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ABSTRACT

This thesis addresses three challenges related to the microplastic contamination
in water and wastewater treatment plants. The first challenge is the multiple
methodologies used to collect, quantify, and characterize microplastics in both
wastewater and drinking water. Our study shows a lack of consensus regarding the
techniques used at all of the stages (from collection to characterization) required for the
quantification of microplastics in urban water systems. This represents a barrier to
accurately determine the loads of microplastic contamination and to the comparison of
the results obtained among different studies. Our results indicate large discrepancies in
the concentrations reported in both wastewater effluents and drinking water,
microplastic characteristics (i.e. size, color, shape, and composition), and quality control
and assurance procedures. Finally, we propose the use of a ranking system that can
stimulate researchers to reduce the deficit of studies using the results obtained in the
high-ranked papers.
The second challenge is the large contribution of wastewater treatment plants in
discharging microplastic into natural bodies of water. This study evaluated the use of
electrocoagulation for the removal of microplastics from both synthetic wastewater
solutions and real wastewater effluents. The experiments were performed in batch
reactors using commercial polyester microplastic glitter. The results indicate removal
efficiencies in synthetic wastewater ranging between 98% and 99% using initial pH
between 4 and 7 and applying current densities of 2.88 mA/cm2 and 8.07 mA/cm2,
respectively. When real wastewater effluent was used, electrocoagulation removed 96.5%
ii

of MPs, 92.2% of COD, and 88.8% of fecal coliform colonies using the best conditions
found for synthetic wastewater.
The third challenge is the use of model particles to study the microplastic
contamination in aquatic environments. Our study used glitter as a model for microplastic
laboratory testing due to their diversity in sizes, shapes and composite composition. This
study characterized the physical and chemical properties of different size classes and
colors of commercial microplastic glitters; and tests the weathering effects on them by
simulating their degradability in synthetic wastewater performed in batch reactors. The
results indicate that size, composition and structure of the particles lead to different
behavior during weathering tests. Delamination, cracks and breaking off were observed
in the large particles, while no physical changes were observed for the small particles.
However, titanium oxide was released onto the small particles’ surface, indicating that
this metal oxide became more reactive during the weathering process. The addition of
titanium oxide to those particles.
In conclusion, this study provides an overview of the MP contamination in water
and wastewater and presents some challenges in the research field while providing
possible solutions and suggests recommendations for further research.
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PREFACE

This dissertation is presented in manuscript format in accordance with University
of Rhode Island Graduate School Guidelines. There are five chapters contained within
this dissertation. The first chapter introduces the background of the thesis and defines the
objectives of the research study. The second chapter is entitled “A CRITICAL REVIEW
OF EXTRACTION AND IDENTIFICATION METHODS OF MICROPLASTICS
DETECTION IN WASTEWATER AND DRINKING WATER”, authored by Dounia
Elkhatib and Vinka Oyanedel-Craver, and has been submitted at the Environmental
Science and Technology Journal. The third chapter is entitled “REMOVAL OF
MICROPLASTIC FROM WASTEWATER TREATMENT EFFLUENTS USING
ELECTROCOAGULATION”, authored by Dounia Elkhatib, Elvis Carissimi and Vinka
Oyanedel-Craver and in preparation for submission at the Environmental Science and
Technology Journal. The fourth chapter is entitled “CHARACETRIZATION OF
MICROPLASTIC

GLITTER

AND

THEIR

WEATHERING

IN

THE

ENVIRONMENT”, authored by Dounia Elkhatib, Irene Andreu, and Vinka OyanedelCraver and in preparation for submission. The fifth chapter summarizes the main
conclusions of the study and proposes recommendations for further research. Appendix
A includes a study entitled “POTENTIAL OF NITROGEN RECOVERY AND ENERGY
SAVING USING BIO FLOCCULATION IN WASTEWATER TREATMENT
PLANTS” and authored by Dounia Elkhatib and Vinka Oyanedel-Craver. This study was
included in a book chapter entitled “FLOCCULATION: MECHANISMS AND
APPLICATIONS FOR WASTEWATER TREATMENT PLANTS”, authored by Elvis
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Carissimi, Cristiane Oliveira Rodrigues, Dounia Elkhatib and Vinka Oyanedel-Craver;
and was published in a book entitled “Flocculation: Processes and Applications”.
Supplementary information I, II, and III are the corresponding supplementary information
for chapters 2, 3 and 4 respectively.

vii

TABLE OF CONTENTS

ABSTRACT ..................................................................................................................... ii
ACKNOWLEDGMENTS ............................................................................................... iv
PREFACE........................................................................................................................ vi
TABLE OF CONTENTS .............................................................................................. viii
LIST OF TABLES ......................................................................................................... xii
LIST OF FIGURES ....................................................................................................... xiii
CHAPTER 1 ......................................................................................................................1
Introduction .......................................................................................................................1
1.

Background............................................................................................................1

2.

Research objectives ...............................................................................................4

3.

Thesis outline and scope ........................................................................................5

4.

References .............................................................................................................5

CHAPTER 2 ....................................................................................................................10
A critical review of extraction and identification methods of microplastics detection in
wastewater and drinking water ........................................................................................10
1.

Introduction .........................................................................................................11

2.

Methodology........................................................................................................13

3.

Results .................................................................................................................13

3.1.

Sources and fate of microplastics ....................................................................13

3.2.

Sampling and identification of microplastic in Wastewater............................17

3.2.1.

Sampling locations ..................................................................................17

3.2.2.

Collection and processing methods .........................................................18

3.2.2.1.

Sample collection.................................................................................18

3.2.2.2.

Sample processing ...............................................................................20

3.2.3.

Identification and quantification methods ...............................................23

3.2.3.1.

Visual identification.............................................................................24

3.2.3.2.
(FTIR)

Raman spectroscopy and Fourier-transform infrared spectroscopy
25

3.2.3.3.

Scanning Electron Microscopy (SEM) ................................................26

3.2.4.

Reported concentration and properties of microplastic ..........................27

3.2.4.1.

Concentrations of microplastic particles ............................................28

3.2.4.2.

Composition of MP particles ...............................................................29
viii

Morphology and physical characteristics ...........................................30

3.2.4.3.
3.3.

Sampling and identification of microplastics in drinking water .....................31

3.3.1.

Sample collection techniques ..................................................................31

3.3.2.

Sample processing ...................................................................................32

3.3.3.

Identification and quantification methods ...............................................34

3.3.4.

Concentrations and composition of MP particles ...................................34

4.

Evaluation of current studies ...............................................................................35

5.

Discussion............................................................................................................36

6.

Associated Content ..............................................................................................41

7.

Author Information ..............................................................................................42

8.

References ...........................................................................................................43

CHAPTER 3 ....................................................................................................................54
Removal of microplastic from wastewater treatment effluents using electrocoagulation
.........................................................................................................................................54
1. Introduction .....................................................................................................55
2. Materials and Methods ....................................................................................57
2.1.Materials ....................................................................................................57
2.2. Experimental setup ...................................................................................58
2.3. Procedure ..................................................................................................59
2.3.1. Batch Experiments.............................................................................59
2.3.2. Blanks, controls and cleaning procedures .........................................61
2.4. Calibration Curve for MP concentrations.................................................62
2.5. Operational cost estimation ......................................................................62
3. Results and Discussion ....................................................................................63
3.1. Synthetic wastewater ................................................................................63
3.1.1. Impact of operational conditions on the MP removal efficiency ......63
3.1.1.1. Current density ...............................................................................63
3.1.1.2. Initial pH .........................................................................................63
3.1.1.3. MP concentration............................................................................65
3.1.1.4. MP particles sizes ...........................................................................66
3.2. Real wastewater ........................................................................................67
3.3. Additional measurements .........................................................................70
3.4. Operational cost analysis ..........................................................................72
3.5. References ................................................................................................75

ix

CHAPTER 4 ....................................................................................................................82
Characterization of microplastic glitters and their weathering in the environment ........82
1.

Introduction .........................................................................................................82

2.

Materials and Methods ........................................................................................85

3.

Results and discussion .........................................................................................89
3.1. Morphology and composition of pristine glitters .....................................89
3.2. Weathered MP glitters ..............................................................................94
3.2.1. Weathering effect on PRB glitter with sizes between 25 and 65 µm:
94
3.3. Discussion...............................................................................................101
3.4. References ..............................................................................................102

CHAPTER 5 ..................................................................................................................108
CONCLUSION .............................................................................................................108
APPENDIX A ...............................................................................................................111
Potential of Nitrogen Recovery and Energy Saving Using Bioflocculation in
Wastewater Treatment Plants ........................................................................................111
Abstract..........................................................................................................................111
1.

Introduction .......................................................................................................112

2.

Materials and methods .......................................................................................117
2.1. Experimental setup .................................................................................117
2.2. Procedure ................................................................................................118
2.3. Analytical Methods ................................................................................119

3.

Results and discussion .......................................................................................122

4. Benefits and Impacts of the Bio flocculation Process to Narragansett Bay
Commission Wastewater Treatment Plants ...............................................................124
4.1. Calculation of Aeration Requirements ...................................................125
4.2. Nitrous Oxide Emissions ........................................................................126
4.3. Recovery of Nitrogen via Enhanced Primary Sludge .............................127
4.4. Biogas Production at NBC Bucklin Point Facility .................................128
4.5. Estimation capital cost due to process layout modification ...................129
5.

Possible alternatives for using the bio flocculation ...........................................133

6.

Conclusions .......................................................................................................134

7.

References .........................................................................................................135

Supplementary Information - I ......................................................................................139

x

A critical review of extraction and identification methods of microplastics detection in
wastewater and drinking water ......................................................................................139
1.

Summary of the methodologies used in assessing MPs in WWTPs ............139

2.

Summary of the methodologies used in assessing MPs in drinking water .143

3. Number of WWTPs assessed for MP contamination in multiple studies and
summarized by countries and continents ..............................................................144
4. MP concentrations expressed as number of MP particles per volume in the
final effluent for different particles sizes in WWTP studies. ...............................146
5. MP concentrations (number of particles per cubic meter) reported in the
studies in consideration of the particles size ..........................................................148
6.

Ranking frame scores and explanations: ......................................................149

7. Detailed description of the National Ocean and Atmospheric
Administration (NOAA) digestion method: ..........................................................151
8.

References ........................................................................................................152

Supplementary Information - II .....................................................................................155
Removal of microplastic from wastewater treatment effluents using electrocoagulation
.......................................................................................................................................155
1

Electrochemical reactions during EC process: ......................................................157

2

Synthetic and real wastewater effluent characteristics ..........................................157

3

Distribution of commercial microplastic particle sizes: ........................................158

4

Operational conditions for the EC experiments: ...................................................158

5

Full description of the experimental methods used during the lab experiments ...159

6

Calibration Curve for MP concentrations..............................................................161

7

Selection of pH range ............................................................................................162

8

Selection of testing conditions...............................................................................163

9

Impact of current density on the MP removal efficiency ......................................164

10

Impact of initial pH on the MP removal efficiency ...........................................165

11

Impact of particle sizes on the MP removal efficiency .....................................166

12

Application of EC on real municipal wastewater tests ......................................167

13

Operational cost analysis ...................................................................................167

14

Theoretical and experimental aluminum mass consumption ............................168

15

Bubble size distribution of sludge formed on surface of reactors .....................170

16

Raman Analysis for real wastewater effluents before EC .................................171

17

Reference: ..........................................................................................................172

Supplementary Information - III ...................................................................................174
characterization of microplastic glitters and their weathering in the environment .......174

xi

LIST OF TABLES
Table 1. Comparison of the sampling techniques used for 25 MPs in wastewater studies
32
Table 2. Comparison of the sample processing techniques used for MPs in wastewater
34
Table 3. Quality assurance procedures applied during sample processing

35

Table 4. Advantages and limitations of the methods for identifying microplastics used
in 27 studies

36

Table 5. Percentage of the number of particles by polymer 1, 44, 49, 50, 52, 95

41

Table 6. Percentage of morphology distribution in terms of numbers of MP particles as
identified in studies 44, 48, 50, 51, 71, 86, 90, 93

42

Table 1 Additional tests performed on WW effluent samples before and after EC (NA=
Not available; PE= polyethylene; PP= polypropylene; PVC= polyvinyl chloride) 77
Table 1. Microplastic polyester glitter classification by colors, shape and size

91

Table 2. Synthetic wastewater influent characteristics

92

Table 4 Composition detected by the KnowItAll® spectral database software for the
different types of glitters. Percentages in parenthesis indicate matching scores to
standard spectra

99

xii

LIST OF FIGURES

Figure 1 Schematic of the experimental setup of the EC system (not to scale)

68

Figure 2 a) Removal efficiency of MP as a function of electrolysis time at different
current densities. Conditions: initial pH=7.0, MP concentration=25mg/l. b)
Removal rate of MP as a function of electrolysis time at different initial pH. MP
concentration=25mg/l.

73

Figure 3 Effect of different MP concentrations on the EC process. Conditions: initial
pH=4; current density = 2.88 mA/cm2; time = 90min.

74

Figure 4 Evolution of turbidity values obtained for treating municipal wastewater
effluent with EC. Conditions: initial pH of 4; current density = 2.88 mA/cm2; time
= 90 min

77

Figure 5 a- Velocity vector field captured by PIV at 15 min during EC process
(conditions: MP=25mg/l, current density: 8.07 mA/cm2) (red color vectors: 0.0040.0045 m/s; orange: 0.0025-0.0035 m/s; yellow: 0.001-0.002 m/s; green: -0.0005
to 0.0005 m/s); b- Scanning electron micrograph of the flocs formed after EC
treatment for current density of 8.07 mA/cm2 ; c- Scanning electron micrograph of
the flocs formed after EC treatment for current densities of 4.8 mA/cm2.

80

Figure 1. a) Raman microscope images at magnifications 10 X; b) spectrum of pristine
MP glitter (Red pearl brilliant color, size range: 25 – 65µm)

97

Figure 3 Raman microscope pictures and spectrum of pristine blue hexagonal glitter
with size 350 µm

99

Figure 4 Raman microscopic images and spectrum of green square glitter with size of
850 µm.

99

Figure 5 Raman microscope pictures and spectrum of pristine blue hexagonal glitter
with size 350 µm

99

Figure 6 Raman spectra comparison for red pearl brilliant glitter with sizes between 25
and 65 µm due to weathering effect in synthetic wastewater on days 2, 8, 12 and
20, in addition to pristine glitters: a) yellow =27 days ; b) pink = 20 days; c)
turquoise = 12 days; d) Green = 8 days; e) Navy blue = 2 days; f) red= pristine. 102

xiii

Figure 7 SEM pictures for pristine and weathered glitter particles at 20 days (red pearl
brilliant glitter with sizes between 25 and 65 µm)

103

Figure 8 Raman microscopic images for navy blue glitter aged at 20 days with
fragments broken off the main particle.

104

Figure 9 Raman microscopic images for green square glitter aged at 20 days with
fragments broken off the main particle.

105

Figure 10 Raman microscopic images for orange square glitter aged at 20 days with
fragments broken off the main particle.

105

Figure 11 SEM pictures for pristine navy-blue glitter and aged navy-blue glitter at 20
days

106

Figure 12 SEM pictures for green square glitter in pristine and weathered conditions at
day 20.

107

Figure 13 SEM pictures for orange square glitter in pristine and weathered conditions
at day 20

107

xiv

CHAPTER 1
Introduction
1. Background
Microplastics (MPs) contamination in marine and freshwater environments has
raised scientific and public concern due to the adverse impacts on aquatic life 1-3. MPs
are acrylic, polyethylene, polypropylene, polyamide, and polyester fragments, among
others, that are less than 5 mm in size 3-5. The adverse effects on aquatic organisms
caused by MP during ingestion include feeding disruption, reproductive impairment,
metabolism disturbance, among others 1-3. Due to their large specific surface area and
high hydrophobicity 6, MP can carry pollutants such as polychlorinated biphenyls,
polycyclic aromatic hydrocarbons and heavy metals (Pb, Zn, Cu) 7. These compounds
can leach into water and adsorb into the animals’ tissues causing carcinogenesis and
endocrine disruption 8.
Wastewater treatment plants (WWTPs) are one of the main sources of MPs with
reported released daily averages of over 4 million MP particles per facility stormwater
runoff 1, 3, 9. Due to their small size (<5mm) and low density (<1.2 g/cm3), MP particles
and fibers are not completely removed during wastewater treatment processes and thus
are released with the final effluent to natural bodies of water 10-13. The reported
concentration of MPs in WWTP effluents varies from 100 to 81,000 MP/m3 depending
on the facilities’ capacity, treatment process and geographical locations 3, 9, 12, 14-17.
The presence of MPs in drinking water is another rising concern. The identified
sources of MPs in drinking water are the effluents from wastewater treatment plants

1

(WWTPs) and urban and agricultural stormwater runoff 1, 3, 18, 19. MPs have also been
found in other products intended for human consumption 20-24, but information on
adverse human health effects is partially understood 21, 25-27.
The presence of MPs in wastewater effluents and drinking water has been identified
by previous studies 15, 28, 29, but the variability in the sampling methods and identification
techniques used has limited the meaningful comparison among the results 29-32. Previous
review studies have focused mainly on precise individual stages in the assessment of MPs
29-32

, but a full analysis of all of the stages (i.e. sample collection, processing,

characterization, quality control and assurance, quantification) is required for a
comprehensive assessment of the contamination caused by microplastics.
Therefore, this research provides an analysis of all the stages that were used for
the assessment of MPs in both wastewater and drinking water, i.e., sample collection,
processing, identification, quality control and assurance, and results configuration, and
we also provide guidance for improve methodologies based on this analysis.
Additionally, we used, in this study, electrocoagulation (EC) as a treatment to
enhance the removal of MPs in WWTPs effluents. EC process provides a simple, rapid
and cost-effective method for treatment of wastewater without any chemical addition 3336

. It consists of the electrochemical dissolution of the metal electrode into metal ions 37,

38

. The released ions neutralize the oppositely charged of suspended colloidal particles

allowing the formation of agglomerates as well as adsorbing dissolved contaminants 3335, 39

. These agglomerates can either settle at the bottom or float to the top of the reactor

due to the hydrogen microbubbles released at the cathode carrying the flocs upward,
which can then be skimmed from the surface of the reactor 35, 36.

2

In this study, we evaluated the performance of electrocoagulation on the removal
of MP from both synthetic wastewater solutions and real wastewater effluents collected
from a local municipal WWTP without chemical additions. Commercial polyester
glitter was selected as model MP since polyester is one of the most common MP
polymers found in wastewater effluents 11, 12, 40. The performance of the EC system was
assessed as a function of operational parameters such as current density, pH, and time,
in order to achieve the best conditions of MP removal. The operational costs are also
estimated to evaluate the economic efficiency of the treatment.
Moreover, glitters are decorative microplastics (MP) usually made of
polyethylene terephthalate (PET) 1. They are manufactured in different colors, sizes,
and shapes using multi-layered sheets of reflective material such as aluminum, titanium
dioxide, iron oxide and bismuth oxychloride 1. Their sizes vary between 50 to 6350 μm.
Glitter particles are widely used in different consumer products and daily
applications 3. Due to their size and plastic polymer composition, glitters can contribute
as one of the primary sources of microplastic contamination in aquatic environments 7.
Since wastewater effluents are a significant pathway of MPs into the waters, it is
important to study the degradation effects on the glitters in WWTPs.
Therefore, in this study, we characterized the physical and chemical properties of
different size classes and colors of commercial MP glitters using spectroscopy analysis
and test the weathering effects on MP glitters by simulating their degradability in
wastewater treatment plants using synthetic wastewater.

3

2. Research objectives
The main objective of this research is to assess different aspects of MP
contamination in aquatic environments, with focusing mainly on their discharge from
wastewater effluents. The specific goals of this study include:
I-

To critically review and compare the methodologies used for the analysis of
MPs, including the collection, identification, processing, quality control, and
quality assurance of the samples and to identify the configuration of the
results in both wastewater and drinking water.

II-

To identify the research gaps and the limitations of current techniques and to
make recommendations concerning the best methods.

III-

To develop a ranking system to evaluate the information provided by the
current study and by future studies.

IV-

To assess the performance of electrocoagulation on the removal of MP from
synthetic wastewater solutions as a function of operational parameters such
as current density, pH, and time, in order to achieve the best conditions of
MP removal.

V-

To evaluate the performance of electrocoagulation using the best conditions
obtained on the removal of MP from real wastewater effluents collected from
a local municipal WWTP.

VI-

To evaluate the economic efficiency of the electrocoagulation treatment for
MP removal at real WWTP by estimating its operational costs.

VII- To characterize the physical and chemical properties of different size classes
and colors of commercial MP glitters.

4

VIII- To test the weathering effects on MP glitters by simulating their degradability
in wastewater treatment plants.

