detection of
microplastics using Raman spectroscopy can also be limited by signal interferences. High signal
to noise ratios can limit the identification of some plastics (Mayo et al., 2019). Additionally,
surface contaminants lowered confidence in the positive identification of microplastics, and
black fibers that absorb light tended to be difficult to detect (Ben-David et al., 2021). Despite its
accuracy and low detection limits, Raman spectroscopy is disadvantaged by it’s length
processing time which can lead to poor sub-sampling representation and higher analysis costs.
Given these limitations, FTIR is preferable over Raman spectroscopy for the characterization of
microplastics, but both are still limited as to their ability to characterize particles based on mass.

Microplastic composition was most commonly determined using infrared spectroscopic methods
in the reviewed literature, but they can also be found using thermal spectroscopic techniques.
These are typically prepared to run on gas chromatography-mass spectrometer (GC-MS) units,
using thermal extraction and desorption (TED-GC-MS) (Bannick et al., 2019), and are capable of
providing information about microplastic mass in addition to composition. Thermal methods are
capable of providing information about microplastic composition as well as mass (Bannick et al.,
2019; Funck et al., 2021), a parameter that could not be confidently estimated in infrared
spectroscopic methods. The primary benefit of using TED-GC-MS is that the oxidation and
separation of non-plastic particles from plastic ones was not necessary, eliminating lengthy
sample processing procedures. However, thermal spectroscopic methods do not provide
information on particle counts, sizes, types, and colour and are destructive (P. Kang et al., 2020),
which means that particles cannot be retained for further analysis. This is a major limitation to
widescale application of GC-MS for microplastic in water analysis, and its usage is ultimately
dependent on the goals of a research study. Thermal analysis is therefore not recommended for a
monitoring protocol, where microscopic and infrared spectroscopy can be used to characterize
particles more completely and can be used to make estimates on particle masses.

3.4.3 Alternative and Upcoming Analytical Methods
The use of microscope and FTIR and Raman spectroscopy dominate in recent research on

microplastics in wastewater, but other methods for the microplastics quantification and
characterization have been proposed in the research community. There are two methods in
particular that warrant discussion and further research, including newly developed infrared
spectroscopy technology and correlations to other monitored wastewater parameters. The
research for these methods is limited for the detection of microplastics in wastewater, but they
may be good approaches for future studies into suitable microplastic monitoring methods.
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Laser direct infrared imaging (LDIR) is a newly proposed method for detecting microplastic
particles that is similar to the other infrared technologies (Robey, 2019, n.d.). This technology is
optimized to generate more concentrated microplastic signals in less time than FTIR and Raman
spectroscopy. Where FTIR took 11 hours to detect a set of particles, LDIR was able to detect the
same particles in approximately two hours. LDIR detection limits are also comparable to that of
FTIR and Raman spectroscopy, which is 20um used automated methods and can be as low as
1.5um when paired with ATR. Due to its similarity to other infrared methods, established
microplastic in wastewater processing methods are expected to be appropriate for this analysis.
However, LDIR was not applied in any of the reviewed studies and applications to studying
microplastics in wastewater have only been presented by the manufacturer. The description of
the LDIR analytical technique sounds promising, but experimental results on wastewater studies
will be needed to understand the limitations and challenges of this instrument before it can be
recommended for standardized microplastic monitoring methodologies.

The correlation of microplastic particle occurrence to total suspended solids could also provide
estimates on microplastic concentration without ongoing sampling and analysis routines. Two
research groups found a linear relationship of microplastic content to suspended solids in
wastewater (Long et al., 2019; Ziajahromi et al., 2021). Long et al. (2019) suggested that, given a
measured ratio of microplastics to suspended solids content, microplastics could be estimated by
simply applying a correlation factor to suspended solids measurements, which are easier and
faster to obtain than microplastics concentrations. This could be a sufficient technique for
monitoring microplastic concentrations in wastewater streams, but it would not be able to fully
characterize the microplastics. Additionally, accurate microplastic testing methodologies would
still be needed to find the relationship between microplastics and suspended solids through
different times of the day and year (Ziajahromi et al., 2021). These correlation studies could be
beneficial by providing information on microplastic particles that may be too small to practicably
sample and analyse regularly (< 20um). Further studies are required to determine how well
microplastics and suspended solids content correlate in different wastewater treatment plants and
through different time scales, but it may be a good way to conservatively estimate microplastics
in wastewater in the future.

3.4.4 Microplastic Characterization and Detection Limits
Microplastics in wastewater are characterized to better understand their sources and their

occurrence and fate in wastewater treatment plants. In the reviewed literature they have been
characterized on the basis of quantities, concentrations, sizes, types or shapes, polymeric
compositions, colour, and sometimes mass. Different analytical techniques are needed to capture
all of these characteristics, but generally visual microscopic analysis and infrared spectroscopic
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methods can fulfill these data needs. Microplastic sizes, types/shapes, and colour can be
determined through microscopic analysis as well as an estimate of quantity, and infrared
spectroscopic methods can be used to find polymeric compositions and verify the quantity of
microplastics. Thermal methods are needed to accurately quantify microplastic mass, but it can
also be conservatively estimated using conversion formulas. This section will discuss the
characterization parameters and how they apply to monitoring of microplastics in wastewater.

Microplastic colour was reported in several studies as it could indicate the source and potential
environmental risk of the identified particles, and was easily obtained through visual analysis.
Particle colour could be used to make corrections to sample results based on colour of
contaminant microparticles detected in control blank standards (Gies et al., 2018). The colour of
the particles can also indicate whether they pose a risk to aquatic species in receiving waters,
where blue, grey, and white particles could resemble plankton and be mistaken as food sources
(Bayo et al., 2021). However, it is not clear from the reviewed research if fully automated
microscopic methods can accurately detect colour, especially if fluorescent stains are used.
Ultimately, the significance of colour is not well justified without evidence of increased harm to
aquatic species, and it would not be recommended to alter methods to measure colour unless it is
found to have significant contribution to ecological fate.

Particle type or shape can indicate the source of plastic and is typically classified into multiple
categories. Microplastics were frequently differentiated as fibers and other particles, where other
particles could be further categorized as pellets, beads, fragments, films, foams, granules, glitter,
and many other shapes (Bayo et al., 2021; Gies et al., 2018; Raju et al., 2020). It is recommended
that microplastics be categorized by five standardized types that describe the source of the plastic
(Miller et al., 2021; Zooming in on the Five Types of Microplastics, 2016). This includes:

e Fibers, which describe particles released from textiles and cigarettes

e Spheres/pellets, which describe microbeads and nurdles

e Foams, which describe Styrofoam and other similar texture plastics

e Films, which describe thin sheets such as from bags or wrapping products

e Fragments, which describe any irregular shaped particle or secondary plastic

Microplastic types were measured by visual or infrared-microscopic methods, and were
important for researchers to understand the source of plastics and which ones were effectively
removed in wastewater treatment. For instance, microfibers were frequently reported as making
up the majority of microplastics detected in wastewater, suggesting that clothes washing was a
significant source of microplastics to WWTPs (Ben-David et al., 2021; Petroody et al., 2020;

Raju et al., 2020). Particle type is an important characteristic for determining fate of
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microplastics in wastewater treatment plants and therefore should be included as a standardized
set of classifications.

Quantities of microplastics were almost always reported in the reviewed literature as this value
describes the degree of contamination in wastewater and is the basis for estimating WWTP
removal efficiency. Microplastics could be quantified manually or automatically using
microscopic techniques. Generally, particles identified as suspected plastics in visual analysis
would need to be positively verified using spectroscopic analysis before reporting a total number
of microplastics detected. Therefore, quantification of microplastics requires spectroscopic
measurements at minimum to validate the results. However, given that spectroscopic methods
have been reported to be slow (see section 3.4.2), many researchers found it beneficial to only
characterize a sub-sample of suspected microplastics and apply the findings to the whole sample.
A randomized sub-sample of the visually pre-selected microparticles should be performed in a
way that minimizes biases due to location on the filter or human preferences (an example is in
Figure 11). Long et al. (2019) developed such a method, where sample filters were analysed
based on 20 randomly set circles and then further subdivided by selecting only 24-48 particles
from these circles using two personnel to minimize preferential bias. Mathematical operators
were then used to estimate the number of microplastic particles on the filter from verified plastic
counts in the sub-samples. Quantities and concentrations of microplastics in wastewater can be
found using only visual analysis, but to mitigate bias due to human or automated detection error,
the polymeric composition of a whole or partial sample must be found to validate the results.

Figure 11. Subsampling area for Nile Red Microscopic Figure 12. Visual Representation of cellulose fibers and
Analysis (reproduced from Mayo et al., 2019) plastic fibers (reproduced from Cook and Allen, 2020)

Polymeric composition of microplastic particles can only be accurately estimated using
spectroscopic means and requires the use of infrared or thermal analysis to determine. This

parameter is used to further characterize the microplastic contamination sources and is necessary
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for providing accurate numerical estimates of microplastics in wastewater. In one study,
researchers noted that toilet paper fibers could be misidentified as plastic fibers in visual analysis
due to their similarity in appearance (see Figure 12), and could only be confirmed non-plastic
through polymer identification methods (Cook & Allen, 2020). In the reviewed literature, the
median ratio of particles positively identified as plastic from a sub-sample of suspected
microplastic particles was 76.3%, thus indicating the need for spectral confirmation. Polymeric
compositions are typically determined using analytical software and spectral library databases,
but there are limitations to spectral identification as discussed in section 3.4.2. It would be
necessary for spectral analysis software and libraries to include weathered and impure plastics to
improve detection accuracy for wastewater matrices. Polymeric composition can only be
measured through spectroscopic methods, and because it acts as a necessary verification
technique for finding microplastic quantities it should be included as a characterization
parameter in a standardized method.