3. Thesis outline and scope
This thesis consists of five chapters, the contents of which are as follows:
Chapter 1 introduces the background information of the thesis, states the main
gaps and defines the objectives of the research.
Chapter 2 provides a critical review of extraction and identification methods of
microplastics detection in wastewater and drinking water.
Chapter 3 assesses the removal of microplastic from wastewater treatment
effluents using electrocoagulation.
Chapter 4 provides a characterization of microplastic glitters and their weathering
in the environment.
Chapter 5 summarizes the main conclusions of the research and proposes
recommendations for further researches.
Chapter 2, 3, and 4 are presented in the manuscript format required for
publication in the corresponding scientific journal.
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Abstract

This critical review analyzes methodologies used to collect, quantify, and characterize
microplastics in both wastewater and drinking water. This study shows a lack of
consensus regarding the techniques used at all of the stages, from collection to
characterization, required for the quantification of microplastics in urban water systems.
This represents a barrier to assess comprehensively the current loads of microplastic and
to compare the results obtained by such assessments. The compilation of the studies that
are addressing microplastics contamination indicated that these studies are using four
types of sample collection techniques, four methods for processing samples, and four
characterization techniques. This results in significant discrepancies in the
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concentrations reported in both wastewater effluents and drinking water, microplastic
characteristics (i.e., size, color, shape, and composition), and quality control and
assurance procedures. Finally, we qualitatively evaluated the reports used in our review
based on a ranking system representing the proficiency of the data. The criteria used for
these evaluations included all of the five steps in the assessment of microplastics. This
ranking system can stimulate researchers to reduce the deficit of studies using the
results obtained in the high-ranked papers.

1. Introduction
Microplastics (MPs) are acrylic, polyethylene, polypropylene, polyamide, and
polyester fragments, among others, that are less than 5 mm in size 1-3.
The contamination of marine and freshwater environments by MPs has raised
scientific and public concern due to the adverse impacts on aquatic life 1, 4, 5. The
ingestion of MPs by aquatic organisms causes impaired reproduction, malnutrition,
internal abrasions, and blockages 6. In addition, potentially toxic additives used to
enhance the properties of plastics can be released into the water 7. Due to their
hydrophobic surfaces, MPs can sorb persistent chemical pollutants (PCPs) 8, 9, and these
PCPs can accumulate in organisms’ tissues and cause carcinogenesis and endocrine
disruption 9, 10.
The presence of MPs in drinking water is another rising concern. The identified
sources of MPs in drinking water are the effluents from wastewater treatment plants
(WWTPs) and urban and agricultural stormwater runoff 1, 4, 11, 12. MPs have also been
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found in other products intended for human consumption 13-17, but information on
adverse human health effects is partially understood 14, 18-20.
The presence of MPs in wastewater effluents and drinking water has been identified
by previous studies 21-23, but the variability in the sampling methods and identification
techniques used has limited the meaningful comparison among the results 23-26. Previous
review studies have focused mainly on precise individual stages in the assessment of
MPs 23-26, but a full analysis of all of the stages (i.e. sample collection, processing,
characterization, quality control and assurance, quantification) is required for a
comprehensive assessment of the contamination caused by microplastics.
Because the presence of MPs has been studied thoroughly in marine ecosystems 3, 5, 23,
25, 27-33

, guidelines and standardized methods have been developed, with the Guidance

on Monitoring of Marine Litter in European Seas by the European Commission in 2013
34

, being the most commonly used. However, no guidelines have been developed for

studies that involve wastewater and drinking water.
Our critical review provides an analysis of all the stages that were used for the
assessment of MPs in both wastewater and drinking water, i.e., sample collection,
processing, identification, quality control and assurance, and results configuration, and
we also provide guidance for improve methodologies based on this analysis. The
objectives are 1) to compare the methodologies used for the analysis of MPs, including
the collection, identification, processing, quality control, and quality assurance of the
samples and to identify the configuration of the results in both wastewater and drinking
water; 2) to identify the research gaps and the limitations of current techniques and to
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make recommendations concerning the best methods; and 3) to develop a ranking
system to evaluate the information provided by the current study and by future studies.

2. Methodology
The literature search used the following databases: ScienceDirect
(http://www.sciencedirect.com), Scopus (https://www.scopus.com), Web of Science
(https://webofknowledge.com), SpringerLink (http://link.springer.com), Wiley Online
Library (http://onlinelibrary.wiley.com), Taylor & Francis Online
(http://www.tandfonline.com), ACS Publications (http://pubs.acs.org), and RSC
Publishing (http://pubs.rsc.org). The main keywords used in the search are microplastic,
wastewater, drinking water, freshwater, plastic waste. This review paper cites 130 peerreviewed publications or reports.

3. Results
The first section describes the possible sources of MPs and their transport into the
environment. The following two sections show the compilation and analysis of the
procedures used during the assessment of MPs in wastewater and drinking water from
the collection of samples to reporting the results.
3.1. Sources and fate of microplastics
Due to the use of MPs in numerous consumer and industrial products, the global
production of plastic exceeded 320 million tons (MTs) in 2016 35, with 9% to 21% of
plastic waste either being recycled or incinerated after use, with the rest being placed in
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landfills 36. It has been estimated that about 8 million tons of plastic waste enters the
world's oceans per year through multiple outlets 37. Plastic waste also can result from
outdoor littering, wind-blown waste from recycling facilities, or leaking debris during
the collection and transportation of waste 38.
MPs can have primary and secondary sources. The primary sources are the companies
that manufacture micro-size MPs for use in cosmetic products, laundry products, and
tires 39, 40, and the secondary source of MPs is the breakdown or disintegration of large
plastic particles 1, 5. MPs are transported to the environment from both point or diffuse
sources 39, from which WWTPs are one of the primary sources of MPs.
Primary sources, such as personal care products (e.g., facial and hand cleaners,
toothpaste, and shower gel) contain MP beads that are used as exfoliates outside the
U.S. and EU 39-42, while MP fibers (microfibers) are released during the washing of
synthetic fabrics 1, 42. These MPs are transported through sanitary sewers to WWTPs.
Due to their small sizes (< 5 mm) and low density (< 1.2 g/cm3), MPs and fibers are not
entirely removed in WWTPs 43. During wastewater treatment, between 50% and 98% of
MPs are removed during primary treatment by the skimming and sedimentation
processes 44, 45, while slight additional removals, in the range of 0.2% to 14%, have been
reported during secondary treatment

46, 47

. Tertiary treatment was found to provide

negligible removal of MPs in some studies 46, 48, whereas other studies showed an
overall removal between 95% and 99% 45, 49. Despite the high removal percentages of
MPs in WWTPs, the total number of MPs that they release to natural bodies of water
could be several million per day due to the large volumes of effluent discharged daily 22,
45, 50-52

.
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Many WWTPs receive a combined influent that consists of sewage and stormwater
runoff 53. In order to prevent hydraulic overload in the biological tank (secondary
treatment) during extreme rain events, the excess of influent is either treated in a wet
weather treatment train (mostly physicochemical treatment) or discharged without
treatment in case of an overflow 54. These discharges can carry large amounts of
contaminants, including MPs 55-57.
Urban stormwater runoff contains MPs that originated from primary sources, such as
the wear of car tires and road markings 58-61. Tires can release MPs through mechanical
abrasion by the surface of the road, and these MPs can be carried to the WWTPs and to
the bodies of water through stormwater runoff 62. It has been estimated that between 5%
and 10% of the total amount of MPs in freshwaters originated from tire wear 59. The
reported sizes of tire-wear particles ranges from about 5 µm to more than 100 µm 59, 63,
with the majority of the particles being in the size range of 5 to 25 µm59, 63. Also, the
paints used for road markings contain thermoplastic elastomers, and they can be leached
by rainwater and become part of the road runoff 64. Particles produced by the wear of
roads and tires have low solubility and degradability, so they tend to accumulate in
bodies of water 59-61, 65.
Agricultural runoff from sewage-based fertilizer crops is a non-point source of MPs
56, 61, 66

. Plastic particles removed during the wastewater treatment process are retained

in the sludge, which can be managed and reused as a soil amendment 67-69. Although the
sludge is treated before its agricultural use, MPs can remain in the soils for decades
after application 70, 71. The amount of MP particles retained in the sewage sludge used
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for agricultural purposes in North America has been reported to be between 4.4 x 104
and 3.0 x 105 tons per year 72.
Industrial products, such as drilling fluids, proppants, and cementing paste, can
contain MPs 42. The drilling fluids used in oil and gas exploration are based on plastic
microbeads, such as polytetrafluoroethylene (PTFE)73, and rust and paint removers are
based on polyester scrubbers73. If these products are used in open space and not
adequately contained, the MPs can end up in the aquatic environment 1. MPs are used in
paint coatings, and about 11% of their total weight can be released into the water during
their lifetimes 73.
Outdoor littering of plastic products is considered a secondary source of microplastics
42

. Large plastic fragments can be broken down into smaller pieces through mechanical

erosion, UV radiation, and biological degradation (bacteria or fungi) 5, 30. The
degradation of the synthetic polymers of plastics in the environment is initiated by
photo-oxidation due to UV radiation 74, with a degradation rate that depends on the
composition of the polymer 75. Physical degradation through abrasive forces,
heating/cooling, freezing/thawing, and wetting/drying are other possible causes of the
formation of MPs 76. Physical fragmentation can lead to reductions in the sizes of the
particles and, consequently, micro- and nanoscale particles can be formed 77. In
addition, microorganisms, such as Pseudomonas sp. and Bacillus brevis, produce
enzymes that are capable promoting the hydrolysis of amides, esters, and urethane
bonds, further degrading plastic particles 77-79.
Landfills are the most common end-of-life disposal method for plastic waste in the
United States (75%), with incineration at 15.5% and recycling at 9.1% 80. Plastic waste
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in landfills is exposed to extreme environmental conditions, including varying pH and
temperature, high salinity, microbial degradation, and physical stress 81. These
conditions lead to the fragmentation of plastic into microplastics that can be transported
along with the leachate from the landfill 82, 83.
As described above, primary or secondary sources of MPs contribute to the pollution
of aquatic environments by plastic materials. Identifying the sources of MPs can be
challenging since plastic particles travel long distances from their point of origin during
which they undergo a series of transformations that change their physical and chemical
characteristics.
3.2. Sampling and identification of microplastic in Wastewater
This section presents the compilation of studies of MPs in WWTPs conducted
worldwide between 2011 and 2019. These studies are categorized by location, sampling
procedure, processing of samples, identification/characterization techniques, and results
(concentrations, quantities, and size distributions of the MPs). The Table of
Supplemental Information 1 (Table SI 1) summarizes the information from all the
studies discussed below.
3.2.1. Sampling locations
Ninety-three WWTPs were assessed for contamination by MPs in multiple studies,
and the results were summarized by countries and continents (Table SI 3, Supplemental
Information). Most studies (94%) were performed in North America and Europe, and it
is important to note that the review presented here only covered studies published in
journals written in English. The abundance of MPs and their distribution in WWTPs
vary from location to location depending on several environmental factors that affect
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the distribution and concentration of MPs, such as rainfall patterns, wind speed, wind
direction, and other meteorological patterns 84. Anthropogenic factors, such as
population densities and people’s daily activities also affect the abundance of MPs and
their concentrations. Streams in densely-populated, urban areas are more likely to
contain higher concentrations of MPs than rural areas 1. Poor waste management
practices also can contribute to MP pollution since wastes that are placed open dumps
and uncontrolled landfills can increase the production of MPs. Often, waste disposal in
developing countries is poorly managed, and this leads to higher MP contamination in
these areas 37. The lack of studies related to MPs in developing countries can lead to an
underestimation of their MP loads to the environment.
3.2.2. Collection and processing methods
3.2.2.1.

Sample collection

In general, the studies that were assessed identified four types of sample collection
techniques, i.e., grab samples, extraction pumps, Neuston nets, and composite samples.
Table 1 summarizes the studies presented in this section, and it includes the advantages
and limitations of each method.
Grab samples, which were used in 40% of the studies, are single samples taken at
specific times. The reported volumes of grab samples varied between 1 L and 38 L.
Different containers also were used for grab samples, e.g., steel buckets 50, 52, plastic
containers 85, 86, and glass containers 1, 48. The material of the containers that were made
of was not mentioned in some studies 44, 87.
The extraction pump technique was used in 20% of the studies 46, 51, 52, 89, 90. This
sampling technique consists of using an electric pump to pump water from the
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wastewater stream directly onto a stack of sieves with mesh sizes ranging from 20 to
5000 µm. The reported flow rates varied from 2 to 22 L/min, and the sampling time
varied from 2 to 24 h 46, 51, 52, 89, 90. The variability of both flow rates and sampling times
led to sampling volumes ranging from 120 to 18,000 L. The differences in the flow
rates during the collection of samples are based on the different concentrations of solids
in different streams. For example, the effluent from a WWTP has a low concentration of
total solids, so it can be pumped at a high volumetric flow rate for long periods of time.
However, when sampling the influent to a WWTP or an activated sludge tank, low flow
rates are required 52, 86. A few studies indicated that the flow rate varied during the
collection period 46, 51, 52.
Composite samples, which are collections of equal, discrete sample volumes taken at
regular intervals over a period of time, also were used in 20% of the studies 52, 57, 89. The
time intervals between the collection of the samples varied from 15 min and 2 hrs over a
total period of 24 hrs. In addition to the previously listed sample collection methods
used in the studies, composite samples were collected, but the volumes of the composite
samples were not reported 52, 57, 89.
MPs also were collected using Neuston Nets or Plankton Nets in 12% of the studies
46, 93, 94

. Neuston Nets consist of a net in a rectangular frame that is pulled by a rope and

collects particles in the upper 10 cm of the water column. The mesh sizes of the nets
used in the studies ranged between 150 to 330 µm 46, 93, 94. The mesh size of the net
limits the detection of MPs to particles that are equal to or larger than the mesh size.
This can lead to an underestimation of the total number of MPs. Other concerns of
Neuston Nets are atmospheric deposition and cross-contamination from the net itself 96.
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In 8% of the studies, a custom sampling method was used that was developed in
house (Table SI 1) 45, 49, 95.

Table 1. Comparison of the sampling techniques used for 25 MPs in wastewater studies
Sampling Method

(% of studies using the method)

Grab sample (40%)

50, 52 85, 86 1, 44, 45, 48, 87, 88

Extraction Pump (20%)
46, 51, 52, 89, 90

Composite sample (20%) 52, 57,
89, 91, 92

Advantages

Limitations

Easy to perform, single time
sample with less exposure to
environmental contamination.

Samples may not be
representative of the various
characteristics of WW
influents due to patterns of
use and seasonal effects.

Samples can provide a better
representation of the varying
properties of WW than grab
samples.
Large volumes can be
collected.

Sampling flow must be
adjusted to the characteristics
of the WW.

The samples can represent the
average performance of a
WWTP during the collection
period.

Neuston/Plankton Net
(12%) 46, 93, 94

Easy to perform.

Custom Method
(8%) 45, 49, 95

Procedures developed in
house by researchers.

3.2.2.2.

Time-consuming and requires
going back and forth to the
lab to store the collected
samples.
Limited volumes can be
collected.
Limited range of MP sizes to
be collected;
Possible cross-contamination
due to the plastic net.
No consensus for use. Results
could be difficult to replicate.

Sample processing

After sampling, processing is essential to separate MPs from other particles, such as
biofilms and inorganic matter. Table 2 presents a summary of the studies as well as the
advantages and limitations of each of the processing techniques described below.
The National Ocean and Atmospheric Administration (NOAA) method 97 is the most
commonly used method for processing samples (48%) 51, 85, 89, 90, 93-95. The procedure
20

was designed for samples collected in marine environments; however, due to the
complex matrix of wastewater and the presence of numerous particles of organic matter,
this procedure was considered suitable by several studies. In brief, this method consists
of digesting compounds that consist of organic matter using hydrogen peroxide in the
presence of an aqueous ferrous solution (Fe(II)) as a catalyst. The digestion step usually
is followed by a separation step based on the densities of the materials using sodium
chloride or zinc chloride solution to increase the density of the liquid phase, thereby
allowing the low-density MPs to float, whereas the high-density particles settled to the
bottom. Then, the solution is filtered through mesh sizes varying from 0.7 to 125 µm
(Table SI 1). A detailed description of the method is provided in the Supplementary
Information. It should be noted that the digestion reaction boils violently, therefore
precautions to ensure safety should be considered. The samples might require several
digestion steps to dissolve all of the attached organic matter, consequently this process
is time consuming and more expensive than the other methods.
The filtration method was used by 39% of the studies as the only treatment for the
samples. This method uses a vacuum pump to pass the sample through membrane filters
with pore sizes that vary between 0.1 and 11 µm 1, 44, 48-50, 71, 86, 87. The samples that were
passed through a stack of sieves in the range of 20 to 500 µm, were transferred using DI
water into glass containers, and then filtered using a vacuum pump 49, 50, 71, 86, 87. These
two methods do not differentiate MPs from other organic particles since MPs can be
covered with biofilm or organic matrices.
Alternatively, some studies (10%) used centrifugation to process the samples, and this
was followed by sample filtration 46, 85. These studies used centrifugation conditions
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from 4000 to 4500 RPM for periods ranging from 2 to 20 min 46 85. The main limitation
was that centrifugation can deform, compress, or break plastic particles, and effects
could result in inaccurate determination of the number of MPs 89.
Rose-Bengal staining solution was used by 5% of the studies 95. The Rose-Bengal
solution stains organic particles, such as natural fibers and other colloidal organic
particles, but it does not stain plastics. This method allows a visual differentiation
between plastic and non-plastic particles 95. However, some studies have reported that
some MP polymers (such as PVPP) were stained by Rose-Bengal, while other natural
particles, such as starch and cellulose particles, were not stained 98.

Table 2. Comparison of the sample processing techniques used for MPs in wastewater
Processing
Method
(23 studies)

Advantages

Limitations

● Organic matter is
dissolved, resulting in
clean MPs
● Used by several studies

● Might need more than one digestion step,
increasing the time required
● Different solutions were used to facilitate
separation based on density through
flotation. ZnCl2 and NaI had higher
extraction efficiency than NaCl, but both
are more expensive than NaCl.

1, 48-50, 52, 60, 71, 86, 87

Easy, time-saving and lowcost

Difficulties in confirming the plastic nature of
the particles

Centrifugation
(9%) 46, 85

The method is easy and
simple to use.

Staining method
(4%) 95

Easy and low cost

NOAA method
(48%) 45, 51, 85, 88-95

Simple filtration
(39%)

Fractioning and deformation of plastic
particles, resulting in misrepresenting
quantity, shape, and size
● False affirmation of some MP polymers
● Some algae and other organic detritus,
such as seaweeds, wood, and feathers
might be lightly stained giving false
indications for MP

Regarding quality control and assurance procedures, only 29% of the studies reported
cleaning procedures for the equipment, glassware, and benches, among others 1, 45, 49, 50,
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71, 88, 92.

Table 3 shows that blanks, controls, and internal standards were used or

reported by a limited number of studies. However, none of the studies used or reported
quality control during field sampling to prevent cross-contamination; appropriate
quality control would include wearing gloves and coats, covering and preserving
samples, careful sample shipping to control samples and eliminate airborne
contamination, among others. Some studies used plastic containers, nylon nets, coats
made of synthetic fabrics, and made other mistakes all of which can result in crosscontamination of the samples.

Table 3. Quality assurance procedures applied during sample processing
Quality control measure
Blanks (54%) 45, 49, 51, 52,
57, 71, 86, 88-91, 93, 94

Internal standards
(21%) 85, 87, 89, 94, 95
Cleaning Procedure
(29%) 1, 45, 49, 50, 71, 88, 92
Control (33%) 45, 49, 50, 71,

85, 88, 91, 92

Procedures applied during sample processing
DI water was processed the same way as the samples as
blanks.
A known amount of MP polymer (e.g., polyethylene,
polystyrene) was added as an internal standard.
All laboratory equipment and benches were cleaned.
No synthetic clothing was worn during the experiment.
No plastic tools were used.
Air circulation was avoided.
Clean filter papers were placed in Petri dishes and exposed
to the air in the laboratory during the processing time to
account for atmospheric contamination.

3.2.3. Identification and quantification methods
After processing, particles retained on filters or sieves are then quantified and
identified using several techniques. MPs can have various colors, shapes, sizes, and
composition; therefore, multiple characterization techniques can be used. The most
commonly reported identification methods were visual inspection using an optical
microscope, Fourier-Transform Infrared spectroscopy (FTIR), Raman spectroscopy, and
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Scanning Electron Microscopy (SEM). Table 4 summarizes the advantages and
limitations of each one of the identification methods.

Table 4. Advantages and limitations of the methods for identifying microplastics used
in 27 studies
Techniques
(% of studies)
Visual
inspection/microsc
ope
(50%)
44, 46, 48-52, 57, 71, 86, 89-

Advantages

Limitations

● Fast and easy
● Identifies shape, size, and colors

● Lack of information on the plastic
composition
● Not confirmative of plastic nature
of the particle

95

FTIR (38%)

1, 44, 45, 48-50, 52, 71, 85,
87, 89, 91, 95

Raman (9%)
88, 89, 92

SEM/EDS (3%)
99

3.2.3.1.