Microplastic sizes are important for understanding the fate of plastics through a WWTP and can
be classified as to their precise sizes or by size fractions. Precise size can be estimated using
microscopic or imaging techniques, whereas size fractions, which describe particles in a range of
sizes, can be sampled and individually analysed by microscopic, infrared, or thermal methods. A
number of researchers were interested in what microplastic size fractions were most prevalent in
wastewater samples, where many studies concluded that the smallest size fraction, ranging from
0.45-355um, contained the most number of microplastic particles (Ben-David et al., 2021; Fortin
et al., 2019; Petroody et al., 2020; Raju et al., 2020). There were some exceptions where particles
were mostly detected in middle size ranges (i.e. 0.5 — 2 mm), but this could happen in studies
that employed manual particle sorting prior to spectroscopic analysis where human ability to
detect smaller microparticles could be limited (Rasmussen et al., 2021). These findings are
significant because they mean that the microplastic estimates for many studies may be biased
low due to their lowest detectable size fraction (Ben-David et al., 2021; Fortin et al., 2019).

The smallest detectable particle may be limited by the pore size of the sieve or filter used to
collect and process samples, or it could be restricted by the resolutions of the analytical methods
used. The relationship between reported microplastic in wastewater concentrations and particle
sizes captured and analysed in the reviewed literature was evaluated in Figure 13. The analytical
detection limits were assumed to be the smallest particle size reported unless otherwise stated in
the literature. There were no observable trends for the lowest detection limit as relating to the
analytical method, but a concrete conclusion cannot be made on this relationship when only a
few authors reported their analytical detection levels. However, it did appear that higher
concentrations of influent microplastics coincided with smaller particle capture sizes. Therefore,
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there may be a relationship between the reported microplastic concentration and the particle size
collected, where studies that could detect smaller particles tended to report higher concentrations
of microplastics. The results of cross-study wastewater microplastic concentrations cannot be
appropriately compared because different researchers studied different size fractions, meaning
their results are not equivalently measured. It is therefore important that a standardized method
includes common size fraction measurements and a minimum particle size detection limit.
Where very small detection limits may be too difficult to achieve for every study, standard
microplastic size fractions can assist in comparability of results by providing data on common
subsets of particle sizes. Ideally the detection limit is as small as possible, but it is dependent on
filtration and instrumental capabilities. Ultimately, a standardized method should include
microplastic size measurements and fractions to facilitate cross-study comparisons of results and
to establish detection limits to illustrate the smallest filterable and detectable particle size.

Figure 13. Reported Microplastic in Wastewater Concentrations as Relating to Particle Capture Sizes and Analytical Detection Limits

The primary data output for most of the reviewed studies was the microplastic concentration in
wastewater, which describes the degree of contamination entering and exiting the WWTP. This
was typically reported in microplastic units per liter (MP/L) based on quantification results, but a
small number of researchers also reported their results in mass units per liter (mg/L or ug/L). As
discussed in section 3.1.2, microplastic mass is an appealing characteristic for evaluating WWTP
efficiency because it is base conserved. However it can only be accurately determined using
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destructive thermal analysis or by finding weight on a balance, for which only particles larger
than 500um can reasonably be weighed (Rasmussen et al., 2021). Alternatively, microplastic
mass can be estimated from microscopic and infrared spectroscopic analysis using polymeric
composition and particle dimensions. Simon et al. (2018) estimated microplastic mass from
polymer density and size under the assumption that all particles were oval or cylindrical in shape
and that particle thickness was equal to the ratio of the particle dimensions. However, the
authors did not validate their method with known mass values and therefore it cannot be known
how accurate it is. Understanding the mass of particles entering and leaving WWTPs would be
valuable information, but further researcher should be conducted in estimating mass from non-
destructive analytical methods before using it in a standardized method.

3.4.5 Analytical Methods Evaluation and Decision Matrix
A suitable analytical method for standardized microplastic in wastewater monitoring should be

able to reliably characterize microplastic particles down to the smallest sampled particle size in a
timely and cost-effective manner. Currently there is no ASTM standard practice for the analysis
of microplastics in wastewater, but the quality and feasibility of various analytical methods are
well tracked in the reviewed literature and they were evaluated in a decision matrix (Table 7,
Appendix I). Microscopic analysis is simple and cheap, but it is prone to human error in
detection and identification of plastic particles. The use of fluorescence microscopy on Nile Red
stained samples allows for automation and rapid detection of plastic particles, but cannot fully
characterize microplastics as to their polymeric composition. Infrared spectroscopy methods can
determine polymeric composition of microplastics, but are time-consuming and costly. Raman
spectroscopy can detect very small microplastics, but cannot analyse much of the sample in a
reasonable amount of time. FTIR can analyse a representative portion of sample within a couple
of hours, but cannot resolve down to the detection levels that Raman spectroscopy can. Based on
this evaluation, it was determined that the most appropriate analytical method for characterizing
microplastics in wastewater is one that uses Nile Red staining and automated microscopic
analysis to detect and characterize microplastic particles as to their size and shape, followed by
FTIR analysis to identify the polymeric composition of the suspected microplastic particles.
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4 — Recommended Harmonized Standard Sampling and Testing
Methodology for the Determination of Microplastics in Wastewater

The microplastic in wastewater testing methods in the reviewed literature were analysed and
critically appraised for their ability to generate reliable, representative, and reproducible results.
Based on the results of a decision matrix for desirable sampling, sample processing, sample
analysis, and quality assurance/quality control methods, the most optimal procedures were
recommended for each of these categories to apply towards a proposed harmonized microplastic
in wastewater testing method. It was determined that the existing ASTM standard methods for
sample collection and processing (ASTM 2020a, 2020b) may not be feasible in a wastewater
monitoring application due to very large sample collection volumes, personnel time
commitments, and costly reagents. Given that the ASTM methods were developed for a variety
of water matrices that may not experience the same sample collection and processing difficulties
that high organic solids wastewaters do, it is recommended that a method for microplastic in
wastewater testing be prepared specifically for wastewater matrices.

The proposed harmonized standard testing method for microplastics in wastewater (see
Appendix Il) was developed using successful applications of sampling, sample processing, and
sample analysis procedures as described in the reviewed literature. A 24-hour medium to large
volume composite sample as described by Petroody et al. (2020) was recommended for influent
and effluent sampling, as sieved through multiple sized meshes down to a minimum mesh size of
20pm as described in the existing ASTM (2020a) standard sampling method. The Fenton’s
reagent catalyzed oxidation reaction as used by Lv et al. (2019) was recommended for sample
processing, followed by a Nile Red staining procedure described by Mayo et al. (2019) to
prepare the sample for automated microscopic analysis of particle quantity, shape, and size. A
standard and randomized sub-sampling procedure described by Long et al. (2019) was
recommended to analyse a representative sample portion by FTIR spectroscopy (Mayo et al.,
2019) to gather information on polymeric composition of particles. Finally, a set of quality
control samples including field and procedural blanks described by Blair et al., 2019, and a
reference standard described by Mayo et al. (2019), was recommended to be collected and
analysed with each iteration of the testing procedure. The success of these testing methods has
been demonstrated in the reviewed literature, and they are recommended towards a standardized
testing method for microplastics in wastewater given their time and cost effectiveness and
practical feasibility.
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5 — Conclusion and Recommendations

The results and methods applied in the systematically reviewed literature confirm what has been
expressed in previous review studies and research — that a standardized method for microplastic
in wastewater sampling, processing, and analysis is needed to properly compare results across
studies. Based on the concerns and limitations discovered in the reviewed research, the existing
ASTM standard test methods may not be practical or feasible in microplastic in wastewater
monitoring applications. Very high sampling volumes proved too difficult to collect for most
researchers, where presence of high amounts of organic solids led to rapid clogging of sampling
sieves. Additionally, the application of multiple oxidation and digestion procedures for sample
processing was time and materials intensive, and enzyme reagents in particular were expensive
to obtain and often required lengthy digestion periods. There is no ASTM standard practice for
the analysis of microplastics in wastewater, but it was clear from the reviewed literature that
different analytical techniques were subject to different biases and that there was no standard
classification system for particle types and size fractions. Given this assessment of standardized
and non-standardized methods, there is a need for a standardized methods for sampling,
processing, and analysis of microplastics in wastewater as well as standard reporting parameters.

Although microplastic in wastewater methods were variable across the reviewed literature, the
different applications of these testing methods provided information on what was effective,
practicable, and feasible. From the results of this systematic review of research from 2018 to the
present, a harmonized method that meets the needs of a microplastic in wastewater monitoring
protocol was prepared. It is recommended that an inter-laboratory study on microplastics in
WWTPs in different regions be conducted using this harmonized method to determine how
suitable the methods are in application. Additionally, as more research is published on the
ecological impacts of microplastics it may be necessary to modify the procedure to ensure
efficiency and detectability of higher risk microplastic particles.