● Identifies the composition of the
Polymer
● Confirmation of the composition
of the MP
● Able to detect small plastic
particles (~20 μm)
● Identification of the composition
of the polymer
● Confirmation of the composition
of the MP
● Detection of small plastic
particles (1 μm)
● Clear and high-resolution images
of particles
● Facilitates differentiating
between plastic and mineral
particles due to the dominant
inorganic elements (Si, Ca)

● Expensive
● Tedious work and time
consuming to analyze all of the
particles retained on the filter
● Wave-length radiation can be a
limiting detection factor
● Expensive instrument
● Time-consuming
● Interference with pigments and
contaminants
● Non-affirmative results in plastic
particles
● Lack of information on the type of
polymer

Visual identification

Optical examination of MPs is the technique that is most commonly used (50%)
to identify plastic particles. The visual identification was done by the naked eye or by
using an optical microscope with objectives ranging between 10X and 50X 51, 57, 86, 90, 93,
94

. In some cases, the microscope was coupled with image-analysis software, such as

Histolab and Olympus stream 57, 89. Although visual identification is an easy and
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straightforward method, it does not provide reliable identification of microplastics. It is
well known that this technique is susceptible to interferences by non-plastic particles,
such as cellulose, keratin, viscose rayon, coal/fly ash, and paint chip, among others, that
can lead to false positives 4, 100. Particles smaller than 100 µm and transparent particles
are difficult to identify using this technique.
3.2.3.2. Raman spectroscopy and Fourier-transform infrared
spectroscopy
Raman spectroscopy and FTIR are the most common analytical methods used to
identify the compositions of MPs, i.e., whether they are polyethylene, polypropylene,
polystyrene, or polyvinyl chloride) 5, 23, 88, 89, 92, 101-103. In both methods, molecules of
the samples are irradiated by vibrational spectroscopy, which produces a characteristic
spectrum of the polymer that can be identified using a reference spectra library 24, 104.
For FTIR, the infrared radiation that irradiates the molecular structure of the particle is
partially absorbed and then measured in transmission or reflection mode 3. For Raman
spectroscopy, a monochromatic laser source interacts with the molecules of the sample
upon the scattering of light, resulting in characteristic molecular vibrations depending
on the chemical structure of the component 105-107. Similar to the FTIR, Raman
spectroscopy generates a spectrum that can be used to identify the polymer present in
the particles 107.
More studies used FTIR (38%) 5, 23, 45, 91, 101-103 than Raman (9%) 88, 89, 92. There are two
setups available for FTIR, i.e., the attenuated total reflectance (ATR) mode and the
focal plane array (FPA) mode detector that can measure more than one fragment at a
time 108, 109. Larger particles (> 500 µm) that can be handled with tweezers usually are
analyzed using the ATR mode 23. The single analysis is not applicable for smaller
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particles. However, FPA-based, micro-FTIR imaging can be used by combining FTIR
with an optical microscope. FPA-FTIR can analyze several particles collected on a filter
by detecting each individually 110. However, micro-FTIR is a more expensive
instrument and can be time-consuming when examining all of the MP particles on a
filter 23. Consequently, studies have analyzed small areas of the filters or confirmed the
composition of a few MP particles 1, 48-50, 52, 60, 89, 95. However, it is possible to create an
image of an entire filter in a single measurement using widefield imaging, which can
reduce the analysis time. The analysis times reported for this technique varied between
33 s/mm2 to 111 min/mm2 105. Another limitation of FTIR is that particles smaller than
20 μm cannot be detected 107.
An advantage of Raman spectroscopy is its ability to detect MP particles with sizes
between 1 and 20 μm due to the smaller diameter of the laser beam compared to the
FTIR 5, 23, 102, 103. However, fluorescence, due to pigments or additives in the MPs,
interferes with the Raman spectra and prevents the identification of the particles 107. A
limited number of studies (9%) used Raman spectroscopy for wastewater samples,
which explains why the most commonly-reported sizes of microplastic particles are 25
µm or larger 89 (Table SI 1). The analysis time of Raman spectroscopy, which is in the
range of 15 to 33 hr/mm2, is longer than that of FTIR 105. Shorter measurement times (2
min/mm2 to 55 min/mm2) were achieved using specific software (e.g., Horiba, rapID)
105

.
3.2.3.3.

Scanning Electron Microscopy (SEM)

A few number of studies (3%) used scanning electron microscopy (SEM), which
allows the observation of the surface characteristics of the particles 99. This technique
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provides high-resolution images of a sample by scanning the surface with a focused
electron beam 111. The details of the surfaces of the high-resolution images (> 0.5 nm)
of the samples allow differentiation between particles 112. However, SEM does not
identify the composition of the polymer. In addition, the samples require special
preparation, such as cleaning, drying, applying a conductive coating, and mounting the
sample on a stub using conductive tape 99.

3.2.4. Reported concentration and properties of microplastic

There is no consistency on the units used to report the concentrations of MPs neither
in the reported location where the samples were taken (influent, effluent, solids,
upstream, downstream) nor in the reported characteristics of the MPs (sizes, shapes,
colors, and type of polymer). The various units that are used include MP/L, MP/gal,
MP/m3, MP/kg, MP/m2, mg of MP/m3, and percent removal. While some studies
provide shape and composition, others just reported the number of particles (Table SI
1). In addition, most studies performed an analysis of a subset of the MPs that were
collected, implying that the total concentration can be determined by extrapolation. This
leads to inaccurate results because it assumes that there was a consistent distribution of
particles on the filter.
The following sections compare the results from the WWTP studies regarding MP
concentrations, sizes, composition, and morphological characteristics.
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3.2.4.1.

Concentrations of microplastic particles

Due to reporting inconsistencies in terms of units and the size distribution among the
studies, when adequate information was provided, we converted all MP concentrations
into the units of number of particles per volume (Table SI 4).
Most of the studies (71%) reported MP sizes in the range of 100 to 125 μm 44, 46, 48, 50,
51, 57, 86, 89, 90, 94, 95, 99
57, 93, 99

, while, in 25% of the studies, the sizes were 500 μm or higher 48, 50,

. Using FTIR analysis, only 4% of the studies reported MP results for particles

as small as 20 μm 46. A few studies identified particles in the size range of 20 to 65 μm,
but these studies did not report the concentrations of the particles; they just provided the
total number of particles irrespective of their sizes 48, 52, 86, 87. Optical examination was
the only analysis used for particles larger than 300 μm, while analyses of the
compositions usually were included for particles that were smaller than 300 μm.
The majority of the studies (63%) reported concentration values ranging from 8.0 x
10-1 to 5.0 x 102 MP/m3; 27% of the studies reported concentrations in the range of 1.0
x 103 to 6.0 x 103 MP/m3 in the wastewater effluents. A few studies (10%) reported high
concentrations, ranging from 3.5 x 104 to 8.1 x 104 MP/m3. As discussed in previous
sections, this variability was attributable to the use of different methods for sampling
and identification. The levels of treatment at primary, secondary, and tertiary WWTPs
also can have an impact on the concentrations. In general, higher MP removal rates are
achieved at advanced treatment levels 45, 49, but exceptions have been reported 46. Also,
the performance of some advanced wastewater treatment processes can produce high
MP removal rates. Some examples are the membrane bioreactor (MBR), which
removed 99.9% of MPs (reduced from 6.9 x 103 MP/m3 to 5.0 x 101 MP/m3) 49, the
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rapid sand filter, which removed 97% of the MPs (reduced from 7.0 x 102 to 2.0 x 101
MP/m3), and the dissolved air flotation process, which removed 95% of the MPs
(reduced from 2.0 x 103 to 1.0 x 102 MP/m3) 49.
Only 39% of the studies reported the concentration of MP particles in the influent to
the WWTP. The concentrations of the MP particles in the influent, expressed as the
number of particles per m3, mainly varied between 1.5 x 104 and 9.10 x 105 MPs/m3 48,
50, 52, 57, 60, 86

. This vast difference may have been due to the different geographical

locations of the WWTPs, the volume and composition of the influent, the methods used
to process and identify samples, and whether or not the plant had a combined sewage
system.

3.2.4.2.

Composition of MP particles

The polymer composition of the MP particles only was reported when a spectroscopy
technique was used. However, since such a small number of the samples was analyzed 1,
44, 48-50, 52, 89, 95

, the percentages of the MP compositions mostly were extrapolations.

Spectroscopy was used to analyze between 6% and 18% of the total area of the filter,
but only a few particles were chosen for the analysis in the rest of studies 1, 44, 48-50, 52, 89,
95

. Table 6 presents the percentages of particles for the polymers that were identified

most often, i.e., Polyester, PES; Polyethylene, PE; polyethylene terephthalate, PET;
nylon, PA; polypropylene, PP; and polystyrene, PS.
PES was the most reported polymer in WW effluents, and the source of this polymer
was the washing of synthetic clothes 113. The compositions of the microplastics in
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personal care products and cleaning agents consist mostly of polyethylene,
polypropylene, and polystyrene particles that have an average sizes in the range of 150
to 330 µm 114, which matches the results found in terms of size (Table SI 4) and
polymer distribution (Table 5).

Table 5. Percentage of the number of particles by polymer 1, 44, 49, 50, 52, 95
PES

PET

PE

PA

Acrylic

PP

Alkyd

PS

Average
(%)

41.6

27.1

26.3

21.3

12

9.8

8

5.3

Range (%)

11 67

4 - 51

4 - 70

16 - 28

7 - 17

3 - 16

8

4 - 10

3.2.4.3.

Morphology and physical characteristics

MP particles have been classified into different categories according to their
morphological characteristics (shapes and colors) as follows 3, 115, i.e., plastic fragments
(round, subround or angular); pellets (sphere, cylindrical, disks), filaments, plastic
films, foamed plastic, beads, and Styrofoam. Colors reported included clear or
transparent, white, white-cream, red, orange, blue, black, and others. These
characteristics usually are assessed by using optical microscopy or scanning electron
microscopy (SEM) 25. Eight studies reported the morphology of particles in the
wastewater effluent 44, 48, 50, 51, 71, 86, 90, 93. Table 6 shows the percent of particles by
shapes identified in the studies that were reviewed. Fibers are the most dominant shape
of MPs, and they most likely originate from washing synthetic clothes. Fragmented
particles or flakes of particles were the second most commonly found shape. Film,
beads, foam, and pellet particles were less than 10% of the total MPs reported.
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Table 6. Percentage of morphology distribution in terms of numbers of MP particles as
identified in studies 44, 48, 50, 51, 71, 86, 90, 93
MP
Morphology
Average (%)
Range (%)

Fibers
51.3
18 - 80

Fragment/
Flake
30.3
18 - 68

Film

Beads

Foam

Pellets

4.7
1 - 10

1.6
0-3

1.4
1-2

1.7
1 -3

3.3. Sampling and identification of microplastics in drinking water
MPs have been identified in freshwater bodies 4, 11, 56, 58, 103, 116, but there is very little
information about their presence in water produced for human consumption 31. Our
search returned six peer-reviewed studies, and one report that had not been peer
reviewed. Four studies assessed the presence of MPs in bottled water 21, 117-119, and three
studies focused on the occurrence of MPs in tap water and drinking water treatment
plants (DWTPs) 120-122. Despite the small number of studies, there were substantial
differences in the concentrations of MPs that were detected, in all the identified
categories of drinking water.
The following sections compile the results found in the sampling, processing,
identification methods as well as the MP concentrations in the reports concerning water
for human consumption. Table SI 2 (Supplementary Information) summarizes the
relevant findings in the drinking water studies.
3.3.1. Sample collection techniques
Bottled water purchased from different locations around the world were analyzed for
MP contamination 21, 117-119. The compositions of the packages included plastic, glass,
carton, and high-density polyethylene (HDPE). This diversity of materials can affect the
results that were found for the MPs.
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Another study relied on samples of tap water collected by volunteers stationed around
the world 122 . The sampling procedure consisted of running the tap water for one
minute prior to filling a 500 mL HDPE bottle to the point of overflowing. The bottles
were filled and emptied twice before being filled a third time and capped 122.
Two studies collected water from the influent and effluent of several drinking water
treatment plants (DWTP) in the northwestern part of Germany 121 and in urban areas of
the Czech Republic 120. In addition, one household in the distribution water system of
each DWTP in one of the studies was chosen for sampling at the meter and at the tap
121

. Different volumes of drinking water samples (Table 7) were collected in glass

containers and then filtered through 3-μm stainless steel cartridge filters 121 or 5-μm
PTFE membrane filters 120.
Table 7 summarizes the volumes of the samples used by all of the studies.
3.3.2. Sample processing
Bottled water samples were not processed; however, a staining method was used in
two studies 119, 122; while another study added ethylene diamine tetraacetic acid
tetrasodium salt to reduce the number of precipitated minerals and facilitate the
identification of plastic particles 118. It should be noted that this method was not used or
replicated by any other study that assessed MPs; therefore, further corroboration is
needed. Two studies did not use any specific processing analysis 21, 117.
All of the studies filtered the samples under vacuum and stored the filters in sealed
Petri dishes for further analysis. The Petri dishes used to store the samples were glass
118, 120, 121

, polystyrol 21, or material not reported 117, 122, 123. Among the studies, the type

of membrane filters used varied between cellulose nitrate 117, 122, gold- or aluminum-
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coated polycarbonate 21, 118, and glass fibers 119 .The pore size of the filters varied from
0.4 to 2.5 µm.
Samples collected from the DWTPs were digested using a hydrogen peroxide solution
to remove any possible organic film 120, 121. Then, the samples were filtered using 0.2μm aluminum oxide filters.
Table 7 summarizes processing techniques that were used by the studies.
Table 7. Summary of processing techniques used in assessing MPs in drinking water
Type of
Water

Sample
Volume

Sample
processing
Vacuum
Filtration of
samples (N = 2)
21, 117

Bottled
Water
(N = 4)

0.5 – 2 L

Addition of Nile
red solution (N
= 1) 119
Addition of
EDTA solution
(N = 1) 118

Tap
Water
(N = 1)

0.46 - 0.6 L

Addition of
Rose-bengal
solution
(N = 1) 122

27 L
DWTP
Water
(N = 2)

2,500 L

Digestion using
wet peroxide
solution (N = 2)
120, 121

Identification
technique

Comments

Micro Raman
spectroscopy

Polymer composition
detection
Confirmation on MPs
particles
Detection of very
small plastic particles
(1 μm)

- Identification by
optical microscope
- FTIR confirmation
for some particles
larger than 100 µm
- Identification by
micro-Raman
spectroscopy
- Identification by
optical microscope
for stained particles
- Agitation by
spatula for nonstained particles
- Identification by
FTIR microscope 121.
- Identification of
particles larger than
10 µm by FTIR; and
analysis of particles
(1-10 µm) by Raman
microscope 120.

FTIR was only used to
provide more
information on some
specific polymers
A small percentage
(4.4 %) of the sample
area was analyzed
False-positive results
might be obtained

The whole filter was
analyzed.
Only 25% of the
particles were
analyzed per filter.

All of the studies used a laminar flow box to prevent any airborne contamination, and
they also used a cleaning procedure for glassware and used cotton lab coats to prevent
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any further external contamination. Blanks and controls also were used in all of the
studies while the samples were being processed in the lab.

3.3.3. Identification and quantification methods
The methods used to identify MP particles in drinking water also varied among the
studies; in some studies, used Raman microscopy (N = 4), some used FTIR (N = 3), and
some used an optical microscope (N = 1). One study used both Raman microscopy and
FTIR to analyze the samples 120. Raman microscopy was used for the samples filtered
without prior processing 21, 117, and it also was used for the particles that had sizes
between 1 and 10 µm after the sample had been digested 120. After processing with
digestion or staining, FTIR was used to confirm the composition of the polymer in the
samples for particles larger than 10 µm. 119-121. One study used visual examination of
the stained filter via a dissection microscope 122.
3.3.4. Concentrations and composition of MP particles
All of the studies reported the concentrations of MPs as either particles per liter or
particles per cubic meter. The concentrations (MPs/m3) varied significantly among the
studies, i.e., between 0 to 5.51x 106 MPs/m3 for the single-use bottled water 21, 117, 118,
123

; 0 to 6.1 x 104 MPs/m3 for tap water 122; 0 to 6.56 x 105 MPs/m3 for DWTP effluent

121

; and 0 to 6.43 x 105 MPs/ m3 for DWTP effluent 120, 121. In general, single-use bottled

water had higher MP concentrations than tap water or DWTP water, and, in some cases,
the difference was an order of magnitude. Since the number of studies was limited and
the reported range of concentrations varied significantly within the same study, no
comparisons were possible. This variability was due to the heterogeneity of the samples
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that were tested, even within the same study 119, 122. Table SI 5 shows the MP
concentrations (number of particles per cubic meter) reported in the studies in
consideration of the particle sizes.
In terms of particle sizes, Table SI 5 shows that the average concentrations for
particles with sizes less than 100 µm (0 to 5.51 x 106 MP/m3) was larger than the
concentration of particles smaller than 100 µm (0 to 2.2 x 105 MP/m3). This was
expected since drinking water undergoes several treatments and filtration processes that
remove the large MP particles.
The most common compositions of the MPs that were used for bottles and caps were
polyethylene terephthalate (identified by four studies 21, 117, 118, 120), polyethylene
(identified by three studies 21, 117, 118), and polyester (identified by three studies 21, 119,
121

). Polyester and PVC, which are standard materials in treatment plants and

distribution systems, were detected in the tap water and DWTP water 121.

4. Evaluation of current studies
Based on this review, we developed a ranking framework to determine whether the
information provided in the studies could be used for comparison purposes. A highlyranked article would provide information in five categories, i.e., sample collection,
sample processing, quality control (QA/QC), identification technique, and reports of the
results of studies, i.e., MP concentrations and compositions. The scores for each
category ranged from 1 to 3, where 3 means the information is present, 2 means
partially reported, and 1 means not present. The scores assigned for each study are
summarized in Table SI 6.
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Scores of the studies that were reviewed ranged from 6 to 13. The passing score for
studies should be 12 or above, considering that four out of five sections would be
perfect. Therefore, 24% of the total studies had passing scores, and those studies can be
used for comparison purposes and for a better assessment of the contamination of
wastewater by MPs. The quality control and the identification methods were the
categories that most commonly were reported poorly.
The general trend of low scores in the research paper makes us doubt the actual
results that were found due to either underestimating or overestimating the real
concentrations of MPs.
We noticed that high-score studies are the more recent publications (2017-2019), which
suggested an improvement in research related to MPs that led to improved accuracy in
the results. However, further enhancements must be made for the existing methods.
This ranking system can stimulate researchers to use the best methods in order to
eliminate some of the deficits associated with past and current studies.
5. Discussion
Our results showed a lack of consistency among the studies with regards to quality
assurance procedures, sample collection, sample processing, characterization and
identification techniques, and reported results of MPs. Standardized procedures for all
of the different steps in the assessment of MPs in wastewater will increase the accuracy
of the results, reduce time and effort required, and help to perform meaningful
interpretations and comparisons between studies.
When the samples are processed in laboratories, quality assurance and quality control
methods are required in order to prevent the contamination of the samples and ensure
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reliable results 34. These methods include using a moist filter exposed to the air during
the processing of the samples to account for airborne contamination 124, a blank sample
using DI water 51, 93, spiking a sample with a known polymer 89, 94 and using triplicate
samples. Several other measures for control should be used during the processing of the
samples, e.g., the choice of laboratory tools that are free of plastic material, the use of
cotton lab coats, processing samples in a laminar flow chamber, and cleaning
precautions for tools and the lab bench 124, 125.
Choosing the appropriate technique for collecting samples, including the volumes of
the samples, is challenging since each method has advantages and disadvantages.
However, among the existing collection techniques, taking a grab sample seems to be
the most appropriate collection method. Samples should be collected in glass containers
and sealed immediately on site. This will minimize airborne contamination during
sampling since the container will be underwater when the samples are taken 10. Then,
WW samples can be passed onto a stack of sieves with different mesh sizes to sort the
particles by their sizes. This process should be done in a laminar flow chamber in the
lab rather than onsite, such as the case of extraction pump, to prevent contamination 46,
90

. It is recommended that the mesh sizes of sieves be between 20 and 1000 µm, since

sieves with smaller mesh sizes will be clogged by the contents of the wastewater 46, 51.
Then, the filtrate water can be filtered through 10 µm and 1 µm membrane filters to
retain the small-sized particles. The filtrate water should be digested prior to filtration,
as described later in the recommended processing method.
The removal efficiency of MPs at different treatment stages and their retention in
sludge are essential to quantify the mass balances of MPs. This information helps attain
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a better understanding of the fate of MPs in WWTPs. However, sampling from all
different units on the same day can be challenging due to various factors, such as the
time required, the variable retention times of each unit, weather conditions, and the
hours during which the facility is operated. Therefore, the grab-sample method seems to
be the most convenient method.
We identified four different techniques regarding sample processing methods. Since
the wastewater matrix is very complicated, the digestion method developed by NOAA
seems appropriate to remove organic films97. This method also has been tested
thoroughly in sediments, beaches, and oceans 97. The mixture of H2O2 and Fe2+ has been
proven conclusively to purify wastewater due to its ability to remove organic
compounds through oxidation 85. The separation of MPs from other inorganic matter
based on their different densities is best achieved using ZnCl2 43, 126. Following the
digestion, the samples must be vacuum filtered for further examination of the MPs.
Depending on the technique to be used to identify the MPs, different types of filters can
be chosen. For Raman spectroscopy analysis, the filter that has the best performance is
aluminum polycarbonate, which helps reduce fluorescence and enhance the contrast
between the MPs and the filter 127. For micro-FTIR, the filter did not seem to interfere
with the analysis 128, so membranes free of plastic material can be used, such as nitrate
cellulose, glass, and polycarbonate membranes. The latter also is valid for any other
identification technique. Since the current identification methods only can detect
particles that are larger than 1 µm, the sizes of the pores in the filters should be less than
or equal to 1 µm. The filters should be stored in sealed glass Petri dishes to prevent any
further contamination.
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One of the main challenges in the analysis of MPs is to identify them appropriately.
Visual examination of MPs using an optical microscope or SEM alone is not reliable,
and the subsequent determination of the composition of the polymer is required to
confirm the identity of MP particles. Therefore, spectroscopy techniques, such as FTIR
and Raman, are recommended for the identification of polymers. Raman microscopy
has the advantage of detecting very small particles sizes (>1 µm), but FTIR only can
detect particles larger than 20 µm. The time required to analyze the particles
individually is one of the main limitations of these techniques105. The time required can
be reduced by using automated Raman mapping routines and particle detection
software, which enables the rapid detection of MPs 105.
Significant variations in the concentrations and sizes of MPs have been reported in
various studies, and we have identified the differences in the concentrations, sizes,
units, morphologies, and compositions. Comparisons of the concentrations of MPs
determined by various studies are meaningless when different types of analyses are
used. For instance, filtering a sample through a 20 µm sieve will lead to higher
concentration of MPs than filtering the same sample through a 60 µm sieve. The use of
large sieve sizes results in underestimating the total concentration of MPs. Therefore, if
all studies were to use the recommended techniques, compiling the results would be
easy, and meaningful comparisons could be made among them. In addition, uniformity
in units and terminologies is recommended, including expressing the concentration as
the number of MPs/volume; expressing the total MPs in both the influent and effluent of
WWTPs number of MPs/day; using a consistent range for the sizes of particles (µm);
identifying the types of polymers, e.g., polyester, polyethylene, polyethylene

39

terephthalate, polyamide; and the classification of their shapes, e.g., fiber, fragment,
film, bead, foam, or pellet.
Our results and recommendations can contribute to the U.S. Environmental Protection
Agency’s (USEPA’s) report, which has identified and prioritized the scientific
information required to understand the risks associated with MPs in the United States
129

. These recommendations include methods for the assessment of MPs, the

identification of the sources and fate of MPs, and the risks to both human and ecological
health posed by MPs. The USEPA's report is helpful in establishing work priorities
while recognizing the deficits and needs, but there is still a need to generate planning
scenarios regarding the unmet challenges associated with MPs. Our recommendations
include some potential solutions to these challenges.
In studies of drinking water, the discrepancies also have been extensive, especially
considering the limited number of studies. However, all studies of drinking water have
avoided potential external sources of contamination by using blanks, controls, major
cleaning procedures, appropriate lab wear, and performing experiments in a laminar
flow box. Also, all but one of the studies have used spectroscopy methods to analyze
drinking water samples, thereby attaining more accurate results.
The concentrations of MPs in drinking water, which range from 0 to 5,505 MPs/L,
were considerably higher than their concentrations in wastewater, which range from
0.008 to 81 MPs/L. This difference is due mainly to the sizes of the MPs that were
analyzed. Most of the studies of wastewater samples only have analyzed particles larger
than 100 µm, whereas studies of drinking water samples generally have analyzed
particles with sizes between 1 and 500 µm. If studies conducted in WWTPs had
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analyzed the small size range of MPs, their concentrations would have been higher. The
processing of bottled water is another source of plastic contamination that can increase
the concentrations MPs in bottled drinking water. Regarding the effluents of DWTPs,
there was a vast difference (four orders of magnitude) in the concentrations found
between the two studies even though both studies used the same procedure for
processing samples and the same spectroscopy techniques to identify the MPs. The
main difference was the volume of the samples. The concentrations of MPs were higher
in the study that used the larger volume, i.e., 2,500 L vs. 27 L.
The volumes of drinking water samples used for the detection of MPs generally were
very low, i.e., 0.5 to 2 L, although there were two studies that used larger volumes 120,
121

. The concentrations of MPs in the small volumes were not representative of the

actual concentrations of MPs in the water since the range of concentrations of MPs was
extensive (0 to 5,505 MPs/L). The concentrations reported also were very different in
the various studies due to the difference in sampling volumes, analyzing particles less
than 10 µm in size, and analyzing only a fraction of the particles.
Our recommendations for enhancing the methods for assessing MPs in both
wastewater and drinking water are aimed at reducing the discrepancies among studies,
creating a framework for legitimate comparisons of reported results, encouraging the
performance of additional studies, and providing a better understanding of the issue of
contamination cause by MPs.
6. Associated Content
*SI: Supporting Information
The following files (PDF) are available free of charge.
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1- Summary of the methodologies used in assessing MPs in WWTPs
2- Summary of the methodologies used in assessing MPs in drinking water
3- Number of WWTPs assessed for MP contamination in multiple studies and
summarized by countries and continents
4- MP concentrations expressed as the number of MP particles per volume in the
final effluent for different particles sizes
5- MP concentrations (number of particles per cubic meter) reported in the studies in
consideration of the particles size
6- Scores assigned for each study in five categories: sample collection, sample
processing, quality control (QA/QC), identification technique, and reporting
studies results (MP concentrations and composition).
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ABSTRACT
This study evaluated the removal of microplastics using electrocoagulation in both
synthetic wastewater solutions and real wastewater effluents. The experiments were
performed in batch reactors using commercial polyester microparticles (glitter). Factors
affecting the removal of microplastic during the EC process that were investigated
include: current density (1.92 to 8.07 mA/cm2), pH (2 to 7), microplastic size range (25
to 1500 μm), and electrolysis time (0 to 90 min). Using synthetic wastewater, removal
efficiencies achieved were 98% and 99% when using initial pH of 4 and 7, respectively,
and applying current densities of 2.88 mA/cm2 and 8.07 mA/cm2, respectively.
However, the lowest operating costs were obtained using a current density of 2.88
mA/cm2 with an initial pH of 4. When real wastewater effluent was used, the
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electrocoagulation removed 96.5% of MPs, 92.2% of COD, and 88.8% of fecal
coliform colonies using the best conditions found for synthetic wastewater. In addition,
particle image velocity (PIV) measurement and Cryo-SEM analysis were performed as
additional monitoring tools for tracking the hydrogen gas bubbles activity. Our study
showed that electrocoagulation can effectively remove microplastics from the
wastewater streams at low operational costs while reducing COD and fecal coliform
colonies.

KEYWORDS: electrocoagulation, electroflotation, glitter, microplastics, wastewater
treatment

1. Introduction
Wastewater treatment plants (WWTPs) are one of the main contributors of
microplastics (MPs) contamination with reported daily averages of over 4 million MP
particles discharged per facility 1-3. Due to their small size (<5mm) and low density
(<1.2 g/cm3), MPs are not completely removed during wastewater treatment processes
and thus are discharged with the final effluent to natural bodies of water 4-7 6, 8-11. The
presence of MPs in natural waters is concerning due to their adverse health impacts on
biota and trophic chains in the ecosystem 12, 13, and consequently to humans 14, 15 16-22.
In this study, we used electrocoagulation (EC) as an alternative treatment to enhance
the removal of MPs from WWTPs effluents. EC consists of the electrochemical
dissolution of a metal electrode, most commonly aluminum and iron, to generate metal
ions 23, 24. These metal ions, generated at the anode, react with hydroxide ions to
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produce metal hydroxide coagulants 25. The coagulants allow the formation of
agglomerates, by neutralizing the oppositely charged of suspended colloidal particles
present in the solution, and adsorb dissolved contaminants as well 26-29.
Hydrogen gas microbubbles, which occur during the electrolysis of the water are
released at the cathode. Their formation helps the flotation of agglomerates to the top of
the reactor, forming a blanket which can then be skimmed from the surface of the
reactor 28, 30. The details of electrochemical reactions that occur during the EC process
are shown in the supplementary information (SI).
pH is a key parameter of the EC performance since it impacts the formation of metal
hydroxides which leads to the creation of flocs 27, 29, 31-33. However, other parameters
such as current intensity, operating time and the chemical composition of the media can
also influence the efficacity EC on pollutants removal 29.
Electrocoagulation (EC) process provides a simple, rapid and cost-effective method
for treatment of WW without any chemical addition 26-28, 30. It has been proven to be
effective for the treatment of drinking water 34, 35 and a variety of other contaminants in
industrial and domestic wastewater effluents 36-45.
With regards to microplastics removal, a previous study used EC for the removal of
polyethylene microbeads using synthetic wastewater in a batch reactor 46. The study
assessed the removal of spherical polyethylene microbeads with a size of 300 µm at
different pH conditions and current densities. Sodium chloride, used as an electrolyte,
and commercial liquid soap, used as a source of surfactants to increase the surface
charge of particles, were added to improve the performance of the process. The study
reported removal percentages in the range of 90% to 99% 46.
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The main goal of our study is to evaluate the performance of EC on the removal of
MPs from both synthetic wastewater solutions and real wastewater effluents collected
from a local municipal WWTP without chemical additions. Since polyester is one of the
most common MP polymers found in wastewater effluents 5, 6, 47, commercial polyester
glitter microparticles, with sizes ranging from 20 µm to 1500 µm, were selected as
model MP; with the majority being between 65 µm and 125 µm 11, 48-50. Another reason
to use glitter, it that has been recently reported in wastewater systems 51, 52. Polyester
glitter is used in a wide range of applications including arts and crafts, cosmetics (nails,
makeup, tattoos), or industrial applications (glitter floors and walls, silk screening
glitter). Glitter contribution to MP contamination is often underestimated since it is
usually identified by its polymer composition or microscopic feature (shape, size, color)
but not reported as a glitter 52.
The performance of the EC system was assessed as a function of operational
parameters such as current density, pH, and time, in order to achieve the best conditions
of MP removal. The operational costs were also estimated to evaluate the economic
efficiency of the treatment.

2. Materials and Methods

2.1. Materials
Commercial Red Pearl Brilliant (909 RB) polyester glitter powder with 56.2% of
particles in the range of 25 µm and 65 µm was used as a model MP (Figure SI 1 shows
detailed size distribution).
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During the first part of this study, synthetic wastewater effluent (SWWE) was used to
test the efficiency of EC treatment on the removal of MP. Synthetic wastewater effluent
composition was prepared based on a previous report (Table SI 1)53.
During the second part of this study, real wastewater effluent samples were collected
before chlorination and after chlorination stages, from a local wastewater treatment
facility located in Rhode Island (USA). Samples were collected twice on different days
using glass containers with a volume of 20 liters. The glass containers were cleaned
according to previously reported protocols 54 and covered with aluminum foil, to avoid
possible atmospheric deposition contamination, until they were used 55. The average
composition of real WW effluent from the two sampling periods are shown in Table SI
2 as provided from the facility. The difference in composition during sampling events
was less than 1%.

2.2. Experimental setup
Two rectangular glass reactors with a volume of 2.4 liters were used in this study
(Figure 1). The reactors have a stainless-steel valve at their bottom to collect samples
during the experiments. Aluminum plates (30 cm x 2.54 cm x 0.25 cm) were used as
electrodes. On top of the reactor, the electrodes were firmly assembled in a vertical
position along the reactor, and parallel to each other using non-conducting adjustable
support (PTFE). The distance between the two electrodes (cathode and anode) was
fixed to 1 cm in all the tests. A volume of 2 liters of wastewater (synthetic or real) was
used for each test. The active submerged surface of the electrodes was 110 cm2. The
electrodes were connected to direct current power supply adjustable (Eventek
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KPS3010D), which supplies the electrical current as well as controls the voltage
(ranging from 0 V to 30 V) and current intensity (ranging from 0 A to 10 A) applied
during the tests. The current density is calculated by dividing the current intensity per
area of the immersed electrode. The reactors were mixed using a magnetic stirrer (60
RPMs, Fisher Scientific) to ensure the suspension of the particles.

Figure 1 Schematic of the experimental setup of the EC system (not to scale)
2.3. Procedure

2.3.1. Batch Experiments
A total of 46 experiments were performed using both synthetic and real wastewater
effluent spiked with pristine dry MPs, to achieve the desired final concentration. Each
experiment run for 90 min. Samples (20 ml) were collected every 15 min and were
allowed to settle for 5 min before measurements were performed.
The pH was adjusted to the desired value using nitric acid and/or sodium hydroxide
solutions. pH and temperature were measured using a Multiset (Mettler Toledo)
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connected to a pH Vernier electrode and a temperature sensor. Turbidity was measured
using a turbidimeter (Hach TL2300). The chemical oxygen demand (COD) was
analyzed using Hach reagents (TNT 821) according to the USEPA reactor digestion
method (Method 8000) and measured using a HACH DRB 200 spectrophotometer.
Current and voltage were recorded at each sampling time.
Metal consumption was measured to account for the mass loss efficiency of
electrodes during the EC process. It was determined by weighting the electrodes before
and after each run using an analytical balance (Mettler Toledo ME103). The
connections between the electrodes were reversed after each test run to prevent the
formation of passive aluminum layers that adhere to the electrode surface 56.
MP particles were analyzed and counted before and after the EC treatment using a
confocal Raman imaging microscope (Witec Alpha 300) in real non-spiked wastewater
effluents after chlorination. The analysis was performed using a 785 nm excitation laser,
1s integration time, 100 accumulations, a spectral range of 200 to 3600 cm-1 and an
objective with 50x and 100x magnifications. Effluent samples (1 liter) before and after
the EC process, were filtered using a vacuum pump on a polycarbonate filter.
The surface charge of the MP dispersed in the SWWE was measured to determine the
point of zero charge as a function of the pH. The zeta potential of the particles was
measured in millivolts using a Laboratory Charge Analyzer (Chemtrac model LCA-01)
using a solution of 25mg/l of MP in DI water for a pH range between 1.76 and 9.75.
In the case of the real wastewater effluent additional measurement were performed.
Concentrations of bacteria were determined before and after EC treatment in order to
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study the effect of EC on bacteria removal as additional proof of the efficacity of the
process. The fecal coliforms analysis is described in SI.
The foam on the surface of the reactor was analyzed by cryogenic scanning electron
micrograph (cryo-SEM Zeiss) following the PP3010T Cryo-SEM preparation procedure
57

.
Particle image velocimetry (PIV) system was used to examine the transport of MPs

into the agglomerates formed and the movement of gas bubbles in the solution. The PIV
system is an image-based technique that consists of a laser light, a charge-coupled
device camera, and a software to perform the PIV analysis. The PIV measured
conditions used have been previously reported 58.
During the first phase of the study, the best operational conditions were assessed
using synthetic wastewater. Current density, pH and MPs concentration applied
conditions range between 1.92 to 8.07 mA/cm2, 2 to 7, and 6.25 to 25 mg/l, respectively
(Details in Table SI 3). The second phase of this study was conducted by using the best
conditions obtained during the first part of this study.
2.3.2. Blanks, controls and cleaning procedures
Synthetic wastewater effluent without any MP addition was used as a blank and
processed using the same steps used for the samples. All samples and blanks were run
in triplicates, and all the measurements taken during the experiments were also taken in
triplicates 59.
The reactors and all glassware were washed following the Standard Methods for the
Examination of Water and Wastewater 60. The electrodes were washed and cleaned
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using a brush to remove the oxide layer formed after each experiment, then rinsed with
DI water. All experiments were performed in a laminar flow chamber.
2.4. Calibration Curve for MP concentrations
The removal of MP in all the tests (synthetic and real wastewater samples) was
evaluated primarily by the turbidity 61, 62. The efficiency removal of MP was calculated
by:
+, − +.
× 100
+,
where Ci is the initial SWW turbidity values (NTU) and Cf is the final turbidity
% #$%&'() =

measurements (NTU).
Calibration curves of particle count/turbidity and MP concentration/turbidity were
obtained using different concentrations of MP (1 to 25 mg/l) prepared in synthetic
wastewater. Results of the calibration curve and particle counting are presented in
Figure S1 of the supplemental information along with additional details about this
procedure.

2.5. Operational cost estimation
The estimation of the operational cost of EC was also considered as part of this study.
Energy costs and mass of aluminum loss from the electrodes are the main elements of
the analysis. The capital cost (excluding the aluminum electrodes), labor, maintenance,
and sludge handling are not accounted in these calculations. Details of cost calculations
are presented in SI.
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3. Results and Discussion

3.1. Synthetic wastewater
This section includes the results of the EC process using synthetic wastewater to find
the most appropriate conditions of MP removal with respect to several parameters:
current density, pH, MP concentration, and particle size. The operational parameters
found to achieve the best removal of MP percentage were used in the next set of
experiments using real wastewater effluents.
3.1.1. Impact of operational conditions on the MP removal efficiency

3.1.1.1.

Current density

As shown in Figure 2a, the turbidity of the solution decreased as the current density
applied increased. The current density of 8.07 mA/cm2 achieved the highest MP
removal rate (98.5 ± 0.33%) compared to the other conditions tested. When a current
density of 1.92 mA/cm2 was applied, the reduction of turbidity was negligible at all
times. This is due to the low amount of metal ions released from the electrode which
decreased the rate of coagulation 63, as well as the insufficient number of hydrogen
microbubbles produced to promote flocs flotation 27, 28. These results agreed with
previous reports using industrial wastewater, where the removal of pollutant increases
with the increase of current density 30, 64.
3.1.1.2.

Initial pH
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Figure 2b shows the turbidity values of the solution over time when initial pH of 4
and 7 were used. Our tests achieved removal efficiencies between 97-98.5% for three
conditions: 1) initial pH=7 and current density of 8.07 mA/cm2; 2) initial pH=4 and
current density of 8.07 mA/cm2 and initial pH=4 and 3) current density of 2.88 mA/cm2.
No statistical difference was found among these three conditions (p > 0.05, details of
statistical t-test for the three conditions performed are presented in Table SI 4). At pH =
2, the solution’s color turned black indicating a strong dissolution of Al+3 from the
electrodes 27 and MP removal was negligible.
pH between 4 and 7 favors the production of aluminum species such as Al(OH)2+,
Al2(OH)24+, Al(OH)3 which are more efficient for coagulation 32. Our results agree with
previous work, where the optimum pH range was found to be between 4 and 7 32, 62, 64.
Among the three conditions listed, an initial pH of 4 and a current density of 2.88
mA/cm2 was the best with a high removal performance of 98.5 ± 0.33%, which also
requires low energy. These results are consistent with Figure SI 2 showing that for
lower pH, the MP particles are more susceptible to destabilization 65, since the
magnitude of surface charges informs about particle stability 65. Figure SI 2 shows the
MP surface charge changes in function of the pH. At pH values of 7 to 9, the surface
charges have high magnitude indicating very stable particles that are less likely to cause
aggregation and agglomeration due the repelling effect among those MP. A medium
with pH values of 2 to 4 is more prone to destabilize the MP
Figure 2 a) Removal efficiency of MP as a function of electrolysis time at different
current densities. Conditions: initial pH=7.0, MP concentration=25mg/l. b) Removal
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rate of MP as a function of electrolysis time at different initial pH. MP
concentration=25mg/l.

3.1.1.3.

MP concentration

Solutions with MP concentrations of 6.25mg/l, 12.5mg/l and 25 mg/l were prepared
in synthetic WW effluent. These solutions were treated applying the best conditions

found in previous tests (initial pH=4; current density = 2.88 mA/cm2). Turbidity values
(Figure 3) result in removal percentage of MP between 96 ± 0.32% to 99 ± 0.15% for
all MP concentrations tested. According to Faraday’s law, for the same current density,
aluminum flocs generated at a constant time remain the same 46. However, the demand
for aluminum flocs is greater for the higher MP concentration. This was not observed in
our study implying that at the range of MP concentrations tested, the aluminum flocs
are not a limiting factor for the process. It is expected that at high MP concentrations,
the EC process will require more time to achieve a high removal of MPs.
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Figure 3 Effect of different MP concentrations on the EC process. Conditions: initial
pH=4; current density = 2.88 mA/cm2; time = 90min.

3.1.1.4.