In conclusion, testing methods that do not require excessive resources but still provide reliable,
representative, and high-quality results should be applied in wastewater microplastic monitoring.
The harmonized method prepared in this project is expected to achieve those needs using
Fenton’s Reaction to prepare pre-sieved composite samples for analysis using Nile Red stain
with fluorescent microscopy and FTIR spectroscopy. It is ultimately recommended that the
existing ASTM microplastic in water standard practices be modified to provide more feasible
wastewater sampling and sample processing methods in addition to the inclusion of standardized
analysis methods and reporting parameters.

41



Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

References

Al-Azzawi, M. S. M., Kefer, S., WeiRer, J., Reichel, J., Schwaller, C., Glas, K., Knoop, O., &
Drewes, J. E. (2020). Validation of Sample Preparation Methods for Microplastic
Analysis in Wastewater Matrices—Reproducibility and Standardization. Water (Basel),
12(9), 2445. https://doi.org/10.3390/w12092445

Alvim, C. B., Bes-Pi4, M. A., & Mendoza-Roca, J. A. (2020). Separation and identification of
microplastics from primary and secondary effluents and activated sludge from
wastewater treatment plants. Chemical Engineering Journal, 402, 126293.
https://doi.org/10.1016/j.cej.2020.126293

ASQ. (n.d.). What is a Decision Matrix? Pugh, Problem, or Selection Grid | ASQ. Retrieved 4
October 2021, from https://asg.org/quality-resources/decision-matrix

ASTM. (n.d.). ASTM International—Draft Standard Templates. Retrieved 29 September 2021,
from https://www.astm.org/COMMIT/TEMPLATES/lead_template.htm

ASTM. (2020a). Standard Practice for Collection of Water Samples with High, Medium, or Low
Suspended Solids for Identification and Quantification of Microplastic Particles and
Fibers. American Society for the Testing of Materials.

ASTM. (2020b). Standard Practice for Preparation of Water Samples with HIigh, Medium, or
Low Suspended Solids for Identification and Quantification of Microplastic Particles and
Fibers Using Raman Spectroscopy, IR Spectroscopy, or Pyrolysis-GC/MS. American
Society for the Testing of Materials.

Bannick, C. G., Szewzyk, R., Ricking, M., Schniegler, S., Obermaier, N., Barthel, A. K.,
Altmann, K., Eisentraut, P., & Braun, U. (2019). Development and testing of a
fractionated filtration for sampling of microplastics in water. Water Research (Oxford),
149, 650-658. https://doi.org/10.1016/j.watres.2018.10.045

Bayo, J., Olmos, S., & Lopez-Castellanos, J. (2021). Assessment of Microplastics in a Municipal
Wastewater Treatment Plant with Tertiary Treatment: Removal Efficiencies and Loading
per Day into the Environment. Water (Basel), 13(10), 1339.
https://doi.org/10.3390/w13101339

Bayo, J., Olmos, S., & Lopez-Castellanos, J. (2020a). Microplastics in an urban wastewater
treatment plant: The influence of physicochemical parameters and environmental factors.
Chemosphere, 238, 124593. https://doi.org/10.1016/j.chemosphere.2019.124593

Bayo, J., Lopez-Castellanos, J., & Olmos, S. (2020b). Membrane bioreactor and rapid sand
filtration for the removal of microplastics in an urban wastewater treatment plant. Marine
Pollution Bulletin, 156, 111211. https://doi.org/10.1016/j.marpolbul.2020.111211

Ben-David, E. A., Habibi, M., Haddad, E., Hasanin, M., Angel, D. L., Booth, A. M., & Sabbah,
I. (2021). Microplastic distributions in a domestic wastewater treatment plant: Removal
efficiency, seasonal variation and influence of sampling technique. Science of The Total
Environment, 752, 141880. https://doi.org/10.1016/j.scitotenv.2020.141880

42


https://doi.org/10.1016/j.marpolbul.2020.111211

Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

Blair, R. M., Waldron, S., & Gauchotte-Lindsay, C. (2019). Average daily flow of microplastics
through a tertiary wastewater treatment plant over a ten-month period. Water Research,
163, 114909. https://doi.org/10.1016/j.watres.2019.114909

Cao, Y., Wang, Q., Ruan, Y., Wu, R., Chen, L., Zhang, K., & Lam, P. K. S. (2020). Intra-day
microplastic variations in wastewater: A case study of a sewage treatment plant in Hong
Kong. Marine Pollution Bulletin, 160, 111535.
https://doi.org/10.1016/j.marpolbul.2020.111535

Conley, K., Clum, A., Deepe, J., Lane, H., & Beckingham, B. (2019). Wastewater treatment
plants as a source of microplastics to an urban estuary: Removal efficiencies and loading
per capita over one year. Water Research X, 3, 100030.
https://doi.org/10.1016/j.wro0a.2019.100030

Cook, A.-M., & Allen, H. L. (2020, January). Presentation for Frontier Labs, January
2020Measuring Microplastics: Building Best Practices & Methods for Collection,
Preparation and Analysis [Presentation].
https://cfpub.epa.gov/si/si_public_record report.cfm?Lab=CESER&dirEntryld=348332

Da Silva, V., Murphy, F., Amigo, J., Stedmon, C., & Strand, J. (2020). Classification and
quantification of microplastic (< 100 um) using FPA-FTIR imaging system and machine
learning. Analytical Chemistry, 92. https://doi.org/10.1021/acs.analchem.0c01324

Department for Environment, Food & Rural Affairs. (n.d.). World leading microbeads ban
comes into force [Press Release]. GOV.UK. Retrieved 17 October 2021, from
https://www.gov.uk/government/news/world-leading-microbeads-ban-comes-into-force

Ding, N., An, D., Yin, X., & Sun, Y. (2020). Detection and evaluation of microbeads and other
microplastics in wastewater treatment plant samples. Environmental Science and
Pollution Research, 15878-15887.

Discrete Data Sets—Mean, Median and Mode Values. (n.d.). Retrieved 24 November 2021, from
https://www.engineeringtoolbox.com/mean-median-modal-d_1846.html

Edo, C., Gonzélez-Pleiter, M., Leganés, F., Fernandez-Pifias, F., & Rosal, R. (2020). Fate of
microplastics in wastewater treatment plants and their environmental dispersion with
effluent and sludge. Environmental Pollution, 259, 113837.
https://doi.org/10.1016/j.envpol.2019.113837

Environment and Climate Change Canada, E. and C. C. (2019). Canada’s plastics science
agenda. https://www.canada.ca/en/environment-climate-change/services/science-
technology/canada-science-plastic-agenda.html

Fortin, S., Song, B., & Burbage, C. (2019). Quantifying and identifying microplastics in the
effluent of advanced wastewater treatment systems using Raman microspectroscopy.
Marine Pollution Bulletin, 149, 110579. https://doi.org/10.1016/j.marpolbul.2019.110579

Franco, A. A., Arellano, J. M., Albendin, G., Rodriguez-Barroso, R., Zahedi, S., Quiroga, J. M.,
& Coello, M. D. (2020). Mapping microplastics in Cadiz (Spain): Occurrence of
microplastics in municipal and industrial wastewaters. Journal of Water Process
Engineering, 38, 101596. https://doi.org/10.1016/j.jwpe.2020.101596

43


https://doi.org/10.1016/j.watres.2019.114909

Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

Franco, A. A., Arellano, J. M., Albendin, G., Rodriguez-Barroso, R., Quiroga, J. M., & Coello,
M. D. (2021). Microplastic pollution in wastewater treatment plants in the city of Cadiz:
Abundance, removal efficiency and presence in receiving water body. Science of The
Total Environment, 776, 145795. https://doi.org/10.1016/j.scitotenv.2021.145795

Funck, M., Al-Azzawi, M. S. M., Yildirim, A., Knoop, O., Schmidt, T. C., Drewes, J. E., &
Tuerk, J. (2021). Release of microplastic particles to the aquatic environment via
wastewater treatment plants: The impact of sand filters as tertiary treatment. Chemical
Engineering Journal (Lausanne, Switzerland : 1996), 426, 130933.
https://doi.org/10.1016/j.cej.2021.130933

GESAMP. (2015). Sources, Fate and Effects of Microplastics in the Marine Environment: A
Global Assessment (Report Study GESAMP No. 90, 96 p.; IMO/FAO/UNESCO-
IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP Joint Group of Experts on the Scientific
Aspects of Marine Environmental Protection).
http://www.gesamp.org/publications/reports-and-studies-no-90

Gies, E. A, LeNoble, J. L., Noél, M., Etemadifar, A., Bishay, F., Hall, E. R., & Ross, P. S.
(2018). Retention of microplastics in a major secondary wastewater treatment plant in
Vancouver, Canada. Marine Pollution Bulletin, 133, 553-561.
https://doi.org/10.1016/j.marpolbul.2018.06.006