MP particles sizes

Three MP sizes were used: 350 µm, 850 µm, and 1500 µm, at a concentration of 100
mg/l. All MP sizes were tested using the following two conditions: 1) initial pH= 4 and
current density = 2.88 mA/cm2; and 2) initial pH = 7 and current density = 2.88
mA/cm2.
The removal of MP for these tests was tracked by particle counting, since no linear
correlation was found with turbidity. Calibration curves for MP concentrations versus
the number of particles were linear with R2 = 0.9941; 0.998; and 0.997 for the MP sizes
of 350 µm, 850 µm, and 1500 µm, respectively (SI Figure 6b). Removal percentages in
terms of particle count, using an initial pH of 4 and a current density of 2.88 mA/cm2,
reached 99 ± 0.17%, 99 ± 0.13 % and 100 ± 0.0% for the MP sizes of 350 µm, 850 µm,
and 1500 µm, respectively after 60 min of EC (Figure SI 6a). However, removal
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percentages, using initial pH of 7 and a current density of 2.88mA/cm2, ranged between
99 and 100% for all MP sizes within 15 min.
Therefore, considering the different sizes of MP, the optimal parameters for the MP
sizes of 20 µm to 60 µm were 2.88 mA/cm2 for current density and 4 for initial pH ;
while the best parameters for the large MP sizes (350 to 1500 µm) are 2.88 mA/cm2 for
current density and neutral initial pH.
3.2. Real wastewater
The best operational conditions achieved for the EC treatment of MP in synthetic
wastewater, initial pH of 4, current density of 2.88 mA/cm2 and time of 90 min, were
applied during real wastewater effluent tests. Three conditions were tested: Firstly,
effluent after chlorination spiked with MP particles (25 mg/l) to test the applicability of
the best conditions found previously. Secondly, effluent after chlorination (no MPs
spiked) to test the EC process as a post treatment at WWTPs. Finally, effluent before
chlorination (no MP spiked) to assess bacterial and COD removal.
Figure 4 shows the turbidity values obtained for the three conditions tested. The
removal of MPs from the spiked effluents after chlorination, was 96.5 ± 0.27% which is
slightly lower than the values found with the synthetic wastewater (98.5 ± 0.33%). This
can be explained by the presence of other colloidal particles in the wastewater that can
compete with the MP for the available metal hydroxide ions 66.
In the case of the tests performed with the effluent after chlorination (no MPs spiked),
the turbidity values before and after the EC treatment process was negligible (Figure 4).
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For the WW effluent samples before chlorination (no MPs spiked), the turbidity
values before and after EC were similar within the same value range (0.38 to 1 NTU)
(Figure 4). However, there was a visible color change in the samples from yellow to
clear after the treatment (SI Figure 3). Also, the foam formed on the surface of the
reactor at the end of the treatment had a yellow color.
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Figure 4 Evolution of turbidity values obtained for treating municipal wastewater
effluent with EC. Conditions: initial pH of 4; current density = 2.88 mA/cm2; time = 90
min
In addition to the turbidity measurements, MP particle characterization, COD values,
and bacterial concentrations were tested for the conditions without addition of MPs.
Table 1 summarizes the results found in the tests.
The analysis of MP particles in the chlorinated WW effluent before and after the EC
treatment was performed using the confocal Raman imaging microscope. Duplicate
samples were analyzed. An average of 49 particles were detected on the filter of WW
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effluent before EC treatment, 18 of these particles were fibers and the rest were pellets
or fragments. 16 particles had spectrums matching with polymers polyethylene (12),
polypropylene (3) and polyvinyl chloride (1). After EC treatment, only one
polyethylene fiber was detected on the filter resulting in 93.75% MP removal. Pictures
of detected MP with their spectrum are included in the supplementary information.
In the case of the WW effluent after chlorination, the COD removal rate was 98.9 ±
0.75% while an 85.5 ± 0.13% was achieved for the WW effluent before chlorination.
Removal percentages of COD reported in previous studies range from 60% to 90%67 68
69 70

, therefore our results fall in the upper range of these values.

An 88.86 ± 1.14% of fecal coliform removal was achieved for the WW effluent
before chlorination condition. This result was lower than those reported in previous
studies (90%- 99%) 71-73. This could be due to the operational parameters that were
selected in this study are based on particle removal rather than bacterial inactivation.
Table 1 Additional tests performed on WW effluent samples before and after EC (NA=
Not available; PE= polyethylene; PP= polypropylene; PVC= polyvinyl chloride)
WW effluent before

Conditions
Tests

WW effluent after chlorination

chlorination
Before EC

After EC

Before EC

After EC

NA

NA

16 ± 3

1 ± 0.5

MP Polymers

NA

NA

PE, PP, PVC

PE

COD (mg/l)

12.25 ± 0.15

1.77 ± 0.005

9.25 ± 0.06

0.1 ± 0.07

1005 ± 46

100 ± 16

204 ± 11

16 ± 3

MP Particles
(Number/liter)

Bacteria
(Number/liter)
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3.3. Additional measurements
In this section, we discuss the results obtained using two measurements: PIV
analysis and cryogenic scanning electron microscope (Cryo-SEM) analysis.
PIV analysis was performed as an additional examination of the EC process. Two
conditions were chosen for this analysis, a blank and a synthetic wastewater with MP
concentration of 25 mg/l. An initial pH of 7 and a current density of 8.07 mA/cm2 were
used for both tests. These conditions were chosen because in previous tests they resulted
in high MP removal (97%), and since PIV system was located in a campus, we avoided
adjusting the pH to 4 to meet the optimal conditions. Images and videos were recorded
every 5 min and velocity vector fields representing the movement of particles or
bubbles were calculated. Figure 5a shows the velocity vector field of the particles and
bubbles motion corresponding to the synthetic wastewater solution mixed with MP
recorded at time 15 min. The velocity field and the images showed a clear upward
movement of the particles and bubbles around the electrodes during the experiment.
This bubble movement results from the generation of hydrogen bubbles at the cathode
28, 74

. PIV analysis could not differentiate between bubbles, MP particles, and the flocs.

The distribution of bubbles sizes and numbers was also not feasible using our available
PIV setup.
To further study the bubble formation, foam formed on the surface of the reactor
was analyzed by Cryo-SEM (Figures 5c, 5d). EC was performed for 90 min on two sets
of blank using synthetic wastewater with the optimal conditions found: 1) initial pH of 4
and current density of 2.88 mA/cm2; 2) initial pH=7 and current density of 8.07
mA/cm2. Blanks (no MPs added) allow the recognition of bubbles from MPs. Pictures
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obtained from both current densities were analyzed for bubbles sizes and numbers using
the image-J software. Bubbles were also observed by a microscope to exclude possible
SEM artifacts. The bubbles sizes ranged between 10 µm and 400 µm. At 8.07 mA/cm2
the total number of bubbles (N=955 bubbles) per total foam area analyzed (S=122 mm2)
is six times higher than those obtained at 2.88 mA/cm2 (N=162 bubbles). Other studies
have found similar results where more hydrogen microbubbles are released at high
current density which promotes the flotation of flocs 75, 76. For both current densities,
the majority of the bubble sizes (65-75%) are less than 10 µm, while the rest are larger
than 10 µm (Figure SI 8). The small bubbles ensure a better removal of MPs with a
diameter range of 1 to 10 µm due to high collision efficiency between particles and
bubbles 77.
On another note, irregular aggregates with a non-defined structural pattern can
also be seen representing the coagulated particles formed during the process.
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Figure 5 a- Velocity vector field captured by PIV at 15 min during EC process
(conditions: MP=25mg/l, current density: 8.07 mA/cm2) (red color vectors: 0.0040.0045 m/s; orange: 0.0025-0.0035 m/s; yellow: 0.001-0.002 m/s; green: -0.0005 to
0.0005 m/s); b- Scanning electron micrograph of the flocs formed after EC treatment for
current density of 8.07 mA/cm2 ; c- Scanning electron micrograph of the flocs formed
after EC treatment for current densities of 4.8 mA/cm2.

3.4. Operational cost analysis

Additionally, to prove the effectiveness of EC on the removal of MP in WW, it is also
necessary assess the potential cost of the process. The calculated operational costs for
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the best two operational conditions were 0.29 $/m3 and 1.02 $/m3 of wastewater using
the following conditions: current density = 2.88 mA/cm2, pH=4 and EC time = 60 min ;
and wastewater using the following conditions: current density = 8.07 mA/cm2, pH=7
and EC time = 60 min. Details of calculations are presented in Table SI 5.
The operational cost of EC treatment of the final WW effluent is estimated mainly by
the energy cost and the mass of aluminum loss from the electrodes which are the major
components of the cost analysis 78-81. Other operational costs such as chemical reagents
(e.g. acid or base solutions), cost of sludge disposal (e.g. foam), labor, and maintenance
are not included in this estimation 78-81. However, this cost calculation reflects only an
estimation of the real cost since the electrode lifetime was not considered in this study.
The calculation of an electrode lifetime requires a continuous batch reactor which was
not tested in this study.
Operational costs of EC treatment reported in studies varied between 0.03 and 3.85
$/m3 78, 79, 82-84; therefore, our results fall in the lower range of these values.
Although the removal percentage was found to be statistically the same for the two
conditions tested, the EC operational costs are 72% higher when using a current density
of 8.07 mA/cm2 compared to 2.88 mA/cm2. Therefore, the current density of 2.88
mA/cm2 applied for 60 min was found to be the most efficient condition in terms of MP
particles removal, energy costs and electrode material consumption.
Overall, the removal efficiency of MP from the final effluent at WWTPs was found to
be the highest (98.5%) when adjusting the initial pH to 4 and applying a current density
of 2.88 mA/cm2 to the reactor. These parameters were also found to be optimal for the
treatment cost efficiency and the electrodes metal consumption.
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This study investigated the optimal conditions for removal of MP only, however,
those conditions were not optimal for removing other contaminants such as fecal
coliform and COD. Further examinations are recommended to examine EC as an
optimization of secondary treatment rather than additional MP treatment to the current
process configuration.
This study proved MP removal efficiency at small-scale reactors, however future
research should investigate the number of electrodes required for the full-scale
application of the process. Further research should also look at the electrodes’ age as it
was not calculated in this experiment. The PIV monitoring helped visualize the EC
process and the flow movement in the reactor, however, agreed with the theoretical
discussion of results.
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CHAPTER 4
Characterization of microplastic glitters and their weathering in the
environment
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Abstract

Glitters have the potential to be used as models for microplastic laboratory testing due
to their diversity in sizes, shapes and composite materials. This study characterizes the
physical and chemical properties of different size classes and colors of commercial
microplastic glitters; and tests the weathering effects on them by simulating their
degradability in synthetic wastewater performed in batch reactors. The results indicate
difference in behavior among the glitters as a result of the weathering test because of
the size of particles and the composition and structure of the particles. Delamination,
cracks and breaking off were observed in the large particles, while no physical changes
were observed for the small particles. However, titanium oxide was released onto the
small particles’ surface.

1. Introduction
Glitters are decorative microplastics (MP) usually made of polyethylene
terephthalate (PET) 1. They are manufactured in different colors, sizes, and shapes using
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multi-layered sheets of reflective material such as aluminum, titanium dioxide, iron
oxide and bismuth oxychloride 1. The purchase of glitters exceeded 10 million pounds
in the United States between the years of 1989 and 2009 2, 3.
Glitter particles are widely used in different consumer products and daily
applications 4, 5. They are applied in cosmetic products (make-up, nail polish, body
lotions), apparels (clothes, shoes, jewelry, hair bands), paints and coating materials
(toys, metal objects, ornaments, furniture), crafts and DIY materials (slime, playdough,
glue sticks, and decorative glitters) 4-6. Glitters are also extensively used in festivals,
fashion shows and events 5. Additionally, glitters are used as a trace evidence material
in forensic science due to their physical and chemical characteristics 7, 8.
The sizes of commercial glitters vary between 50 to 6350 μm 9. Due to their size
and plastic polymer composition, glitters can contribute as one of the primary sources of
microplastic contamination in aquatic environments 10. Glitters originating from indoor
use can be washed directly into domestic waters through rinsing, or through stormwater
runoff for outdoor applications. Therefore, they can reach the aquatic environments
through sanitary sewage discharge 11-15, or directly through stormwater runoff 16.
Glitters that are disposed into landfills can also be transported along with the leachate
into natural water bodies 17, 18. Therefore, glitters can be linked to certain commercial
products which contribute to identifying sources of MPs and their pathways from point
of origin to the natural waters 5.
Additionally, the diverse physical properties of glitters (sizes, shapes and
composite materials) makes them great models for realistic MP laboratory testing over
the commonly used microbeads, that are not often encountered in real life.
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Microplastics are most commonly reported in terms of size (μm); shape (i.e. fragment,
pellets, fiber, bead); color (i.e. transparent, white, red, range, blue), polymer type (i.e.
polyester, polypropylene, polyamide); and concentration (i.e. MP/L, MP/gal, MP/m3,
MP/kg, MP/m2) 19, 20. Since glitters are manufactured in diverse shapes, sizes, colors
and materials 9, the morphology of glitter can fall within any category of the previous
terminologies.
Current studies have assessed MPs sources, transport and fate in environmental
waters 15, 21-24. However, additional research is required to understand the distribution of
MPs in the environment, particularly, in consumer product use and wear, agricultural
practices and waste management processes in the United States 25. Additionally,
research assessed potential impacts of MPs exposure on human and ecological health in
recent years 26-31. However, there is a need to conduct additional research to characterize
human exposure to MPs and their adverse impacts on human and biota health 25.
Therefore, glitters can serve as MPs models in laboratory or field experiments to
evaluate microplastics behavior (transport, degradation, and distribution); and their risks
assessments (toxicity, additive chemicals accumulation) on human and ecological
health.
The exposure of glitters to weathering conditions such as rain, sunlight, and
bacteria contributes in modifying their morphology, and thus weathered glitters can
often be misidentified. Since wastewater effluents are a significant pathway of MPs
into the waters, it is important to study the degradation effects on the glitters in
wastewater treatment plants (WWTPs) 11-15. The degradation of MPs is mainly caused
by mechanical erosion, UV radiation, or biological degradation (bacteria or fungi) 32, 33.
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During its residence in wastewater, glitters can undergo physical degradation due to
mixing and aeration, photo-oxidation due to UV radiation 34, or biological degradation
due to microorganisms present in the wastewater. Additionally, glitters properties such
as surface charge, surface area, roughness and shininess will change when biofilms and
other solids deposit on their surface 35, 36.
Commercial polyester glitters, with sizes ranging from 20 µm to 1500 µm, were
selected in this study. This size range coincides with the reported MP size range
detected in wastewater effluents; with the majority of detected MPs being between 65
µm and 125 µm 37-40.
The main goals of this paper are to: 1) characterize the physical and chemical
properties of different size classes and colors of commercial MP glitters; and 2) test the
weathering effects on MP glitters by simulating their degradability in wastewater
treatment plants.

2. Materials and Methods
PET glitters used in this study were purchased from a commercial glitter company
with different colors, sizes and shapes, summarized in Table 1. The glitters are platelets
of different shapes and sizes. The colors of the glitters are originated by undisclosed
additives in the PET matrix. Glitters were given names to be used in this study to ease
the discussion.
Table 1. Microplastic polyester glitter classification by colors, shape and size
Glitter name

Color

Shape

Size of largest
dimension (µm)

PRB

Red pearl brilliant

Irregular platelets

85

25 to 65

NVB

Navy Blue

Hexagonal platelets

350

GRN

Green

Square platelets

850

RNG

Orange

Square platelets

1500

The particle size distribution for PRB was tested by sieving the glitter powder
over a set of sieves with mesh sizes between 25 µm and 300 µm and measuring the
mass of each fraction collected. The majority (56.2%) of particle sizes were found
between 25 µm to 65 µm (Figure SI 1). NVB, GRN and RNG particle sizes were
measured using ImageJ software (https://imagej.nih.gov/ij/) on images taken by an
optical microscope (Omano OMM200 Metallurgical Trinocular Microscope). Particle
sizes were 350 ± 12 µm; 850 ± 27 µm; and 1500 ± 57 µm for NVB, GRN and RNG,
respectively.
Synthetic wastewater influent (SWWI) was used to test the weathering effect on
MP glitters in WWTPs. Wastewater influent reflects the conditions of glitters released
by domestic sewage water. The SWWI (Table 2) was prepared based on a method
reported previously 41. pH and temperature measurements were obtained using a
Multiset (Mettler Toledo) connected to a pH Vernier electrode and a temperature
sensor. The chemical oxygen demand (COD) was analyzed using Hach reagents (TNT
821) according to the USEPA reactor digestion method (Method 8000) and measured
using a HACH DRB 200 spectrophotometer.
Table 2. Synthetic wastewater influent characteristics
Compound

Concentration

Parameters

(mg/l)

Concentration ±
standard error (mg/l)

Urea

91.74

COD

402 ± 3.9

NH4Cl

12.75

Ammonia

350 ± 7.2

Na-Acetate.3H2O

131.64

Nitrate

1.42 ± 0.04

86

Peptone

17.41

Nitrite

0.02 ± 0.006

MgHPO4.3H2O

29.02

pH

6.7 ± 0.08

KH2PO4

23.4

Temperature

24.2 ± 0.64

FeSO4.7H2O

5.8

Starch (glucose)

122

Milk Powder

116.19

Yeast

52.24

One liter of SWWI was mixed with 100 mg of MP glitter, separately for each
glitter type, in duplicate. Glass reactors with a volume of two liters were used in this
study. The reactor was stirred at 80 RPMs using a magnetic stirrer (Fisher Scientific)
during the whole experimental period to ensure the suspension of the particles and
simulate the mixing process in WWTPs.
The reactors were washed following the Standard Methods for the Examination of
Water and Wastewater 42. All the glassware used during the experiment for sample
measurements were washed similarly to the reactor. The reactors were covered with
aluminum foil during the experiment and were processed in a laminar flow chamber to
avoid possible atmospheric deposition contamination 43. The reactors were exposed to
linear T-8 fluorescent tube light bulbs during for eight hours every day. The
experiments were run for a total time of four weeks.
Solution samples with a volume of 10 mL were taken using a glass pipette at
times of 2 days, 8 days, 12 days, and 20 days. Samples were filtered using a vacuum
pump on a polycarbonate filter and rinsed three times using deionized water (DI) to
remove suspended solids adsorbed on the glitter surfaces.
Pristine glitters and weathered glitters were analyzed using a confocal Raman
microscopy (WITec Alpha 300) to detect the glitter composition. The Raman analysis
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was performed using a 785 nm excitation laser, 1 s integration time, 100 accumulations,
a spectral range of 200 to 3600 cm-1 and 50x and 100x magnifications. The confocal
Raman microscope was also used to acquire brightfield images of the glitters. During
Raman spectroscopy analysis, a monochromatic laser source interacts with the
molecules of the sample upon the scattering of light, resulting in characteristic
molecular vibrations depending on the chemical structure of the component 44-46. The
Raman spectroscope generates then a characteristic spectrum that can be used to
identify the polymer present in the particles 46.
The KnowItAll® software (Bio-Rad Laboratories, Inc.) was used to identify the
composition of the glitter by comparing the acquired spectra to a spectral reference
database. The software matches experimental spectra to the database entries and
provides a matching score in the form of a percentage to indicate quality of the match
and mathematical contribution of each component to the final spectra for the case of
multi-component systems. The reported percentages are not quantitative.
Additionally, four standard plastic polymers (Polyethylene, polystyrene,
polyethylene terephthalate, polyvinyl chloride) were purchased in forms of pellets from
Sigma-Aldridch. The pellets were heated to their melting point until they become
viscous liquid. They are then pressed into a circular mold to form circular disc plastic
films with a thickness of 1 µm. The pellets were weighted to provide the right thickness
depending on the density of the polymers. The films are cooled until reverted to a solid.
The films were analyzed on the Raman microscope to provide standard polymers
composition.
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Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEMEDS) analysis was conducted on both pristine and weathered glitters to provide high
resolution imaging of particle surface characterization, as well as elemental chemical
composition. All samples were mounted on double-sided adhesive carbon tabs on
aluminum stubs. SEM-EDS analyses were performed using a Zeiss Sigma VP field
emission SEM coupled with an Oxford Ultima X-MAX 50 mm2 EDS detector. The
samples were imaged using the Everhart-Thornley secondary electron detector at 7 kV
or at ultra-low acceleration voltage of 0.05 kV to avoid charging and beam damage. For
EDS analysis, the samples were run at 15 kV.

3. Results and discussion
This section presents the results obtained for the characterization and composition
of the four different types of MP glitter for both pristine and weathered conditions.
Raman spectroscopy was used to identify the composition of the glitter. SEM was used
to monitor the particle surface changes due to the weathering; while EDS provided
complementary qualitative elemental information.
3.1. Morphology and composition of pristine glitters
This section includes the morphology and composition analyses for the pristine MP
glitters.
Figure 1a shows a representative microscopic image for the red pearl glitter and
Figure 1b shows the average Raman spectrum obtained. At least five particles were
analyzed, with triplicate analysis for each particle. The obtained Raman spectra were
compared with the polymer’s standards spectra; however, the spectrum did not match
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any of the standards spectra. The matching information obtained from the spectral
database software shows that the Raman spectrum of the glitter matches by 96% the
spectrum of titanium oxide. No match was found with any polymer, in contrast to the
manufacturer specifications.

Figure 1. a) Raman microscope images at magnifications 10 X; b) spectrum of pristine
MP glitter (Red pearl brilliant color, size range: 25 – 65µm)
The presence of titanium oxide was also confirmed by EDS. SEM images
(Figure SI 2) revealed distinct white (secondary electron generating) spots on the
surface of these glitter particles. EDS spectra of the surface of glitters (not white spots),
shown in Figure 2c, detect primarily carbon, which could be an indication of polymer 47,
48

. The EDS analysis of the white spots, corresponding to spherical grains on the surface

of the glitters (Figure 2b), shows high peaks of titanium. Other elements found by EDS
analysis are aluminum (Al), silicon (Si), potassium (K) and oxygen (O).
Titanium oxide particles are usually added to plastics during manufacturing for
its efficiency in scattering light, provide brightness, whiteness and high opacity 49, 50.
Moreover, titanium oxide has a high ability to absorb UV light energy 51. The particles
were distinctively glossy and brilliant which conforms to the description of titanium
oxide. We hypothesize that the high reflectivity of the titanium dioxide particles on the
surface of the red glitter did not allow the laser reach the polymer surface during Raman
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measurement, or the Raman signal leave the sample, thus explaining the absence of
PET features on the measured Raman spectra on the red glitter.

a

b

c
Figure 2. EDS image (a) of MP glitter (Red pearl brilliant color, size range: 25 – 65µm)
showing the white spots where it indicates high titanium (Ti) content (b) and the
characteristic surface species at any point (c).
Figures 3, 4 and 5 show microscopic and their corresponding average Raman
spectrum obtained for the navy-blue hexagonal glitter with size of 350 µm, green square
glitter with size of 850 µm, and orange square glitter with size of 1500 µm respectively.
At least five particles were analyzed, with triplicate analysis for each particle.
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a

c

b

Figure 3 Raman microscope pictures (a and b) and spectrum of pristine blue hexagonal
glitter with size 350 µm (c).
c

a

b

Figure 4 Raman microscopic images (a and b) and spectrum of green square glitter with
size of 850 µm (c).
a

b

Figure 5 Raman microscope pictures and spectrum of pristine blue hexagonal glitter
with size 350 µm
The obtained Raman spectra were compared with the experimentally- acquired
polymer standard spectra and the spectrum matched PET spectrum for all three glitters.
The matching information obtained from the spectral database software confirms also
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this finding. Table 4 summarizes the different composition found by the software and
their corresponding matching scores.
Table 4 Composition detected by the KnowItAll® spectral database software for the
different types of glitters. Percentages in parenthesis indicate matching scores to
standard spectra
Glitter

PRB (25-65 µm)

NVB (350 µm)

Anatase (96%)

PET (52%)

Compositi
Copper

on
PET (4%)

phthalocyanine
(48%)

GRN (850 µm)

Brominated
polyester (53%)
Dimethoxybenze
ne (47%)

RNG (1500 µm)

PET (58%)
Cobaltous
chloride
anhydrous (42%)

The analyses of the glitter particles show the presence of PET in their
composition except for the smaller size glitters (PRB with size of 25 µm) where the
PET polymer could not be detected by Raman spectroscopy. Titanium oxide was the
dominant element in the red glitters as detected in both Raman spectrum and the
software. This can be due to the fact that titanium oxide and the size of the particles.
For the rest of the particles, additional additives were detected in their
composition. Additives are usually added to polymers to provide the needed properties
for their applications. Copper phtalocyanine, revealed in the blue glitters, is a metal
complex pigment used as a polymer additive due to its interesting properties such as
heat resistance, stability towards light and chemicals 52, 53. The SEM-EDS analysis
confirms also the presence of copper in the blue glitter particles (Figure SI 2). Resulting
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spectra of the EDS analysis indicated also the presence of carbon (C), oxygen (O),
copper (Cu), aluminium (Al) and silicon (Si).
Dimethoxybenzene was detected in the green glitter. Brominated flame
retardants are usually added during plastic manufacturing to reduce their flammability
54

. The SEM-EDS detected copper in the glitter particles (Figure SI 3). Resulting

spectra of the EDS analysis indicated the presence of carbon (C), oxygen (O), copper
(Cu), aluminium (Al), silica (Si).
Cobaltous chloride anhydrous in the spectrum was detected in the matching
spectrum of orange glitters.
In contrast to the red glitter, we notice that for the bigger size glitters show
clearly the presence of the PET polymer despite the presence of additional elements.
This shows that the additives were not embedded within the material but rather forming
layers of polymer and additive 5.
3.2. Weathered MP glitters
This section analyzes the physical changes or any alterations on the surface of
particles of all types of glitters resulting upon the release of glitter particles in the
synthetic wastewater. Samples were analyzed using Raman spectroscopy after 2, 8, 12,
and 20 days; and compared to their pristine conditions. SEM/EDS analysis was
performed for all glitters on the 20th day, the end-point of the experiment.
3.2.1. Weathering effect on PRB glitter with sizes between 25 and 65 µm:
The composition of the glitter particles, observed by Raman microscope, did not
show any changes in the spectra over the days (Figure 6).
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Figure 6 Raman spectra comparison for red pearl brilliant glitter with sizes between 25
and 65 µm due to weathering effect in synthetic wastewater on days 2, 8, 12 and 20, in
addition to pristine glitters: a) yellow =27 days ; b) pink = 20 days; c) turquoise = 12
days; d) Green = 8 days; e) Navy blue = 2 days; f) red= pristine.

SEM-EDS analysis shows the deposition of solids on the surface of the particles
as elongated and spherical particles in the 500 nm to 1 µm range (Figure 7). EDS shows
that the surface of the weathered glitter has high content of carbon and oxygen,
indicated formation of organic film; while the elongated particles are mineral salts
residues formed mainly of sodium (Na), calcium (Ca), magnesium (Mg), phosphorous
(P), sulfur (S), chlorine (Cl), and potassium (K). All these elements have been used in
the synthetic wastewater composition.
The organic films form some coating layers on the particles surface composed
probably of the bacteria community growing in the wastewater 35. In real wastewater,
these organic films will be formed of bacteria, algae, fungi and protozoans among
others 35. It was also noticed that the white circular particles composed of the titanium
oxide were numerous in the weathered particles which could indicate that the titanium
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oxide particles are released due to the degradation in wastewater 50. No cracks or other
surface morphology changes were observed for these glitters.

b

a

Figure 7 SEM pictures for pristine (a) and weathered glitter particles (b) at 20 days (red
pearl brilliant glitter with sizes between 25 and 65 µm)
3.2.2. Weathering effect on navy blue hexagonal glitter with size of 350 µm,
green square glitter (850 µm) and orange square glitter (1500 µm)
Raman spectra composition for the navy blue, green and orange glitters were the same
for both pristine glitters and weathered particles after 2, 8, 10, 12 and 20 days.
However, microscope images showed the presence of small fragments with a size range
of 5 to 200 µm that are broken off the main glitter particles (Figures 8, 9 and 10). The
released fragments were observed for samples extracted on days 2, 8, 10, 12 and 20.
Raman spectra of these fragments match the corresponding pristine glitter spectrum,
which confirms that these fragments are secondary microplastics generated from the
main glitter particle (Figures SI 5, 6 and 7). The number of fragments that are broken
off for the green and orange glitters were more numerous in comparison with the blue
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glitters. Additionally, discoloration and delamination of the particle’s surfaces showing
different colors was observed in both green and orange glitters.
b

a
c

d

Figure 8 Raman microscopic images for navy blue glitter aged at 20 days (a) with
fragments broken off the main particle (b, c and d).
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a

c

b

d

Figure 9 Raman microscopic images for green square glitter aged at 20 days (b, d) with
fragments broken off the main particle (a, c).
a

b

c

d

Figure 10 Raman microscopic images for orange square glitter aged at 20 days (b, d)
with fragments broken off the main particle (a, c).
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Surface texture characteristics of the aged glitter at 20 days are screened by SEMEDS analysis (Figures 11, 12 and 13). The analysis of the glitter surfaces reveals some
cracks, fractures and grooves indicating glitter surface degradation. Additionally, the
edges of the particles also had some fragmentation and roughening.
Exposure of MPs to environmental weathering conditions has been found to lead to
mechanical and biological degradation causing cracking and fractures of the particles
surfaces 55. This effect was also observed in our glitter samples, indicating similar
degradation procedures for glitters than for traditionally studied microplastics.
a

c

e

d

b

Figure 11 SEM pictures for pristine navy-blue glitter (a, b) and aged navy-blue glitter
at 20 days (c, d, e)
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Figure 12 SEM pictures for green square glitter in pristine and weathered conditions at
day 20.

a

d

b

e

c

f

g

h

i

Figure 13 SEM pictures for orange square glitter in pristine (a, b, c) and weathered
conditions at day 20 (d, e, f, g, h, i)
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3.3. Discussion
In general, the weathering effect on the red brilliant glitter with size range
between 25 and 65 µm was different than those observed on the rest of glitters with size
ranges between 350 and 1500 µm. While delamination, cracks and breaking off were
observed in the large particles, no physical changes were observed for the small
particles. This difference in behavior may be due to the size of the particles and the
composition and structure of the particles.
In the case of small glitters, titanium oxide became more exposed on the surface
of the particles after weathering. However, the particles did not show signs of
degradation such as fragmentation or discoloration. This could be primarily due to the
titanium oxide that was incorporated in the glitter particles. Titanium oxide is used as an
effective coating for protection from weathering for other plastic applications 56, 57;
therefore, it has superior resistance to degradation.
In the case of large glitters, the particles had defined shapes (rectangle and
hexagonal), platelet particles were formed in a layered structure. For these glitters,
surface changes were clearly observed. Surface properties (roughness, surface charge,
hydrophobicity) are relevant parameters to weathering effect 35, 58. The additive
materials (e.g. copper, dimethoxybenzene, cobalt) can get dissolved into the water
which might cause toxicity 59.
Also, the microscope showed small particles resulting from the fragmentation of
the large glitter particles. The optical microscope can only detect particles larger than 1
µm. Therefore, our procedures are overlooking fragments in the nano-size formed
during the breakdown of aged MP glitters 60, 61. These secondary MPs lose the
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characteristic morphological features of glitter when broken off, and thus cannot be
identified as glitter when detected in wastewater samples or other water samples. This
contributes to an underestimation of the real MP glitter contamination. Such particles
can have worse impacts on aquatic organisms than larger microplastics due to their
small size and large surface area, which makes it possible for them to penetrate tissues
and accumulate in organs 62, 63.
The difference in the glitters’ degradation behavior show that the additives used in
them can influence their integrity and persistence to weathering effects. Since the pearl
red glitter, containing titanium oxide, was very stable and did not show any physical
changes during weathering conditions, it can be a promising model for laboratory or
field experiments for future research. However, titanium oxide was possibly released
into the water, and additional tests are required to study its solubility and toxicity effect
in the media.
Further research in using those glitters as microplastic model in WWTPs to study
their removal at each step of the treatment would be favorable since they are resistant to
weathering conditions.
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CHAPTER 5
CONCLUSION

This study assessed different aspects of the microplastic contamination in
wastewater treatment plants. The compilation of studies showed a lack of consistency
among them with regards to quality assurance procedures, sample collection, sample
processing, characterization and identification techniques and reported results of MPs.
Standardized procedures for all of the different steps in the assessment of MPs in
wastewater will increase the accuracy of the results, reduce time and effort required, and
help to perform meaningful interpretations and comparisons between studies.
In order to reduce the discrepancy among the studies, further research studying
methods and techniques in all the steps required for MP extraction is recommended.
Future studies need to compare different methods using same real or synthetic WWTP
samples to extract MPs with calculating and comparing the recovery rates of each
method. These studies will contribute in acquiring better results than the existing ones
and help standardizing techniques for assessing MP at wastewater treatment plants.
The electrocoagulation process proved to efficiently remove MPs from the
effluent at municipal wastewater treatment plants. The removal of microplastic will
reduce the impacts of their discharges in the receiving natural waters, and consequently,
less adverse effects on the ecosystem and public health.
Overall, the removal efficiency of MP from the final effluent at WWTPs was
found to be the highest (98.5%) when adjusting the initial pH to 4 and applying a
current density of 2.88 mA/cm2 to the reactor. These parameters were also found to be
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optimal for the treatment cost efficiency and the electrodes metal consumption. The PIV
monitoring and the analysis of the foam’s bubble sizes helped visualize the EC process
and conformed with the theoretical discussion of results.
The electrocoagulation technique has proved efficiency of MP removal using a
small-scale reactor, however further research is recommended to study the number of
electrodes required for full-scale application, calculate the electrodes lifetime, and
examine the possibility of reducing the EC cost while maintaining or improving its
efficiency. Additionally, EC treatment as it stands right now is applicable as a post
treatment. Further investigations are recommended to study possible designs and
configuration for EC in a continuous reactor as a final treatment (secondary settlement
unit and EC treatment).
The characterization of MP glitters using SEM/-EDS analyses and Raman
spectroscopy analyses reveal different compositions, shapes and structures of the
particles. These characteristics can be used in further research to use MP glitters as
model particles either in lab experiments or to define MP sources by tracking them
using their special features.
The weathering test of the MP glitters shows that all types of glitter,
except for one, undergo some surface changes such as discoloration, cracks and
delamination when exposed to synthetic wastewater. These surface changes can lead to
depriving the glitters from their characteristics and hence underestimating them as
microplastic sources in water environments.
The secondary MPs, that are broken off due to weathering impacts, cannot also
be identified as glitter when detected in wastewater samples or other water samples.
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This contributes as well in an underestimation of the real MP glitter contamination.
Moreover, such particles can have worse impacts on aquatic organisms than larger
microplastics due to their small size and large surface area, which makes it possible for
them to penetrate tissues and accumulate in organs. Future research studying the
original sources of microplastics is recommended in order to prevent their release in the
environment.
One type of glitter, containing titanium oxide, was very stable and did not show
any surface changes due to weathering conditions, however, titanium oxide was
possibly released into the water. Further research in using those glitters as microplastic
model in wastewater treatment plants to study their removal at each step of the
treatment would be ideal since they are resistant to weathering conditions.

110

APPENDIX A
Potential of Nitrogen Recovery and Energy Saving Using
Bioflocculation in Wastewater Treatment Plants
Dounia Elkhatib1, Vinka Oyanedel-Craver1
1- Department of Civil and Environmental Engineering, University of Rhode Island,
Kingston,

Abstract
This study evaluates bioflocculation as nitrogen recovery strategy in wastewater
treatment facilities. Bioflocculation combines the primary influent of wastewater and
the return activated sludge from the secondary treatment in order to improve the
nitrogen removal efficiency as well as the nitrogen recovery. For this evaluation, Field’s
Point Wastewater Treatment Plant (WWTP) was used as case of study. This work
consisted of two phases: first, laboratory experiments were performed in order to
determine the bioflocculant potential of the activated sludge produced in the WWTP;
second, based on the result obtained during the laboratory stage, an evaluation for
possible implementation was performed. Results from the experimental stage showed
that the primary effluent was reduced by 46% and 25% respectively in the Total
Kjeldahl Nitrogen (TKN) and ammonia NH3-N concentrations when the mixing ratio of
sewage to sludge volumes is 1:1. During the second stage, savings calculation for the
aeration requirements and the nitrous oxide emissions from biological nitrogen removal
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were determined at the full-scale plant. The aeration reduction cost was found to be
$141k/year, while the nitrous oxide emissions were found to be reduced by 1.4 µmol
N2O/m2.s. Although the study showed that enhancing the primary settling stage could
allow nitrogen recovery as well as reduction in aeration requirement and nitrous oxide
emissions from WWTP, the application of this study at the existing Field’s Point facility
was not feasible because the waste activated sludge produced at the current rate does
not meet the ratio required for the bio flocculation study. However, other alternatives
are discussed to make the study feasible at other wastewater plants.

1. Introduction
Excess Nitrogen in rivers and streams causes water pollution and hence affects
public health. Nitrogen effluent discharge from wastewater treatment plants are
therefore becoming increasingly strict. The need for effective nitrogen removal
strategies to meet the nitrogen effluent limits while maintaining minimal operating
Wastewater Treatment Plants (WWTP) costs is therefore increasing. Conventional
biological nitrogen removal processes are usually conducted in a series of
anoxic/aerobic reactors(Metcalf Eddy et al., 2014). The biological processes that
remove nitrogen are nitrification and denitrification. During nitrification, ammonia is
oxidized to nitrite, which is then oxidized to nitrate (Metcalf Eddy et al., 2014). The
biological denitrification process consists on the reduction of nitrate to nitric oxide,
nitrous oxide and finally nitrogen gas (Metcalf Eddy et al., 2014). During the
nitrification stage, high energy use for aeration is required making it a cost burden to
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WWTP. Nitrogen removal requires 12 kWhel per person per year and significantly
contributes to the overall wastewater energy budget (Verstraete and Vlaeminck, 2011).
Activated sludge produced during the wastewater treatment can be managed
through different treatment processes such as digestion, composting and incineration
among others (Metcalf Eddy et al., 2014) . The anaerobic digestion process is widely
used for sludge treatment, as it converts the organic materials into biogas and anaerobic
digestate. The residual solids of digestate are commonly used for agriculture
amendments, which is an efficient way to recover the nitrogen, destined to be dumped
in landfills or incinerated (Li et al., 2016) . The liquid fraction of the digestate can also
be recycled as fertilizer in crop fields using different processes such as ammonia
stripping-absorption, struvite precipitation and concentration by vacuum evaporation or
reverse osmosis (Magrí et al., 2013) .

Nitrous oxide (N2O), which is a potent greenhouse gas, contributing for 5.3% of
the global anthropogenic greenhouse gas emissions in 2013 (US-EPA, 2013), can be
emitted during the nitrogen removal process in wastewater treatment. During the
biological nitrogen removal process, N2O is produced by nitrite reduction in the aerated
compartments (Toyoda et al., 2011) and during the anoxic stages as an intermediate
product (Colliver and Stephenson, 2000). The Environmental Protection Agency of the
United States reported that N2O from the wastewater sector accounts for about 3 per
cent of N2O emissions from all sources and ranks as the sixth largest contributor in the
United States (EPA, 2014). The increased presence of this gas in the atmosphere causes
a rise in the equilibrium temperature of the earth, thus arousing climate change.
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Therefore, the need of an efficient nitrogen removal system that achieves low N2O
emissions while maintaining the nitrogen removal standards, is required.
Recently, new alternatives for reducing aeration cost during nitrogen removal
processes in wastewater plants are gaining attention. Nitrogen removal via nitrite was
proven to enhance nitrogen removal and reduce aeration energy consumption (Guo et
al., 2012) (Gao et al., 2011). Simultaneous nitrification and denitrification is another
efficient process using intermittent aeration (Zheng et al., 2016); (Khanitchaidecha and
Koshy, 2013); (Fu et al., 2009) . However, the organic carbon can be insufficient in the
process, hence the denitrification will be uncompleted resulting in high NO3-N contents
in the effluent. The anammox system has proven to reduce the aeration demand through
partial nitrification followed by an anaerobic ammonium oxidation, with a good
nitrogen removal efficiency (Yang et al., 2015;Chen et al., 2012). However, the high
sensitivity of the bacteria to oxygen concentration and nitrite accumulation limit the
application of the anammox process (Li et al., 2008). Directed acclimation of a
nitrifying community to low dissolved oxygen (DO) concentrations (0.1mg O2/l) for
about 140 days can reduce the aeration compared to the anammox and simultaneous
nitrification-denitrification processes (Arnaldos and Pagilla, 2014). The optimum
requirements of all the above processes (pH, DO, temperature, loads), however, remains
a challenge.

New technologies in WWTP have also been developed to enhance the nitrogen
removal and decrease the energy consumption. The implementation of the Advanced
Control System (ACS) led to an average of 22% reduction in aeration in comparison to
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regular processes, without affecting the removal performance (Huyskens et al., 2011);
(Ludwig, 2011). Bio-electrochemical system was proven to eliminate nitrate through a
cathodic reduction process, with a low sludge generation yield. Bio-electrochemical
technology have the potential to generate energy from wastewater by means of
microbial fuel cells or microbial electrolysis cells (Mook et al., 2011). Nevertheless, this
method is relatively new and there is not widely implementation of the method in full
scale (Ghafari et al., 2008). Electrocoagulation process, which uses electric current to
eliminate different contaminants from water without the need of chemical or biological
additives, was found also to be an effective method for nitrogen removal (Tsioptsias et
al., 2015). The electrodes used in this process were, however, found to be dissolved in
wastewater as result of oxidation and need to be regularly changed. Other
physiochemical processes, such as reverse osmosis, ultrafiltration and nitrogen stripping
are also used but they are rarely applied because of their high investment costs
(Verstraete and Vlaeminck, 2011).

Advanced primary treatment processes using bio flocculation, sedimentation and
stabilization are promising alternatives to traditional primary treatment processes, with
proven high organic load removal (Zhao et al., 2000). However, to the knowledge of the
authors, these processes have not been assessed for nitrogen removal. In these
processes, the recycling of activated sludge or the aeration of primary sludge to induce
biological activities have been proposed to enhance the removal of colloidal matter in
the primary settling tank (Huang and Li, 2000; Yetis and Tarlan, 2002) . For example,
the Captivator system, an enhanced primary treatment based on biosorption, has been
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used to reduce aeration requirements and increase the production of biogas from
anaerobic digestion of primary sludge (Waul et al., 2014). The system works based on
the principles of biosorption to divert more colloidal organic to the anaerobic digestion
stage instead of the aeration chamber. The study has shown 50-60% Biochemical
Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) removals in the
primary effluent. The nitrogen removals in the final secondary treatment effluent, were
very low (40% TN removal) because the nitrification was limited, assuming that most
of the oxygen consumed was used for COD oxidation. The ClearCove Systems
Enhanced Primary Treatment (EPT) technology is another primary treatment solution
which combines all the features of the primary treatment (primary clarification, flow
equalization, fine screening, grit removal, fiber removal and floatables removal) in a
single tank (Wright et al., 2014). This technology shows a high BOD removal (6570%), which reduces the energy consumption of the activated sludge process and
produce more biogas from digestion of primary sludge. The TKN removal in this
system was shown to be around 26% from primary treatment.