Grbi¢, J., Helm, P., Athey, S., & Rochman, C. M. (2020). Microplastics entering northwestern
Lake Ontario are diverse and linked to urban sources. Water Research, 174, 115623.
https://doi.org/10.1016/j.watres.2020.115623

Gundogdu, S., Cevik, C., Guzel, E., & Kilercioglu, S. (2018). Microplastics in municipal
wastewater treatment plants in Turkey: A comparison of the influent and secondary
effluent concentrations. Environmental Monitoring and Assessment, 190(11), 1-10.
https://doi.org/10.1007/s10661-018-7010-y

Haddaway, N. R., Macura, B., Whaley, P., & Pullin, A. (2017). ROSES for Systematic Review
Reports (1.0) [Microsoft Excel]. https://www.roses-reporting.com/systematic-review-
reports

Hamidian, A. H., Ozumchelouei, E. J., Feizi, F., Wu, C., Zhang, Y., & Yang, M. (2021). A
review on the characteristics of microplastics in wastewater treatment plants: A source
for toxic chemicals. Journal of Cleaner Production, 295, 126480.
https://doi.org/10.1016/j.jclepro.2021.126480

Health Canada. (2015, July 27). Microbeads [Notices]. https://www.canada.ca/en/health-
canada/services/chemical-substances/other-chemical-substances-interest/microbeads.htmi

Hidalgo-Ruz, V., Gutow, L., Thompson, R. C., & Thiel, M. (2012). Microplastics in the Marine
Environment: A Review of the Methods Used for Identification and Quantification.
Environmental Science & Technology, 46(6), 3060-3075.
https://doi.org/10.1021/es2031505

Hidayaturrahman, H., & Lee, T.-G. (2019). A study on characteristics of microplastic in
wastewater of South Korea: Identification, quantification, and fate of microplastics

44


https://doi.org/10.1016/j.scitotenv.2021.145795

Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

during treatment process. Marine Pollution Bulletin, 146, 696—702.
https://doi.org/10.1016/j.marpolbul.2019.06.071

Hongprasith, N., Kittimethawong, C., Lertluksanaporn, R., Eamchotchawalit, T., Kittipongvises,
S., & Lohwacharin, J. (2020). IR microspectroscopic identification of microplastics in
municipal wastewater treatment plants. Environmental Science and Pollution Research,
27. https://doi.org/10.1007/s11356-020-08265-7

JBI. (2020). Checklist for Systematic Reviews and Research Syntheses. https://jbi.global/critical-
appraisal-tools

Jiang, J., Wang, X., Ren, H., Cao, G., Xie, G., Xing, D., & Liu, B. (2020). Investigation and fate
of microplastics in wastewater and sludge filter cake from a wastewater treatment plant in
China. Science of The Total Environment, 746, 141378.
https://doi.org/10.1016/j.scitotenv.2020.141378

Kang, H., Park, S., Lee, B., Ahn, J., & Kim, S. (2020). Modification of a Nile Red Staining
Method for Microplastics Analysis: A Nile Red Plate Method. Water (Basel), 12(11),
3251. https://doi.org/10.3390/w12113251

Kang, P., Ji, B., Zhao, Y., & Wei, T. (2020). How can we trace microplastics in wastewater
treatment plants: A review of the current knowledge on their analysis approaches.
Science of The Total Environment, 745, 140943.
https://doi.org/10.1016/j.scitotenv.2020.140943

Kazour, M., Terki, S., Rabhi, K., Jemaa, S., Khalaf, G., & Amara, R. (2019). Sources of
microplastics pollution in the marine environment: Importance of wastewater treatment
plant and coastal landfill. Marine Pollution Bulletin, 146, 608-618.
https://doi.org/10.1016/j.marpolbul.2019.06.066

Konno, K., Livoreil, B., & Pullin, A. (2021). CEECAT: Collaboration for Environmental
Evidence Critical Appraisal Tool Version 0.2 (protoype).
https://environmentalevidence.org/cee-critical-appraisal-tool/

Lares, M., Ncibi, M. C., Sillanp&a, M., & Sillanp&a, M. (2018). Occurrence, identification and
removal of microplastic particles and fibers in conventional activated sludge process and
advanced MBR technology. Water Research, 133, 236-246.
https://doi.org/10.1016/j.watres.2018.01.049

Liu, X., Yuan, W., Di, M., Li, Z., & Wang, J. (2019). Transfer and fate of microplastics during
the conventional activated sludge process in one wastewater treatment plant of China.
Chemical Engineering Journal, 362, 176-182. https://doi.org/10.1016/j.cej.2019.01.033

Long, Z., Pan, Z., Wang, W., Ren, J., Yu, X,, Lin, L., Lin, H., Chen, H., & Jin, X. (2019).
Microplastic abundance, characteristics, and removal in wastewater treatment plants in a
coastal city of China. Water Research (Oxford), 155, 255-265.
https://doi.org/10.1016/j.watres.2019.02.028

Lv, X,, Dong, Q., Zuo, Z., Liu, Y., Huang, X., & Wu, W.-M. (2019). Microplastics in a
municipal wastewater treatment plant: Fate, dynamic distribution, removal efficiencies,

45



Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

and control strategies. Journal of Cleaner Production, 225, 579-586.
https://doi.org/10.1016/j.jclepro.2019.03.321

Magni, S., Binelli, A., Pittura, L., Avio, C. G., Torre, C. D., Parenti, C. C., Gorbi, S., & Regoli,
F. (2019). The fate of microplastics in an Italian Wastewater Treatment Plant. Science of
The Total Environment, 652, 602-610. https://doi.org/10.1016/j.scitotenv.2018.10.269

Masura, J., Baker, J., Foster, G., & Arthur, C. (2015). Laboratory Methods for the Analysis of
Microplastics in the Marine Environment: Recommendations for quantifying synthetic
particles in waters and sediments. https://marinedebris.noaa.gov/technical-
memorandum/laboratory-methods-analysis-microplastics-marine-environment

Mayo, T., Sturm, Dr. B., & Hiripitiyage, Y. (2019). Reliable quantification of microplastics in a
municipal wastewater matrix. Proceedings of the Water Environment Federation.
WEFTEC 2019. https://doi.org/10.2175/193864718825157259

Miller, E., Sedlak, M., Lin, D., Box, C., Holleman, C., Rochman, C. M., & Sutton, R. (2021).
Recommended best practices for collecting, analyzing, and reporting microplastics in
environmental media: Lessons learned from comprehensive monitoring of San Francisco
Bay. Journal of Hazardous Materials, 409, 124770.
https://doi.org/10.1016/j.jhazmat.2020.124770

Ministry for the Environment. (2021, April 8). Microbeads regulations. Ministry for the
Environment. https://environment.govt.nz/acts-and-regulations/regulations/microbeads-
regulations/

Naji, A., Azadkhah, S., Farahani, H., Uddin, S., & Khan, F. R. (2021). Microplastics in
wastewater outlets of Bandar Abbas city (Iran): A potential point source of microplastics
into the Persian Gulf. Chemosphere, 262, 128039.
https://doi.org/10.1016/j.chemosphere.2020.128039

Nguyen, N. B., Kim, M.-K,, Le, Q. T., Ngo, D. N., Zoh, K.-D., & Joo, S.-W. (2021).
Spectroscopic analysis of microplastic contaminants in an urban wastewater treatment
plant from Seoul, South Korea. Chemosphere, 263, 127812.
https://doi.org/10.1016/j.chemosphere.2020.127812

Nikiema, J., Mateo-Sagasta, J., Saad, D., & Lamizana, B. (2020). Water Pollution by Plastics
and Microplastics: A Review of Technical Solutions from Source to Sea. UNEP.
https://www.unep.org/resources/report/water-pollution-plastics-and-microplastics-
review-technical-solutions-source-sea

Nor, N. H. M., & Obbard, J. P. (2014). Microplastics in Singapore’s coastal mangrove
ecosystems. Marine Pollution Bulletin, 79(1), 278-283.
https://doi.org/10.1016/j.marpolbul.2013.11.025

Occurrence of Microplastics in Water...Size Does Matter! (n.d.). The Water Research
Foundation. Retrieved 4 October 2021, from
https://www.waterrf.org/resource/occurrence-microplastics-watersize-does-matter

46



Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

Petroody, S. S. A., Hashemi, S. H., & van Gestel, C. A. M. (2020). Factors affecting microplastic
retention and emission by a wastewater treatment plant on the southern coast of Caspian
Sea. Chemosphere, 261, 128179. https://doi.org/10.1016/j.chemosphere.2020.128179

Pittura, L., Foglia, A., Akyol, C., Cipolletta, G., Benedetti, M., Regoli, F., Eusebi, A. L.,
Sabbatini, S., Tseng, L. Y., Katsou, E., Gorbi, S., & Fatone, F. (2021). Microplastics in
real wastewater treatment schemes: Comparative assessment and relevant inhibition
effects on anaerobic processes. Chemosphere, 262, 128415.
https://doi.org/10.1016/j.chemosphere.2020.128415

Quevauviller, P., Thomas, O., Beken, A. van der, & Books24x7, I. (2006). Wastewater quality
monitoring and treatment. Wiley. https://go.exlibris.link/czKwOrv0