While the listed technologies show improvements and energy saving in
wastewater treatment, they require facility design changes to existing traditional
wastewater plants and hence major investment costs. Also, all of the listed studies
focused on the removal of solids but none of them focused on the benefits of the
nitrogen reduction/recovery from the primary effluent.
The objective of this study is to enhance the nitrogen removal and recovery
during the primary treatment stage by bio flocculation, using the waste activated sludge
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from the secondary treatment as flocculent. The removal of nitrogen and organics from
the primary effluent could reduce the energy requirements in the activated sludge
process and also reduce the N2O emissions produced during the nitrogen removal
processes. The biogas and the residual solids from the facility’s anaerobic digester will
increase upon digestion of primary sludge, which has high energy and nitrogen content.
2. Materials and methods
2.1. Experimental setup
The influent wastewater and the activated sludge used in this study were
obtained from the Narragansett Bay Commission Wastewater Treatment Facility,
located at Field’s Point in Providence, Rhode Island. The facility has an average daily
flow of 40 MGD providing services to about 226,000 people. This plant uses the
Integrated Fixed Film Activated Sludge (IFAS) process for the secondary treatment to
promote nitrification, since in May 2014 effluent total nitrogen limit allowed at the
facility was reduced to 5 mg/L. In this process, small engineered plastic media are
suspended in the wastewater to promote biofilm grow on and within the media. Typical
influent wastewater characteristics provided by the facility are listed in Table 1.

Table 1- Typical Wastewater Characteristics at Field's Point Facility in 2015 (NBC Report, 2015)

Range (Min-

BOD

COD

NH3-N

TKN

[mg/L]

[mg/L]

[mg/L]

[mg/L]

127-257

88-370

12.1-

12.5-

25.7

32.5

20.1

26.3

Max)
Average

182.8

266.4
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pH

6.5-6.7

6.6

The influent wastewater used in this experiment was obtained from the outlet of
the primary treatment building in plastic containers. The activated sludge was obtained
from the Return Activated Sludge (RAS), which should have the same characteristics of
the waste activated sludge, located in the secondary treatment building in plastic
containers. The collected samples were tested and analyzed at the environmental
engineering laboratory located at the University of Rhode Island. Table 2 summarizes
the operating initial conditions tested in the laboratory of the influent and activated
sludge samples.

Table 2 Initial Conditions of influent wastewater and return activated sludge

COD

NH3-N

TKN

pH

[mg/L]

[mg/L]

[mg/L]

Influent wastewater

159 ± 9

9 ± 0.1

13 ± 0.2

7 ± 0.3

Return Activated

466 ± 26

14 ± 0.2

26 ± 0.7

7 ± 0.3

Sludge
2.2. Procedure
The tests were conducted in sealed 1000 mL graduated cylinder. Influent
wastewater (or sewage) and activated sludge were mixed in the cylinders according to
the test conditions summarized in Table 3. The graduated cylinders were shaken to
assure a good mixing of the components, followed by 30 minutes of contact time
between the two materials. Bio flocculation efficiency was determined by the removal
percentages of nitrogen from the influent. pH was measured before and after the
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mixture of the solutions, and no pH corrections were needed during the experiment. pH
values remained around 7 during the whole experiment. Samples were taken at time 0
and at the 30-minute mark time from the supernatant. All samples were analyzed in
triplicates.
Table 3 Mixture Conditions used during the Experiment

Volume of Sludge [mL]

Volume of Sewage [mL]

0

1000

250

750

500

500

1000

0

2.3. Analytical Methods
Chemical Oxygen Demand (COD), Ammonia (NH4), Total Kjeldhal Nitrogen
(TKN) and the Mixed Liquor suspended solids (MLSS) concentrations were the
parameters followed in this experiment. COD was measured using the Hach method
(TNT821) according to the manufacturer’s instructions. NH3 and TKN were measured
using the Hach method (TNT 831 and TNT 880). A quality control check was
performed by testing standard solutions and blanks for COD, TKN and NH3. The blanks
used are deionized water to monitor the purity of reagents and the cleanliness of
glassware and equipment. The MLSS was measured according to the Standard Methods
for the examination of Water and Wastewater (APHA, AWWA and the WEF, 1998).
pH Vernier sensor was used to measure pH and Vernier optical DO probes was used to
measure Dissolved Oxygen (DO) concentrations. The settled volume of the sludge (mL)
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was also recorded by reading the settled volume of solids in the graduated cylinder after
30 min. All the samples were running in triplicates.

After collecting the samples, they were preserved by adding sulfuric acid until
pH was below 2. The samples were then refrigerated until analysis. Prior to analysis, the
pH was adjusted again to 7 using 5N sodium hydroxide solution, then the samples were
centrifuged for 2 min at a speed of 3000 rpm at room temperature. The tests were
performed only on the supernatants of each sample.

The removal percentage of organic matter takes into account the removal
mechanisms from both the influent and the activated sludge. This method was based on
a research study where settleable solids removal from bio flocculation was assessed
(Araneda et al., 2017). This method was modified for the purpose of this study to
calculate the total removal organic matter from the influent. Figure 1 shows a schematic
representation of the cylinders configurations with the nomenclatures.
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Figure 1 Schematic Diagram of the Experimental Setup

The removal percentage is calculated based on a mass balance according to the
following equations (Equations 1 to 4). When mixing sludge and activated sludge, the
mass removal (MR) provided by each fraction can be evaluated as follows (see
nomenclature included in Figure 1):

34G − 34J
)
34G
3LG − 3LJ
= EL ∙ 3LG . (
)
3LG

3#4 = 3#5678,9:9 ;< ,=.>?:=@ A:BCD: = E4 ∙ 34G . (
3#L = 3#5678,9:9 ;< CM@,8C@:9 A>?9D:

(1)
(2)

Where, 3,G = +,G . N,G (O PQ%$ PG and 3,J = +,J . N,J (O PQ%$ PJ

On the other hand, the MR observed after settling experiments, for the mixture
of sewage and activated sludge is:
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3#R,S@?6: A:BCD:TCM@,8C@:9 A>?9D: = 3UG − 3UJ − 3#4 − 3#L

(3)

Finally, the percent removal is calculated according to the following equation:

V$WX$YO #$%&'() = 100. (

3#R,S@?6: A:BCD:TCM@,8C@:9 A>?9D: (4)
)
3UG

3. Results and discussion
The results show that there is a considerable removal efficiency of respectively
59%, 47% and 25% for COD, TKN and NH3 concentrations in the second mixture
(500:500), where the sludge and sewage are mixed in the same ratio.
The removal percentages of COD, TKN and NH3-N in all the different setups
described earlier, are summarized in Table 4.

Table 4 Summary of COD, TKN and NH3-N removal from the different combinations. Results are expressed as the
acerage ± standard deviation.

Percent Removal of the Mixture (%)
(Sewage: Activated Sludge)
Mixture
Influent

Activated
Mixture 1

2

(750:250)

(500:500

(1000:0

Sludge

)

(0:1000)
)

COD

35 ± 4

11 ± 0.5

59 ± 3

20 ± 0.2

TKN

24 ± 2

17 ± 4

47 ± 0.7

4 ± 0.01
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NH315 ± 0.9

14 ± 0.8

25 ± 1.4

6 ± 0.4

N

Compared with literature values for conventional activated sludge systems, the
COD removals from this study are almost double than those from conventional WWTP
for both COD (60% COD removal) and nitrogen (47% TKN) (WEF, 2005). Figure 2
summarizes the comparison between the conventional primary treatment and the
proposed advanced treatment.

70

Concentrations (mg/l)

60
50
40
30
20
10
0
COD

TN

Conventional Primarry Treatment

Advanced Primary Treatment

Figure 2 Comparison between the conventional primary treatment and the suggested primary treatment

The COD removal percentages obtained from the bio flocculation in this study
were very similar to the percentages found in previous similar studies. Zhao et al.
(2000) showed, in the bio flocculation-adsorption, sedimentation and stabilization
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process (BSS) used in their study, an approximately 70-80% removal of COD in the
primary effluent after a flocculation time of 30 min, return sludge ratio at 30%, and DO
maintained at 2-4 mg/L. The TKN and NH4 removal percentages were 6 and 10 %,
respectively (Zhao et al., 2000). Huang and Li (2000) have found a COD removal
percentage of 48% by mainly sludge flocculation/sorption and gravity settling, after 30
min sludge pre-aeration then mixed with raw sewage before settling. The nitrogen
content removal was not assessed in that study. The Enhanced Primary Treatment
(EPT) unit developed by ClearClove systems achieved an average BOD removal of
67% and TKN removal of 26%.
Although the organics removal percentages from different studies look
comparable, the comparison of results from different studies based only on removal
would not be appropriate, since the steps and conditions in each study differ.

4. Benefits and Impacts of the Bio flocculation Process to Narragansett Bay
Commission Wastewater Treatment Plants
In order to apply the concept of bio flocculation process at this existing
wastewater facility, the waste activated sludge has to be pumped back into the primary
clarifier. The study shows that, to achieve the highest nitrogen removal in primary
treatment, the influent and the activated sludge have to be mixed in a ratio of 1:1.
However, the waste activated sludge flow (0.4 MGD) at Field’s Point facility was very
low compared to the influent flow entering the facility (44 MGD). Therefore, the
application of this procedure at Field’s Point plant will require major modifications and
costs which will defy the purpose of the study.
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Instead, NBC Bucklin Point wastewater treatment plant was considered for the
application of the bio flocculation concept. This facility, located in East Providence,
provides preliminary and primary treatment for an average daily flow of 14 MGD in
2015. The total effluent nitrogen allowed at this facility is 5 mg/l (NBC Report, 2015).
NBC’s Bucklin Point Wastewater Treatment Facility (WWTF) uses anaerobic digestion
to stabilize sludge generated through the wastewater treatment process, and a major
portion of the biogas produced is used to heat the facility’s digesters.
4.1. Calculation of Aeration Requirements
One of the main objectives of this study was to evaluate a possible strategy for
reducing the energy consumption from WWTPs by reducing the aeration required for
nitrogen removal in the primary treatment process. The nitrogen removal stage is one of
the major consumption of energy in the whole wastewater treatment process.
The average aeration required for the plant is 1913 SCFM (Standard Cubic Feet
per Meter) (Wenskowics, 2017), which costs $301k/year, based on the compressed air
cost which is $0.3/1000ft3 of air (Industrial Technologies Program, 2004).

According to our experimental results, the removal rates were found to be 47%
when mixing the influent sewage with the activated sludge in a 1:1 ratio. Therefore, the
aeration reduction cost would be then $141k/year. The graph below shown in Figure 3
shows the aeration and cost reductions in the enhanced primary treatment vs the
existing conventional primary treatment at Field’s Point.
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Figure 3 Comparison between the existing treatment plant and the enhanced bio flocculated treatment
plant

4.2. Nitrous Oxide Emissions
Nitrous oxide (N2O), a potent greenhouse gas, can be emitted during wastewater
treatment, significantly contributing to the greenhouse gas footprint. Different factors
and conditions can affect the N2O emissions during wastewater treatment. The
biological mechanisms during the nitrogen removal process highly contributes in the
N2O emissions. Therefore, reducing the nitrogen load from the wastewater plant will
reduce the N2O emissions as well.
The emissions of N2O from the NBC Field’s Point plant are 2.6 µmol N2O/m2.s
(Brannon et al., 2016) based on the daily influent of nitrogen entering the plant (Table
1).
When applying the bio flocculation to the wastewater treatment plant, the
nitrogen rates would be reduced by 47% by mixing the influent sewage with the
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activated sludge in a 1:1 ratio. The N2O emissions will then be reduced to 1.4 µmol
N2O/m2.s. Figure 4 shows the nitrous oxide emissions in the existing wastewater
treatment plant and the enhanced primary treatment.

Nitrous Oxide Emissions (µmol N2O/m2.s )
3
2.5

2.6

2
1.5
1

1.2

0.5
0
Existing Primary Treatment

Enhanced Primary Treatment

Nitrous Oxide Emissions
Figure 4 Nitrous Oxide Emissions from the existing WWTP and the enhanced primary treatment

4.3. Recovery of Nitrogen via Enhanced Primary Sludge
The primary sludge produced during primary treatment is treated at NBC
Bucklin Point facility using anaerobic digesters. In this process, the biosolids are broken
down in the absence of oxygen, and partially converted into gases, while the remainder
is dried and becomes a residual soil-like material (Metcalf Eddy et al., 2014). The
treated sludge contains useful concentrations of nitrogen, phosphorus and organic
material.
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When applying the suggested enhanced primary treatment in this study, the total
nitrogen removed from the primary effluent will be transferred to the primary sludge.
The increase of the nitrogen availability in the primary sludge by 47% will increase the
benefits of the treated sludge, as it will have higher nitrogen contents, and hence more
beneficial to the grassland. The organic matter in sludge can also improve the water
retaining capacity and structure of some soils, especially when applied in the form of
dewatered sludge cake (Natural Resources Management and Environment Department).
The nitrogen being transferred to the primary sludge, is hence recovered to a more
useful way than being consumed by microorganisms in the secondary treatment, which
requires high amounts of energy too.
4.4. Biogas Production at NBC Bucklin Point Facility
Anaerobic digestion reduces the volume of sludge and produces methane
containing biogas, a renewable energy, as a by-product. Collecting the energy from the
biogas through an efficient combustion process is both economically and
environmentally beneficial. The Bucklin Point WWTF produces approximately 250,000
standard cubic feet/day of biogas containing 60% methane which is equivalent to the
heating demand of about 250 average sized homes on mid-winter’s day (NBC Report,
2015). A major portion of this biogas is burned in an on-site boiler to heat the facility’s
three sludge digesters. Excess biogas is flared.

The average COD concentration in the influent at Bucklin Point facility is 260
mg/l (or 0.0021 lbs/gal) (NBC Report, 2015). The average load of COD per day would
be 30,240 lbs/day, for an average influent rate of 14 MGD.
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Based on the results of this study, the percent of COD concentrations in the
influent that is transferred to the primary sludge is 59%. The methane production
achieved by primary sludge was found by (Mahdy et al, 2015) to be 266 mL per gram
of COD. And, the methane has a calorific potential of 6.22E-3 kW.h/L CH4 (Metcalf
Eddy et al., 2014). By using these information, the amount of CH4 produced per day
will increase by 76,021 cubic feet, which is around 51% increase of the current methane
production (calculations details are included in the annex).
4.5. Estimation capital cost due to process layout modification
Although the bioflocculation can not be applied at the Bucklin Point facility as
well, because the waste activated sludge flow rate is low in comparison to the influent
flow rate entering the facility, we decided to complete the study with an estimation
capital cost for the proposed enhanced primary treatment.
The application of the enhanced primary treatment study at the wastewater
facility is simple and does not require major facility changes. Figure 5 shows a picture
of the facility obtained from google earth; and Figure 6 shows a schematic plan of the
treatment process of the plant.
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Figure 5 Narraganset Bay Commission Bucklin Point Wastewater Treatment Facility (Google Earth)

Figure 6 Schematic Site Plan of Narraganset Bay Commission Bucklin Point Wastewater Treatment Facility (Bucklin
Point Report, 2016)
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In order to apply the concept of bio flocculation process at this existing
wastewater facility with minimal investment costs, a pipe and a pump have to be
installed to deliver the secondary activated sludge back into the primary clarifier.
The proposed treatment system is sketched in a simplified diagram in Figure 7.
The recirculation of the activated sludge to the inlet primary treatment is shown in red.

Figure 7 Diagram flow for the proposed treatment system

The estimated cost of the pipeline carrying the activated sludge was based on a
calculation by (Marufuzzaman et al, 2012). The pipeline construction and operating
related costs includes the construction cost, the pipe material cost and the pipeline
maintenance cost. The type of pipeline can vary depending on the characteristics of the
product like pH, viscosity, corrosion and friction (Marufuzzaman et al, 2012). The
pipeline chosen to be used for this study is PVC for the low cost and non-corrosion. The
sludge pipes should have a minimum diameter of 6 inches for pump suction and
discharge lines (wastewater committee of the great lakes, 2004). The pipe diameter used
in this study is assumed to be 6 inches. The construction cost is estimated based on a
rate of $31,037.1 per mile per inch from the study of Pootakham and Kumar (2010a,b).
The Pipe material cost is based on the prices of (US plastics) as $14.84 per foot for a
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pipe of 6 inches diameter. The pipeline maintenance cost is based on 0.5% of pipeline
capital costs (Ghafoori and Flynn, 2006).

Different types of pumps can be used for the primary sludge such as plunger,
centrifugal, diaphragm, progressive cavity, chopper and hose (Metcalf Eddy et al.,
2014). The centrifugal pump is however most commonly used for the primary sludge in
wastewater plants, because it has high volume and excellent efficiency for sludge
pumping applications and can pass large solids and grit (Metcalf Eddy et al., 2014). The
construction costs for the sludge pumps are usually included in the overall capital
construction costs for a treatment plant. Therefore, there is a wide range of costs starting
as low as $30,000 and reaching as high as $1,000,000. The low-end cost is for small
plants while the higher end includes sophisticated equipment and/or a large plant (EPA,
2000). Since the plant at Bucklin Point is a small plant, and treats a low influent flow
rate, the estimation cost for the pump will be considered as $30,000.
The total cost estimation for the modifications at the facility will therefore be
around $77,000. This cost is totally redeemed by the cost reduction resulting from the
aeration reduction in the activated process, which was found earlier to be around
$141,000 per year.