Ragoobur, D., Huerta-Lwanga, E., & Somaroo, G. D. (2021). Microplastics in agricultural soils,
wastewater effluents and sewage sludge in Mauritius. Science of The Total Environment,
798, 149326. https://doi.org/10.1016/j.scitotenv.2021.149326

Raju, S., Carbery, M., Kuttykattil, A., Senthirajah, K., Lundmark, A., Rogers, Z., SCB, S.,
Evans, G., & Palanisami, T. (2020). Improved methodology to determine the fate and
transport of microplastics in a secondary wastewater treatment plant. Water Research
(Oxford), 173, 115549. https://doi.org/10.1016/j.watres.2020.115549

Rasmussen, L. A., lordachescu, L., Tumlin, S., & Vollertsen, J. (2021). A complete mass balance
for plastics in a wastewater treatment plant—Macroplastics contributes more than
microplastics. Water Research, 201, 117307.
https://doi.org/10.1016/j.watres.2021.117307

RefWorks. (n.d.). Retrieved 3 October 2021, from https://refworks.proquest.com/library/recent/

Robey, D. (2019). Microplastics Analysis Doesn’t Need to Be So Hard (p. 4) [White Paper].
Agilent Technologies, Inc. https://explore.agilent.com/microplastics-
8700Idir?elqTrack=true#form-c

Robey, D. (n.d.). Rapid, Automated Analysis of Microplastics Using Laser Direct Infrared
Imaging and Spectroscopy [Webinar]. https://explore.agilent.com/microplastics-
8700Idir?elqTrack=true#form-c

Sierra, 1., Chialanza, M. R., Faccio, R., Carrizo, D., Fornaro, L., & Andrés, P.-P. (2020).
Identification of microplastics in wastewater samples by means of polarized light optical
microscopy. Environmental Science and Pollution Research International, 27(7), 7409—
7419. http://dx.doi.org/10.1007/s11356-019-07011-y

Simon, M., Alst, N. van, & Vollertsen, J. (2018). Quantification of microplastic mass and
removal rates at wastewater treatment plants applying Focal Plane Array (FPA)-based
Fourier Transform Infrared (FT-IR) imaging. Water Research (Oxford), 142, 1-9.
https://doi.org/10.1016/j.watres.2018.05.019

Simon, M., Vianello, A., & Vollertsen, J. (2019). Removal of &gt;10 um Microplastic Particles
from Treated Wastewater by a Disc Filter. Water, 11(9).
https://doi.org/10.3390/w11091935

47


https://doi.org/10.1016/j.scitotenv.2021.149326
http://dx.doi.org/10.1007/s11356-019-07011-y

Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

Spellman, F. R. (2016). The science of wastewater. DEStech Publications.
https://go.exlibris.link/1zGsQDny

Tagg, A. S., Sapp, M., Harrison, J. P., Sinclair, C. J., Bradley, E., Ju-Nam, Y., & Ojeda, J. J.
(2020). Microplastic Monitoring at Different Stages in a Wastewater Treatment Plant
Using Reflectance Micro-FTIR Imaging. Frontiers in Environmental Science, 8.
https://doi.org/10.3389/fenvs.2020.00145

Takdastan, A., Niari, M. H., Babaei, A., Dobaradaran, S., Jorfi, S., & Ahmadi, M. (2021).
Occurrence and distribution of microplastic particles and the concentration of Di 2-ethyl
hexyl phthalate (DEHP) in microplastics and wastewater in the wastewater treatment
plant. Journal of Environmental Management, 280, 111851.
https://doi.org/10.1016/j.jenvman.2020.111851

Tang, N, Liu, X., & Xing, W. (2020). Microplastics in wastewater treatment plants of Wuhan,
Central China: Abundance, removal, and potential source in household wastewater.
Science of The Total Environment, 745, 141026.
https://doi.org/10.1016/j.scitotenv.2020.141026

Turan, N. B., Erkan, H. S., & Engin, G. O. (2021). Microplastics in wastewater treatment plants:
Occurrence, fate and identification. Process Safety and Environmental Protection, 146,
77-84. https://doi.org/10.1016/j.psep.2020.08.039

US EPA. (2020, July 28). What You Should Know About Microfiber Pollution. Trash Free
Waters Article Series. https://www.epa.gov/trash-free-waters/what-you-should-know-
about-microfiber-pollution

U.S. Food & Drug Administration. (2020, September 11). The Microbead-Free Waters Act:
FAQs. FDA; FDA. https://www.fda.gov/cosmetics/cosmetics-laws-
regulations/microbead-free-waters-act-fags

Vardar, S., Onay, T. T., Demirel, B., & Kideys, A. E. (2021). Evaluation of microplastics
removal efficiency at a wastewater treatment plant discharging to the Sea of Marmara.
Environmental Pollution, 289, 117862. https://doi.org/10.1016/j.envpol.2021.117862

Wang, F., Wang, B., Duan, L., Zhang, Y., Zhou, Y., Sui, Q., Xu, D., Qu, H., & Yu, G. (2020).
Occurrence and distribution of microplastics in domestic, industrial, agricultural and
aquacultural wastewater sources: A case study in Changzhou, China. Water Research,
182, 115956. https://doi.org/10.1016/j.watres.2020.115956

WEF. (2010). Design of municipal wastewater treatment plants (5th ed., Vol. 76). McGraw-Hill.
http://bcit.summon.serialssolutions.com/2.0.0/link/0/eLVHCXMwtV27TsMwFL2CdqET
T _FWXMAWSOI4TgaGQkGoMCABA1PIODaqoGIFCvw-
104am24MLFHsvGyfG_v4cY8BSHQW-
Et1QkpFINAUODJgknCGzWIWUyrzPAk4Vdpv-
PEIGwzZwyW5txtW2bh _BR7jEHrtSPsH8NuXYgSeowngEY0AjOvBUA3W-
A _MOgwzfaddQMYzxOKbV3qgsTOsi2gXms3feyDmZFMIKe3998G__ 1ihdsOrvKIH1oa
Nc6A4VmMBVN7ICB8_SvXqSmGZp41PvrLclPC1HQioAgrzjVauSTYizmF7LOnx9XYZ
VI20Ht9vvDu2v7F2vn24bU1QrraRyxRZfYfCh2AtniitbRCReiSG2SfoczasPm_rAHPV6

48


https://doi.org/10.1016/j.envpol.2021.117862

Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

9YYOAjcW86sHaRLxiLvVUikMUntahK7X3yAasyHITek6ZbcF5DYk3VV4LiWch8Vp
IvBqShXi-uX66uvWhb_Sp8HpEEDY -
XUIICFSMRKIiQJKWFSFJyrkCnGVBbyOOYgl4oyiZ0avDHhSIcDbPVILIKM7ECnnJZy
Fzyt6xdQKpgsOjhWWZgQPAw41rgJ5ci59-
DEyfX0691MrVejpmhSw_P34NwWxogbW5E2380w4chBeP_PTxzAmrW0Q-
JMPz7IEXRYMZ4fN4bxA3DON1I

Wolff, S., Kerpen, J., Prediger, J., Barkmann, L., & Mller, L. (2019). Determination of the
microplastics emission in the effluent of a municipal waste water treatment plant using
Raman microspectroscopy. Water Research X, 2, 100014.
https://doi.org/10.1016/j.wro0a.2018.100014

Wolff, S., Weber, F., Kerpen, J., Winklhofer, M., Engelhart, M., & Barkmann, L. (2021).
Elimination of Microplastics by Downstream Sand Filters in Wastewater Treatment.
Water (Basel), 13(1), 33. https://doi.org/10.3390/w13010033

Xu, X., Jian, Y., Xue, Y., Hou, Q., & Wang, L. (2019). Microplastics in the wastewater
treatment plants (WWTPs): Occurrence and removal. Chemosphere, 235, 1089-1096.
https://doi.org/10.1016/j.chemosphere.2019.06.197

Xu, X., Zhang, L., Jian, Y., Xue, Y., Gao, Y., Peng, M., Jiang, S., & Zhang, Q. (2021). Influence
of wastewater treatment process on pollution characteristics and fate of microplastics.
Marine Pollution Bulletin, 169, 112448. https://doi.org/10.1016/j.marpolbul.2021.112448

Yang, L., Li, K., Cui, S., Kang, Y., An, L., & Lei, K. (2019). Removal of microplastics in
municipal sewage from China’s largest water reclamation plant. Water Research, 155,
175-181. https://doi.org/10.1016/j.watres.2019.02.046

Yang, Z., Li, S., Ma, S., Liu, P., Peng, D., Ouyang, Z., & Guo, X. (2021). Characteristics and
removal efficiency of microplastics in sewage treatment plant of Xi’an City, northwest
China. Science of The Total Environment, 771, 145377.
https://doi.org/10.1016/j.scitotenv.2021.145377

Yano, K. A., Geronimo, F. K., Reyes, N. J., & Kim, L. H. (2021). Characterization and
comparison of microplastic occurrence in point and non-point pollution sources. Science
of The Total Environment, 797, 148939. https://doi.org/10.1016/j.scitotenv.2021.148939

Zhang, L., Liu, J., Xie, Y., Zhong, S., & Gao, P. (2021). Occurrence and removal of
microplastics from wastewater treatment plants in a typical tourist city in China. Journal
of Cleaner Production, 291, 125968. https://doi.org/10.1016/j.jclepro.2021.125968

Ziajahromi, S., Neale, P. A., Silveira, I. T., Chua, A., & Leusch, F. D. L. (2021). An audit of
microplastic abundance throughout three Australian wastewater treatment plants.
Chemosphere, 263, 128294, https://doi.org/10.1016/j.chemosphere.2020.128294

Zooming in on the Five Types of Microplastics. (2016, November 16). Lake Ontario
Waterkeeper. http://www.waterkeeper.ca/blog/2016/11/15/zooming-in-on-the-five-types-
of-microplastics

Zotero (5.0.96.3). (n.d.). [Computer Software].

49


https://doi.org/10.1016/j.marpolbul.2021.112448
https://doi.org/10.1016/j.watres.2019.02.046
https://doi.org/10.1016/j.scitotenv.2021.148939
https://doi.org/10.1016/j.jclepro.2021.125968

Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities

Appendix | - Tables

Table 1. Reported Influent and Effluent Microplastic Particle Count Concentrations in Reviewed Literature

Emma Norman

Source Publication Date  Location Influent (MP/L) Final Effluent (MP/L)
Alvim et al. 2020 Valencia, Spain N/A 0.44
Bayo et al. 2020a Cartegena, Spain 15.7 0.25
Bayo et al. 2020b Murcia, Spain (average*) 5.71 1.54
Bayo et al. 2021 Murcia, Spain 2.74 0.98
Ben-David et al. 2021 Karmiel, Israel 130 7.3
Blair et al. 2019 Scotland (average) 6 2
Cao et al. 2020 Hong Kong, China 10.36 N/A
Conley et al. 2019 South Carolina, USA (average)  136.5 10.65
Ding et.al. 2020 Beijing, China 109 62
Edo et al. 2020 Madrid, Spain N/A 10.7
Fortin et al. 2019 Virginia, USA 65,953 54,750
Franco et al. 2021 Cadiz, Spain 645 16
Gies et al. 2018 Vancouver, Canada 311 0.5
Grbic et al. 2020 Toronto, Canada (average) N/A 13.3
Gundogdu et al. 2018 Turkey (average) 24.9995 5.555
Hidayaturrahman and Lee | 2019 South Korea (average) 13,813 132
Hongsparith et al. 2020 Bangkok, Thailand (average) 12.2 2
Jiang et al. 2020 Harbin, China 126 30.6
Kazour et al. 2019 Le Havre, France 244 2.84
Lares et al. 2018 Mikkeli, Finland 57.6 1.0
Liuetal. 2019 Wuhan City, China 79.9 28.4
Long et al. 2019 Xiamen, China - (average) 6.55 0.59
Lvet. al 2019 Eastern China (average) 0.28 0.09
Magni et al. 2019 Northern Italy 2.5 0.4
Mayo et al. 2019 Kansas - average (average) 281 5.3
Naji et al. 2021 Iran (average) N/A 2.019
Petroody et al. 2020 Sari, Iran 12.667 0.423
Pittura et.al. 2021 Central Italy 3.64 0.52
Ragoobur et al. 2021 Mauritius (average) N/A 237
Raju et al. 2020 NSW, Australia 11.8 2.7
Sierra et al. 2020 Montevideo, Uruguay N/A 6.75
Simon et al. 2018 Denmark (average) 7216 54
Simon et al. 2019 Denmark N/A 3
Tagg et al. 2020 East Midlands, United Kingdom  N/A 15
Takdastan et al. 2021 Iran 9.2 0.84
Tang et al. 2020 Wuhan City, China (average) 51.9 19.1
Vardar et al. 2021 Istanbul, Turkey 72.6 8.2
Wang et al. 2020 Changzhou, China (average) 41 14
Wolff et al. 2018 Germany N/A 4.6
Wolff et al. 2021 Germany (average) N/A 0.011
Xu, X et al. 2019 Changzhou, China (average) 196 9.04
Xu, X et al. 2021 Changzhou, China (average) 928.9 28.48
Xu, Z et al. 2020 China 725 600
Yang et al. 2019 Beijing, China 12.03 0.59
Yang et al. 2021 Xi'an China 288.5 22.9
Yano et al. 2021 South Korea 3.52 1.65
Zhang et al. 2021 Guilin City, China (average) 3.71 0.43
Ziajahromi et al. 2021 Australia (average) 82 0.68
Median 46.45 3

*Results have been averaged across multiple WWTPs or for a range of reported values.
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Table 3. Microplastic in Wastewater Sampling Methods Decision Matrix

Emma Norman

Decision Matrix Criteria Total
Sampling
g £
§| 2| |Es
©| 2 a2 = s
EIEEE
b © Sz 3 €
Method @' @ E el -r% g é %
Grab 0 1 2 2 1 2 1 1.29
Type ,
Composite 2 2 2 2 1 1 2 171
None 1 0 0 2 2 2 2 1.29
Pre- - -
L lower sieve size <20um 2l 21 1 1 1] 11 1 1.29
) Sieving - -
Sampling lower sieve size 220um 1 2 2 1 2 1 1 1.43
Low (1L- 10L) 0 0 1 1 2 2 2 1.14
Medium (10-100L) 1 1 1 1 1 1 2 1.14
Volume |—
High (100-1000L) 2 2 1 1 1 1 2 1.43
Very High (1000-10,000L) 2 2 0 2 0 1 2 1.29
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Table 4. Oxidation Digestion Procedures and the Concentration, Temperature, and Time Parameters Applied in the Reviewed
Literature

Source Digestion Peroxide Reaction Reaction Time
Procedure = Concentration (%) Temperature (°C) (hours)
Ben-David et al. (2021) 30 70 N/A
Franco et al. (2020) 30 75 0.5
Franco et al. (2021) 30 75 0.5
Gundogdu et al. (2018) 30 75 N/A
Hongsparith et al. (2020) 30 75 N/A
Jiang et al. (2020) 30 75 1
H. Kang et al. (2020) 35 24-25 72
Liu et al. (2019) 30 N/A 12
Long et al. (2019) Fenton's 30 60-70 N/A
Reaction

Lv et al. (2019) 30 60 3
Mayo et al. (2019) 30 70 N/A
Nguyen et al. (2021) 30 50 0.5
Raju et al. (2020) 30 Room Temp. 24
Sierra et al. (2020) 30 N/A 0.5
Yang et al. (2019) 30 60 0.5
Yano et al. (2021) 30 65 N/A
Zhang et al. (2021) 30 N/A N/A
Alvim et al. (2020) 35 60 2
Blair et al. (2019) 30 N/A 72
Cao et al. (2020) 30 60 24
Edo et al. (2020) 33 50 24
Fortin et al. (2019) 30 50 72
Gies et al. (2018) 30 N/A 168
Hidayaturrhman and Lee (2019) 30 N/A N/A
Magni et al. (2019) 15 N/A 72
Petroody et al. (2020) Peroxide 30 N/A N/A
Pittura et al. (2021) Oxidation 15 50 <24
Ragoobur et al. (2021) 30 Room Temp. >168
Tagg et al. (2020) 30 N/A 168
Takdastan et al. (2021) 30 80 N/A
Tang et al. (2020) 30 N/A 24
Xu et al. (2019) 30 60 48
Xu et al. (2021) 30 60 48
Yang et al. (2021) 30 65 12
Ziajahromi et al. (2021) 30 60 24
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Table 6. Sample Processing Methods Decision Matrix

Emma Norman

Decision Matrix Criteria
Processing Total
i3]
= 3
o
> 3 5 £
gl 2 & 8 =
8| 2 2 2 S
- 'S 3 @8 = E
o 3| 2|28 5
g_ ol 8l & 5| o
© T “ >
Method s| 8| 8| 35| £E] 8| §
acid/alkaline 0 1 1 1 2 2 1 1.14
peroxide oxidation 1 1 1 1 1 2 1 1.14
Sample Digestion Fenton's reaction 1 1 2 1 2 1 1 1.29
enzymatic digestion 2 1 1 2 1 0 2 1.29
oxidation and enzymatic digestion 1 1 1 2 2 0 1 1.14
Processing None 2 2 1 1 1 2 2 1.57
. Low density separation (i.e. NaCl) 1 1 1 2 1 2 2 1.43
Extraction - - - -
High Density separation (i.e. Nal) 2 1 1 2 1 1 1 1.29
Filtration only 1 2 2 2 2 1 1 1.57
L By wastewater stream 2 o 1 0 2 2(N/A 1.17
Application
Same for all samples 1 2 1 1 1 1IN/A 1.17
Table 7. Sample Analysis and Reporting Methods Decision Matrix
Decision Matrix Criteria
Analysis Total
°
15
8
oy
£
>
(on
hel
c
& ©
t) [
QCJ - g
> = ©
= g 5 c
21 =z a 2
Z| §| 8| & =
Bl 8 E| 5| g 5l &
Method o| ¢ 8| 3| £| 8] 3
Microscopy 0 2 1 1 1 2 1 1.14
Quantification Methods Nile Red A55|ste.d Mlcro§copy 1 2 1 1 2 2 2 1.57
Bengal Rose Assisted Microscopy 1 2 1 1 0 2 0 1.00
Infrared Spectroscopy 1 1 1 2 1 1 1 1.14
Microscopy 0 2 1 1 2 2 0 1.14
FTIR 2 1 1 2 1 1 1 1.29
Characterization Methods
. Raman Spectroscopy 2 0 2 2 0 1 2 1.29
Analysis
Thermal Spectroscopy 1 0 1 2 1 1 2 1.14
Colour 2 2|IN/A 0 1 2 0 1.17
Size 1 2(N/A 2 2 2 2 1.83
Reportable Parameters Count — L 2IN/A 2 1 2 2 1.67
Composition 1 2(N/A 2 1 1 2 1.50
Shape/Type 1 1|N/A 2 1 2 1 1.33
Mass 1 2(N/A 1 1 1 1 1.17|
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Appendix Il — Proposed Standard Test Method for the Sampling,
Processing, Analysis, and Reporting of Microplastics in Wastewater

The following content is a proposed standard microplastic in wastewater sampling, processing,
and analysis that was prepared from results of the decision matrix and the most suitable methods
as reviewed in the literature using the ASTM Draft Standard Template (ASTM, n.d.). It has been
prepared entirely for the purpose of demonstration in this project and will not be officially
submitted as a draft standard method to the ASTM organization.

1 - Scope

1.1 This test method is being proposed for standardization of the sampling, processing, analysis,
and reporting of microplastics in wastewater influent and effluent streams. The methods
proposed have been established in previous literature on the topic of characterizing microplastics
in wastewater. This is not an official standard method but is a proposed method to fulfill the
project requirements of the British Columbia Institute of Technology EENG 8460 Capstone
Project.

1.2 This test method uses only SI units.

1.3 The particle size of microplastics is defined as being less than 5um in size, but given
practical limitations of collecting very small microplastics this microplastic size definition for
this standard method will be 20pm to 5000um.

2 - Summary of Test Method

2.1 This test method is recommended for use on wastewater influent and effluent streams. It
involves high volume, 24-hour composite sampling, and pre-sieving of collected wastewater.
The solids collected on sample sieves are to be processed under Fenton’s Reagent catalyzed
oxidation reactions and filtered over small pore size paper or glass fiber filters under vacuum.
The processed samples on filters are to be stained with Nile Red dye for automated analysis
under microscope, then a sub-fraction of the sample is to be characterized under FTIR. Finally,
sample parameters are to be reported in terms of quantity, size, type, and composition.

2.2 This test method is meant to quantify microplastic particles between 20-5000um in size of
their smallest dimension.

3 - Significance and Use
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3.1 Wastewater treatment plants have been identified as a primary contributor of microplastics to
aquatic environments. The high solids content of wastewater streams can make the collection and
analysis of microplastics in samples difficult. Large volumes must be collected to produce
representative results, and pre-sieving must be employed to concentrate the sample into a solids
only fraction. Small microplastics must be captured to the greatest extent possible, and a
maximum sieve mesh size of 20um should be used to maximize the particle capture sizes. Solid
samples must be processed to eliminate interfering organic solids in a timely and efficient
manner. Samples should be processed using an oxidation procedure catalyzed by Fenton’s
reagent, followed by isolation of the un-digested particles on a small pore size filter through
vacuum filtration. Extracted samples should be characterized by their quantity, size, type, and
composition in the most representative and most efficient ways possible. Nile Red staining
should be performed on extracted samples for automated quantification and type and size
detection of particles through microscopy, then a 10% sub-sample should be prepared for
analysis of polymeric composition and verification of plastic composition.

3.2 Effective quality assurance and quality control techniques should be applied throughout the
sampling, processing, and analysis of samples. Equipment and samples should be handled to
minimize contamination and sample losses, and control standard must be used to monitor for
sample contamination and recovery.

4 - Interferences

4.1 Residual organic and inorganic particles can interfere with microplastic detection and
analysis, and therefore effective oxidation reaction is necessary.

4.2 Some natural organic particles may be stained with Nile-Red dye and be mis-identified in
microscopic analysis, therefore FTIR spectroscopic analysis of particle composition is necessary
to verify the particle as plastic or not.

4.3 Some weathered plastic particles may not be effectively signal matched in FTIR analysis and
therefore up-to-date spectral libraries with signals for weathered and contaminated plastics
should be used.

5 - Apparatus and Equipment

5.1 Sampling
» Automatic flow-based composite sampler

* Flowmeter
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* 6 stacked sieves of the following mesh sizes: 5000pm, 1000pum, 500um, 100pm, 50um,
20um

5.2 Sample Processing
* Beaker
» Watch Glass
» Filtration Apparatus
5.3 Sample Analysis
* Microscope with automated fluorescence detection

* FTIR apparatus with detection down to 20um particle size and signal matching software
and spectral libraries

6 - Reagents and Materials

6.1 Sampling
* Purified water
6.2 Sample Processing
* Purified water
* 30% Hydrogen Peroxide
* Fe (II) catalyst
* < 20um pore size PTFE filter
» <20um glass fiber filter
* lug/mL Nile Red dye
6.3 Analysis
* Glass slides for microscopic analysis
7 - Sampling
7.1 Samples are to be collected from wastewater influent and effluent streams using automatic

flow-based composite samplers connected to a flow meter capable of recording total volume
collected. Influent samples should be taken at a volume of 30L, and effluent samples should be
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taken at a volume of 270L (Petroody et al., 2020). Samples should be pre-sieved over a stack of
6 sieves in order of largest mesh size (5000um) to smallest mesh size (20um) (ASTM, 2020a).

7.2 Solids on the 20um to 1000um mesh size sieves are to be retained for analysis (Ding et al.,
2020), but the 5000um fraction may be discarded. Samples should be transferred to a cool dark
container for transport to the laboratory for further processing.

8 - Sample Processing

8.1 Samples and QC on sieves should be transferred to a beaker with 100mL of water, then
oxidized in 5-20mL of 30% hydrogen peroxide in the presence of Fe (I) catalyst for three hours
at room temperature (Lv et al., 2019).

8.2 Digested samples should first be filtered over a PTFE filter with pore size of 5um, then
covered in Nile Red solution and allowed to stain in the dark for 60 minutes at a temperature of
60°C (Mayo et al., 2019). Finally, samples should be transferred to a second 0.2um glass fiber
filter using purified water.

9 - Analyvtical Procedure

9.1 The sample filter area should be sub-sectioned so as to analyse only a representative fraction
of the filter surface. The filter surface should sub-sectioned into 20 randomly selected circles of
the same diameter making up at least 40% of the filter area for microscopy analysis (Long et al.,
2019; Mayo et al., 2019). Furthermore, at least 10% of the total estimated microplastic particles
in microscopic analysis should be randomly selected for FTIR analysis by randomly selecting
identified particles from the 20 circles using two laboratory analysts to minimize selection bias
(Long et al., 2019).

9.2 The sub-selected areas of the filter should be analysed under fluorescent microscopy using a
Texas Red filter and analytical software to automatically identify and characterize microplastic
particles by quantity, shape, and size (Mayo et al., 2019).

9.3 The second sub-selection of particles for FTIR analysis should be transferred to a Barium
Fluoride substrate and analysed under FTIR using analytical software and spectral libraries to
identify polymeric composition of the selected particles (Mayo et al., 2019). FTIR scans,
resolution, and wave range should be optimized for detecting microplastics down to a particle
size of 20um.

10 - Calculation or Interpretation of Results

10.1 Microplastic loading and discharge results should be reported in units of microplastic items
per liter (MP/L) for influent and effluent.
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10.2 Verified plastic particle counts from FTIR analysis should be applied to the total counts
found in microscopy analysis, and the total counts of the sub-sampled filter area found under
microscopy should be applied to the whole sample filter to produce total results. Equations 2-4
(reproduced from Long et al., 2019) can be used to apply the findings to the whole sample:

N=a+b (2)

b=cxo (3)
20 5 )

= (;ng) x [wD /(2‘“ wd j] (4)

where, N—the total number of MPs.

a—the number of MPs identified by micro-Raman spectroscopy.
b—the number of MPs estimated by statistical analysis.

c—the number of remaining suspected MPs on the filter paper.
¢—the proportion of confirmed MPs by micro-Raman
spectroscopy.

ni—the number of remaining suspected MPs in each circle.
D—the effective diameter of the filter paper, in this study,
D =70 mm.

d—the diameter of the circle, d =8 mm.

10.3 Removal efficiency can be quantified using the findings from section 12.2 by applying them
to the Equation 5 (reproduced from Franco et al., 2021)

RE — MP concentration influent—MP concentration effluent
N MP concentration influent

x 100%

10.4 Characterization of microplastic particles should be reported in terms of particle sizes,
polymeric composition, and plastic type. Plastic type should be defined by one the following five
categorizations: fibers, spheres/pellets, foams, films, and fragments (Miller et al., 2021; Zooming
in on the Five Types of Microplastics, 2016)

11 - Precision and Bias

11.1 Results of blank control and reference spike studies should be reported in terms of
contamination and reference spike recovery, respectively.

11.2 Results of quality control studies should not be used to correct the sample results due to
uncertainties in the variability of contamination and recovery factors (Miller et al., 2021; Simon

58



Standard Harmonized Monitoring Methods for Microplastics in Municipal Wastewater Treatment Plants:
A Systematic Review of Current Methodologies and Capabilities Emma Norman

et al., 2018). Blank control standard results can be used to qualify the sample results as a level of
uncertainty (Miller et al., 2021)

59



Appendix Il — Literature Review Matrix

Bibliographic Information

i i i i T o a o [Main conclusion (if any / if different than key
[/shortname  [date required by your program) [roual land rationale Imethods i e e finding) relating to project eywords ing significant imitati

Two main limitations discussed in this paper: imitation of
detection limit for low-solids effluent and limitation of
correction factors applied based on QA/QC results. Limitation

i
influents, o e Bulksampling is superior o sieved sampling due of detection limit means that effluents must be sampled at
fluent g we that  tonoloss of MP smaller than smallest sieve mesh higher y
Gles, £ A, LeNoble, 1. L, Noél, M. e microplastis, plastic, FT-
Marine Pollution  microplastics in Vancouver MP extraction from samples and be detected 1um, ore size in using the OEP and must be pre-sieved, opening up issues with
Giesetal. 2018 Etemadifar, A, Bishay, ., Hall, . R, etal. ! ? ~final . A R, wastewater,ocean, "% g ' opening up
e P B F L R gulletin influent, effiuent,and  analysis by F e o e thisstudy) g andcannot  can take advantage of cheaper e
ntion of microplastics in
B ——— sludge (p554) innumber of MP found in the e iy follow the faster OEP protocol extraction/digestion methods and reduce s Umitations of
malor secondary wastewater treatment ping is-
lant in Vi Canada. M: [samples {p 554) i based. . exposure to harmful chemicals. biases in final results - samples correct for contamination in
plant in Vancouver, Canada. Marine corrections to sampl ased on e o ot ot
Poliontullein 5355351 sese orecions e 0 o e e oo
doi:https://dol ore/10.1016/jmarpolbul 20 et parti o
18.06.006
The author does not give much discussion on method
Sampling: al over3 from
fimitations or validity. They do comment that their
To characterize Vethod g sing Nacl solution then The main condlusion relting to the methodsis TP <<
Magni, S, Binell, A, Pittura, L, Avio, € G, Science of the i ing, MP filtered over in peroxide to remove i many MPs in WWTP, are & - & backg
o e that ignificant MP isstil released to the b F10% of
Magniet.al. 2019 Della Torre, C, Parenti, C.C, etal. (2019]. Total paration, organics for r plants, effluents, sewage
different steps and wastes environment despite good retention by the samples. There i no discussion on potential biases in the
The fate of microplastics inan ltalian.  Environment contamination control, and followed " TR-FTIR; QA/QC Il the research studi slude, treatment
in an lalian WWTP (p 603) WWTP (pp 608-609) sampling or processing methods, but the authors acknowledge
wastewater treatment plant. Science of statistical analysis. procedural blanks used throughout entire processing to show some efficiency I
i Totl Enironment, 652602610 wergeof 0 he Insampies. aretentillow isinvial rselecion of esc
doihttps://dol ore/10.1016/jscitoteny.201 mitati ng very small part .
81025
Lu,X, Dong, Q.,Zu0, 2, Liu, Y, Huang, X, &
Wo, W, (2019). Microplastics in a municipal d of sievesina g hors add yof the
appear
wastewatertreatment plant; Fate To perform research methods 5 ° e oxcene " e tast v
removal efficiencies, Journalof Cleaner ing  include sampli I lysis: MP partcles i and one-time sample
Wietal) 2019 P P ; WP removal
(et al) ey Jouens ofCeanet - Production d st o o584 P removal e plant, -
Production, 225, 579-586. wwes P innumber MP/Land n me/L QA/C: negative. 1T v donot relate to the my project ryear but P
doi:https://dol.org/ 101016/ clepro.2015. control o inati P magnitude of average conditions. (p 585)
03321
The author goes into great detail on validity of results and
limitations, weaknesses, and advantages of the methods
he whole aricle, The pecifiesall
assumptions and uncertainties relating to the MP mass
To develop a method for estimates (pp 35). The author also breaks down the QC results
P Reporting microplastics in mass units s favourable (pp35) b
reporting microplastic e oo 10 explain potentialreasons for and concerns with
contamination in WWTPs  experimental design - methods P Final results of y were much higher than p , which could be P size indlusion contamination and extraction recoveries, as well as much
solution pri d peroxid is expected
momet.al, |20 Water Researeny  IMonitsOfmass and lude sampli I o - detection ormay higher final results when compared to peer studies (pp 3-4).
partices, andto e analysis,and break MPsi pieces (p4); " based FTIR g ! These relate to limitations of detection limits (contamination),
MP and to make ar/ac: methods using alternative samplin, processing,  plants, FT-IR
Simon, M, van Alst, N, & Vollertsen, . ,. ol ) B
5 d spike controls were and analysis techniques (even if FTIR isn't the best spectroscopy.
(2018). Quantification of microplastic occurrence in Danish i 1 ond spike ot e ) (08 (due tolimited diversityof reference partcles), and procedural
mass and removal rates at wastewater WWTPs (p2) g ! P 8 P reasons for why this studies results are so much higher than
treatment plants applying focal plane others (ncluding mechanical stressors leading to MP
array (FPAYbased Fourier transform
infrared (FT-IR) imaging. Water detection equipment, and inclusion of smaler MP particles
Research (Oxford), 142, 19 than n other studies)
Hidayaturrahman, 0., & Lee, T. (2019). A
O ——————— To determine the MP ling - astewater e R by TErBTY WWTPS with coagulation signficantly  microplastics,
study on characterisics of microplasticin ” nd , whi
removal effectiveness of Processing; reduce MPin wastewater (>98%), but sheer  wastewater reatment
wastewaterof south Korea: dentifcat experimentaldesign - methods tonot relate to my project time .
Marine Pollution 1 filters, then further Volume of wastewater passing through the plant  plant, coagulation,  The author does not iscuss validity of results with respect to
2019 quantification, and fate of microplastics include sampli I a 4 upthe e Authors also
anand Lee Bulletin WWTP treatment and means that large amounts of MP are stil oz0ne, membrane disc-  the methodology used tofind the results in tis aticle.
during treatment process. Marine processing, and sample analysis found that coagulant . butis
treatment technologies (p. the il discharged as pollutants to the water fiter, rapid sand
Pollution Bulletin, 146, 696-702 P " e coagulant is added. (p 701) t (p 701 fitrat
doi:https://dol.org/ 101016/} marpolbul.20 obstra v P environment (p 701) fration
19.06.071
L, X, Yuan, WL, DI, M., 1,2, & Wang, 1 and pre-sieving to only process solids retained on the sieve; Processing -
2019) Transfer and fate of microplastics To characterize behaviour , where Wastewater secondary treatment removes
main " microplastics, The authors do not make any comments on the validity of
during the conventional activated sludge  Chemical o o o Include ovoliog, sampla were  Nokey findings - o discharge " res
Lvet.al. 2019 wastewater Engineering IPIINE, SAMPIE osidized then fltered, solids (influentand primary  processes. These include the finding that most MP- astewater lge,and  butstill rel P o have apotential o e N ammtont comtrol srsonds were smedl
of China. Chemical Engineering Journal processof aWwrpin  Procesn o nt) the reaction and  MP particles (pp 181-182) negative impacton aquatic ecosystems (pp 181 e P e O e metho s
Journal, 362, 176-182. China ~both  but the 182)
doi:https://dol org/10.1016/j.ce] 2019.01.0 solid Nacl
3 solution. (p177)
The authors approach their methodology and results with a
i rformed using pump: method. One limitation s the need to subsample visually
il identified particlesfor further confirmation due to practical
recorded times forw . Sample infeasibiity of confirming all particles (p 257). The authors
Long, 2, Pan, 2, Wang, W, Ren, 1, Yo, P y 21l particles (p 257).
et b b e To characterize the same ,series of wet  Results evaluate their results with the results of other studies, but
in, L, etal icroplasti
i ——— OSSOl | somplin 3 . then standard 60). There isa tothe
sbundance, charactersiesand P o0 e g visusl pre-selection  correlation  MP count, and onthe a5 MO IEAMENt  ppicarion o iferent methodology acros these studies (b
Longet.al. 2019 a . som followed by subset of suspected MP i i 260). There MP count i the WWTPs, where overloaded %" ™ P1*% 260) Authors acknowledge that issues with the processing of
plants in a coastal city of China, Water analysi, qualityassurance and abundance,
T for suspect MPs. by the WWTP, where hig have lower MP removal | samples at one site may have contributed to inaccurate results
mm, . finding MP in wastewater ' cross amounts of plastics related manufacturing (p 261). There is also a relation b loads and MP in 64) in which the pr ing n may not be forthat
oihtps://dol.org watres, .
Ssoron (p256) efflvent, where have more
e b i ghall ing different method (p 260). The author also discussed results of
the spike and blank control tests, which gave favourable results
sampling. (pp 256-258) and therefore the authors could conclude that their processing

methods and sampling methods did not contribute to
significant bias in results (p 258)

Please refer to the attached spreadsheet, Literature Review Matrix and Collected Data — 2021-12-18, for the complete matrix.

60