Table 5 summarizes the estimated costs for the different components of the
proposed pipeline construction.
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Table 5 Estimated Costs Components for Pipeline Construction

Items

Cost ($)

Construction cost

26,071

Pipe material cost

10,781

Pipeline maintenance cost

54

Pump Cost

30,000

Total Cost

76,906

5. Possible alternatives for using the bio flocculation
The application of the bio flocculation study was found not be feasible at the
existing facilities in Field’s Point and Bucklin Point; however, other alternatives are
suggested to make it possible and take advantage of all the potential benefits listed
above.
1- The waste activated sludge at Field’s Point is usually transported to another
treatment system where they get incinerated. This sludge can be transported instead to
Bucklin Point and added to the primary treatment to enhance the primary effluent. Also,
looking at all the wastewater treatment facilities around in Rhode Island, we found that
many of them don’t treat the sludge at their facilities, but send them for disposal, such
as Bristol WWTP, Cranston WWTP and others.
2- The bio flocculation study can be a great addition to a newly constructed
wastewater treatment facility, because of its very low installation cost and all the
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benefits that can be achieved when applied.
3- Further research can be studied about the application of the bio flocculation
on different types of wastewater treatment processes such as anammox or other
advanced processes.
6. Conclusions
The Bio flocculation of the influent sewage proposed in this study is an
advanced primary treatment process. Its mechanism for the removal of organics,
without any addition of chemicals, enhances the nitrogen removal and recovery from
wastewater treatment plants. The experiments showed that TKN in the influent was
reduced by 46% and the NH3-N was reduced by 24% as a result of mixing the activated
sludge from secondary treatment with the primary influent, for a flocculation time of 30
min.
The removal performance of the bio flocculation in the primary treatment, has
also shown some energy consumption savings in the treatment aeration process. For the
same removal percentages mentioned above, the expected reduction in the aeration
process was about 18% for the cost and 36% for the air requirements.
Another main advantage of the bio flocculation process is the recovery of
nitrogen and organics in the primary sludge. The primary sludge, which is rich in
nitrogen content, can be used as fertilizer to supply agriculture soils instead of chemical
fertilizers that require large amounts of energy to produce. Also, the primary sludge
which has a higher energy content than the sludge removed at the secondary treatment
due to the high organics content, produce more biogas during digestion.
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Finally, the calculations from the bio flocculation process have proven a
reduction of the nitrous oxide emissions from wastewater treatment due to the reduction
of Nitrogen content. In the enhanced primary treatment where the bio flocculation was
applied, the N2O emissions were reduced by 27%.
In conclusion, the Bio flocculation process has proven to be a new approach in
primary treatment of wastewater that leads to an energy efficient and improved process
design in wastewater treatment sector.
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1. Summary of the methodologies used in assessing MPs in WWTPs

Table SI 1 Summary of the methodologies used in assessing MPs in WWTPs studies
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2.
3. Summary of the methodologies used in assessing MPs in drinking water
Table SI 2 Summary of the methodologies used in assessing MPs in drinking water
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4. Number of WWTPs assessed for MP contamination in multiple studies and
summarized by countries and continents
Table SI 3 Summary of the number of WWTPs studied for MP analysis by countries
and continents
Continents

North America
(N=51)

Europe
(N=32)

Location
Countries
Los Angeles, USA
Northern California
New York (NY), USA
Northern Ohio, USA
Eastern Wisconsin, USA
Detroit, USA
Illinois, USA
San Francisco, USA
New Jersey, USA
Oakland, California, USA
River Clyde, Glasgow
Paris, France
Finland
Ljubljana,Slovenia
Lysekil, Sweden
Netherlands
Ireland
Netherlands
Derby, United Kingdom
Helsinki, Finland

Number of WWTPs
by countries
10
2
6
1
2
2
9
8
10
1
1
1
1
1
1
1
7
7
7
4
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Australia
(N=5)

Karlsruhe, Germany
Sydney, Australia
NSW, Australia

1
3
2
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5. MP concentrations expressed as number of MP particles per volume in the
final effluent for different particles sizes in WWTP studies.
Table SI 4 Compilation of Microplastic concentrations (Number of particles/m3) in the
effluent reported by different studies. N=number of studies; NA= Not available or
reported.
Concentration
Range (MP/m3)

Low range
(0.8 -500)
N= 19

20-65

100-300

300-500

>500

1

✔

✔

✔

NA

Total MP
Concentratio
n (MP/m3)
8.8 x 10-1

21

NA

NA

NA

✔

5.0 x 101

5

NA

NA

✔

✔

5.92

5

NA

NA

✔

✔

1.12 x 101

3

NA

✔

✔

NA

1.7 x 101

8

NA

✔

NA

NA

4.8 x 101

7

NA

✔

✔

NA

1.06 x 102

4

✔

✔

✔

NA

5.0 x 102

9

NA

✔

✔

NA

9.15 x 10

10

NA

✔

✔

✔

2.1 x 10

32

NA

NA

✔

NA

8.0 x 101

11

✔

✔

NA

NA

5.0 x 101

11

✔

✔

NA

NA

2.0 x 101

2

NA

✔

✔

✔

2.5 x 102

16

✔

✔

✔

NA

2.80 x 102

16

✔

✔

✔

NA

4.80 x 102

17

✔

✔

NA

NA

1.65 x 102

17

✔

✔

NA

NA

1.00 x 102

17

✔

✔

NA

NA

1.00 x 102

Re
f

Sizes Range (µm)
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Table SI 4 Compilation of Microplastic concentrations (Number of particles/m3) in the
effluent reported by different studies. N=number of studies; NA= Not available or
reported (Continued)

Medium range
(1,000-6,000
MP/m3)
N=8

High range
(35,000-81,000
MP/m3)
N=3

23

✔

✔

✔

✔

3.50 x 103

16

✔

✔

✔

NA

1.54 x 103

22

NA

✔

✔

✔

6.99 x 103

21

✔

✔

✔

NA

9.00 x 103

18

NA

NA

NA

NA

1.00 x 103

11

✔

✔

NA

NA

2.46 x 103

4

✔

✔

✔

NA

5.90 x 103

4

✔

✔

✔

NA

2.60 x 103

6

NA

✔

✔

✔

3.50 x 104

24

NA

✔

✔

✔

1.90 x 104

15

✔

✔

✔

✔

8.10 x 104
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6. MP concentrations (number of particles per cubic meter) reported in the
studies in consideration of the particles size
Table SI 5 Compilation of MP concentrations results in bottled and tap water. N=
number of studies; DWTP = Drinking Water Treatment Plant; PP=Polypropylene,
PES=Polyester, PET=Polyethylene Terephthalate, PS=Polystyrene,
PAM=Polyacrylamide
Concentration (MP/m3)
Sample Type

Stud
y

Size
(μm)

Average (MP/
m3)

6.5 – 100

3.15 x 105

3.0 x 104 to 9.3 x 105
2.0 x 102 to 2.18 x
104

>100

1.04 x 104

PP, PES

1 - 500

1.4 x 104

0 to 2.8 x 104

PET, PE,
PP

< 10

2.65 x 106

0 to 5.51 x 106

>10

0

25

<5

1.18 x 105

NA
3.0 x 104 to 2.06 x
105

34

>5

2.26 x 105

0 to 5.33 x 105

25

<5

5.0 x 104

0 to 1.02 x 105

34

>5

1.41 x 106

0 to 3.99 x 106

28

< 5,000

4.5 x 103

0 to 6.1 x 104

33

Single use
plastic
bottled water
(N=4)

25, 26

34

Reusable
plastic
bottled water
(N=2)
Glass
bottled water
(N=2)
Tap water
(N=1)
DWTP
influent water
(N=2)

1- 10

2.07 x 106

>10

2.30 x 105

50 - 150
1 - 50

2.50
NA

31

1- 50

4.6 x 105

>50
1- 50
>50

3

30

PET, PE,
PP, PS
PET
PET
PES, PE,
PA
PET, PE,
PS
NA

6

1.89 x 10 to 6.71 x
106
2.11 x 105 to 7.46 x
105
0 to 7
NA
2.57 x 105 to 6.43 x
105
5.0 x 103 to 1.3 x 104
NA
0 to 1

31

30

DWTP
effluent water
(N=2)

Range (MP/ m3)

Particles
polymer
compositio
n

9.0 x 10
NA
4.0 x 10-1
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PET, PP,
PAM
PES, PVC,
PA, PE
PET, PP,
PAM
PES, PVC,
PA, PE

7. Ranking frame scores and explanations:
Table SI 6 provides the scores assigned for each study in five categories: sample
collection, sample processing, quality control (QA/QC), identification technique, and
reporting studies results (MP concentrations and composition).
Table SI 7 provides a general explanation of the scores based on each criterion.
Table 6 Ranking of studies assessing MP in wastewater treatment plants
Reference Sampl
e
collect
ion
1

QA/QC

Sample
processin
g

Identificat
ion
technique

Reportin
g results

Final
Score

- Carr
- Murphy
3
- Mason
4
Michielssen
5
Mckormik
6
- Dris
7
- Sutton
8
Estahbanati
9
Dyanchko
11
Talvitie
12
Magnusso
n
15
- Leslie
16
ziajaharomi
17
- Talvitie
18
- Browne
19
- Tagg
20
Majewski
21
Mintenin
g

3
3
2
3

1
2
2
2

1
1
3
1

1
2
1
1

3
3
2
3

9
11
10
10

2

2

3

1

2

10

2
2
2

2
2
2

1
3
3

1
1
1

3
2
1

9
10
9

2
3
2

2
2
1

3
1
1

3
3
3

2
2
2

12
11
9

3
2

1
2

1
3

3
3

3
1

11
11

3
1
1
2

2
2
2
2

1
1
2
2

3
1
3
2

2
1
1
1

11
6
9
9

2

2

3

3

3

13

22

2

2

3

3

2

12

2
3

3
3

3
2

3
3

2
3

13
13

2

Gundogdu
23
Wolff
24
Conley
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Table SI 7. General explanation of scores based on each of the five criteria
Criteria description
Information about the sampling method used should be
provided. This includes a clear explanation of the method
used to extract the samples, and information about the gear
Sample
and tools used during sampling including their type of
collection material (e.g. plastic, glass, metal).

Sample
processin
g

Quality
control
(QA/QC)

The samples volumes, location, time, and number should also
be reported.
Samples should be processed preferably by density separation
and digestion to purify wastewater by removing organic
compounds through oxidation.
Samples should also be separated by size through sieving to
facilitate the reporting of results.
Several measures for control should be used during the
processing of the samples, e.g., the choice of plastic-free
laboratory tools, the use of cotton lab coats, processing
samples in a laminar flow chamber, and cleaning precautions
for tools and the lab bench.

The use of a moist filter exposed to the air during the
processing of the samples to account for airborne
contamination, a blank sample using DI water, spiking a
sample with a known polymer and using triplicate samples.
Polymer identification of particles should be provided. This
Identifica
can be done using spectroscopy methods (e.g. Raman or
tion
FTIR). All particles should be analyzed ideally, however, a
technique
reasonable extrapolation is accepted.
s

Results

Visual inspection, using microscope, is also recommended to
classify the particles by color, shape, and sizes.
Reporting of results should include MP concentration,
preferably expressed by number of particles per unit of
volume, including the error percentage.
The reporting should also include, if possible, the particles
sizes, shapes and color.
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8. Detailed description of the National Ocean and Atmospheric
Administration (NOAA) digestion method:
The method consists of drying the samples in the oven at 90oC for 24 hours, then
digesting the organic matters by adding wet peroxide solution (WPO) that contains
hydrogen peroxide and aqueous Fe(II) solution while heating the samples at 75oC. The
last step is the density separation using NaCl solution (density= 1.2g/cm3) to increase
the density of the sample. In this step, the MPs will float on the surface due their lower
density values, and the remaining particles will settle down. Although NaCl is the most
popular solution for MP density separation and is recommended for use by NOAA, it
has been shown that some MP polymers (PET, PVC) with higher densities can be
removed with the settled particles. On the contrary, ZnCl2 brine solution (density =
1.7g/cm3) was found to be a good candidate for MP density separation but a more
expensive solution 35, 36. In only one study, the ZnCl2 solution has been used in the
wastewater based MPs 14, 37.
The solution is then filtered through a sieve with a mesh size of 300 µm 38. However, in
the wastewater-based MPs studies, the solution is filtered through different mesh sizes
varying from 0.7 to 11 µm using filter papers, or 25 to 125 µm mesh size.
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1

Electrochemical reactions during EC process:

During the EC process, the main electrochemical reactions that occur are shown in
equations 1 to 425, 27:
Equation 1
Z) ([) → Z) ]T ((^) + 3$ aJ
Equation 2
2cd e ()) → ed (f) + 4cT ((^) + 4$ a
Equation 3
T
Z) ]T ((^) + Ycd e → Z)(ec)]a=
= ((^) + Yc

Equation 4
2$ a + 2cd e → cd + 2eca

2

Synthetic and real wastewater effluent characteristics

Table SI 1 Synthetic wastewater effluent characteristics
Compound

Concentration

Parameters

1

Concentration

(mg/l)

(mg/l)

Yeast extract

66

COD

14.8

Peptone

96

Ammonia

1.44

Urea

18

Nitrate

0.02

K2HPO4

84

Nitrite

0.008

CaCl2.2H2O

12

Total suspended solids

4.0

NaCl

21

pH

6.5

MgSO4.7H2O

1

Table SI 2 Wastewater effluent characteristics before and after chlorination (NBC
Field’s Point)
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Parameter

Concentration ± standard
error (mg/L)

BOD

2.9 ± 0.2

COD

2 ± 0.2

Total suspended solids

3.5 ± 0.1

Ammonia

2.2 ± 0.1

NO2+NO4

2.2 ± 0.2

TKN

3.2 ± 0.2

pH

6.4 ± 0.2

3

Distribution of commercial microplastic particle sizes:

70
60

Percentage (%)

50
40
30
20
10
0
250

125

63
MP size (um)

25

<25

Figure 1 Microplastic particle size distribution tested by sieving the powder over a set
of sieves with mesh sizes between 25 µm and 300 µm and measuring the mass of each
fraction collected.

4

Operational conditions for the EC experiments:

Table 3 Operational conditions used during EC process for both SWW and real WW
Operational conditions ± standard error
pH

2, 4, 7 ± 0.2
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Voltage (V)
Current intensity (A)
Current density (mA/cm2)

5

10± 0.3; 15± 0.3; 30 ± 0.3
0.1± 0.02; 0.23± 0.02; 0.46 ±
0.02
1.92± 0.18; 2.88± 0.18; 8.07 ±
0.18

Full description of the experimental methods used during the lab
experiments
The initial conditions of the mixture (pH, temperature, turbidity, and COD) were

measured before applying the current. pH and temperature measurements were obtained
using a Multiset (Mettler Toledo) connected to a pH Vernier electrode and a
temperature sensor. Turbidity was measured using turbidimeter (Hach TL2300). The
chemical oxygen demand (COD) was analyzed using Hach reagents (TNT 821)
according to the USEPA reactor digestion method (Method 8000) and measured using a
HACH DRB 200 spectrophotometer.
The electrical current was applied using cables connected to the DC power battery
and attached to the anode and cathode that are submerged in the solution. Metal
consumption was measured to account for the mass loss efficiency of electrodes during
the EC process. It was determined by weighting the electrodes before and after each run
using an analytical balance (Mettler Toledo ME103). The connections between the
electrodes were reversed after each test run to prevent the formation of passive
aluminum layers that adhere to the electrode surface 2.
Each EC experiment run for a total time of 90 min, starting when the DC power
supply was switched on. Samples (20 ml) were collected from the valve at 0, 15, 30, 60
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and 90 min, and were allowed to settle for 5 min before taking measurements. Current
and voltage were recorded at each sampling time. Total suspended solids (TSS) were
measured from the mixture solution before EC and after EC to account for solids
removal. TSS and sample preservation for metal analysis were carried out by following
the Standard Methods for the Examination of Water and Wastewater 3.
The foam on the surface of the reactor was analyzed by cryogenic scanning electron
micrograph (cryo-SEM Zeiss) following the PP3010T Cryo-SEM preparation procedure
4

. SEM scans of the top surface were then performed under the (SE2) detector of the

electron microscopy. The magnification was set at 100x to 200x, the electron high
tension (EHT) was set at 5.0 kV, and the working distance (WD) at 6.0 mm. This
process aims to analyze the relationship of bubble gas formed with different current
conditions.
Particle image velocimetry (PIV) system was used to examine the transport of MPs
into the agglomerates formed and the movement of gas bubbles in the solution. This
process helps understand the overall rate of the removal of MPs and confirm the electrochemical reactions during EC as described previously. The PIV system is an imagebased technique that consists of a laser light, a charge-coupled device camera, and a
software to perform the PIV analysis. The PIV measured conditions used have been
previously reported 5. In brief, a plane normal to the reactor axis was illuminated with a
532 nm laser sheet. A high-speed digital camera (Panasonic S-VHS) was focused on
this illuminated plane and video recorded at 1400 frames per second with 200 μs
exposure for 7 s at each reactor. Velocity fields were computed in DaVis software using
a multi-pass cross-correlation algorithm with 128 pixels windows and 50% overlap.
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MP particles were also analyzed and counted using a confocal Raman imaging
microscope (Witec Alpha 300) to count the MP particles in real wastewater effluents
before and after the EC treatment. The analysis was performed using a 785 nm
excitation laser, 1s integration time, 100 accumulations, a spectral range of 200 to 3600
cm-1 and an objective with 50x and 100x magnifications. Effluent samples (1 liter)
before and after the EC process, were filtered using a vacuum pump on a polycarbonate
filter.
The surface charge of the MP dispersed in the SWWE was measured to determine the
point of zero charge as a function of the pH. The zeta potential of the particles was
measured in millivolts using a Laboratory Charge Analyzer (Chemtrac model LCA-01)
using a solution of 25mg/l of MP in DI water for a pH range between 1.76 and 9.75.
In the case of the real wastewater effluent additional measurement were performed.
Concentrations of bacteria were determined before and after EC treatment in order to
study the effect of EC on bacteria removal as additional proof of the efficacity of the
process. The fecal coliforms analysis was performed by filtering 200 ml of the water
tested using a vacuum pump on a gridded culture membrane filter (45 µm size, 47mm
diameter). The filter is then placed on a petri dish with the addition of agar culture
medium and incubated for 24 hours at 44.5oC. The number of fecal coliform colonies is
then counted and reported as a number of colony-forming unit (cfu) per liter of water.

6

Calibration Curve for MP concentrations
MPs used during the experiments were not possible to count due to their numerous

number. Therefore, calibration curves of particle count/turbidity and MP
concentration/turbidity were prepared using different concentrations of MP (1, 2, 5, 10,
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15, 25 mg/l) prepared in synthetic wastewater. Samples, blanks, and readings were
performed in triplicate. The particle counting was carried out by preparing 500 ml of the
desire MP concentration and filtered using a polycarbonate membrane filter (Isopore,
0.45 μm pore size, 4.7 cm diameter). Afterward, the filter was examined using an
optical microscope (Omano OMM200 Metallurgical Trinocular Microscope) and MP
particles were counted using ImageJ software (https://imagej.nih.gov/ij/). Results of
the calibration curve and particle counting are presented in Figure 2.
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Figure 2 Calibration curve showing the correlation between microplastic concentration,
turbidity and particles count

7

Selection of pH range

Figure SI 3 shows the evolution of the MP surface charge as a function of
different pH values. Results indicate that the particles present are negative surface
charged for the most pH range evaluated. The magnitude of the surface charge informs
about particle stability 6. At pH values of 7 to 9, the surface charges have high
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magnitude indicating very stable particles that are less likely to cause aggregation and
agglomeration due the repealing effect among those MP. A medium with pH around 2
is more prone to destabilize the MP. Considering these differences in surface charge
magnitude, pH values of 2, 4 and 7 were chosen to be evaluated.
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Figure SI 3 Variation of the MP surface charge in function of pH values of the SWW

8

Selection of testing conditions
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Impact of current density on the MP removal efficiency

Figure SI 4 Pictures of SWW at the end of the EC process for different current densities
used
During the first 15 min of EC operation, the turbidity of the solutions, for all the
treatments, increased due to the release of coagulating species from the aluminum
anode and the formation of hydroxide flocs (Al(OH)3) 25, 71. The mixing disperses
formed flocs and promotes adsorption of MPs on the agglomerates. Subsequently, the
hydrogen microbubbles, released from the electrodes, provides electro-flotation by
adhering to agglomerates and cause the particles to rise to the reactor’s surface 24, 25, 27,
30

. These agglomerates form a layer of flocs at the surface while carrying the MP and

other compounds in the solution 23. The remaining liquid in the reactor becomes

164

transparent and clear after 60 min which in our case lead to turbidity reduction values of
92% to 97%. Figure SI 4 shows images of the reactors before and after EC.

10 Impact of initial pH on the MP removal efficiency

Table 4 statistical t-test for the three conditions showing that the EC process was
efficient on a wide range of pH values between 4 and 7.
Table SI 5 statistical t-test for three conditions: 1) initial pH=7 and current density of
8.07mA/cm2; 2) initial pH=4 and current density of 8.07 mA/cm2 and initial pH=4 and
3) current density of 2.88 mA/cm2
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Figure 5 Comparison of Microplastic removal rate at different initial conditions

11 Impact of particle sizes on the MP removal efficiency
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Figure 6a Turbidity values for MP particles with sizes 60,350, 850,1500 µm, Mixed MP
and a Blank SSW during EC process
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Figure 6b Calibration curves for MP particles with sizes 350, 850,1500 µm.

12 Application of EC on real municipal wastewater tests

Figure 7 Municipal wastewater before and after EC

13 Operational cost analysis
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Table 6 Energy requirements and electrode aluminum consumption for different EC
conditions
Energy
Aluminum
Cost
EC test conditions Consumption
Consumption
($/m3)
(kWh/m3)
(g/m3)
Condition#1:

Current density
=2.88 mA/cm2 2.58
EC time =90 min

57.88

0.44

115.77

1.54

38.6

0.29

77.2

1.02

Condition#2:

Current density =
8.07 mA/cm2 10.35
EC time =90 min
Condition#3:

Current density =
2.88 mA/cm2 1.725
EC time =60 min
Condition #4:

Current density =
8.07 mA/cm2 6.9
EC time =60 min

Although the removal rate (RR) was found to be statistically the same (RR= 97%) for
both conditions 1 and 2, the EC reactor operational costs are found to be around 72%
more when using the voltage of 30 V than 15 V. Also, the removal rate between each of
the operating times t = 60 min and t = 90 min is found to be statistically similar. The
total operating costs were calculated for both times; and they were found to be less by
around 33% for the t = 60 min in comparison with t = 90 min.
Therefore, the current density of 2.88 mA/cm2 (15V; 0.23 A) applied for 60 min was
found to be the most efficient condition in terms of MP particles removal, energy costs
and electrode material consumption (cost = $0.29/m3).

14 Theoretical and experimental aluminum mass consumption
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The electrode consumption is also compared to the experimental value found at the
end of EC treatment. The experimental aluminum consumption was calculated by
Equation 7, and the electrode mass loss efficiency was calculated by Equation 8.
The comparison between the theoretical and experimental mass consumption results
of the electrodes are summarized in Table 5.
Table 7 Theoretical and experimental mass consumption during EC
EC conditions
pH=4; current
density=2.88 mA/cm2
pH=7; current
density=8.07 mA/cm2

EC
voltage

Mtheoratical
(g/m3)

Mexperimental
(g/m3)

Efficienc
y

15V

57.9

80.2

138.5

30V

115.8

204.5

176.6

The results show that the experimental mass loss was higher than the theoretical one.
The aluminum mass efficiency rate is 138% for the voltage of 15V. This result is in
accordance with other studies where the experimental values of electrode mass
consumption have varied between 105% and 190% of the theoretically expected value
71-73

. This can be explained by the addition of a chemical reaction produced by an attack

of hydroxyl ions on metals, leading to a higher electrode dissolution 74. The following
reaction explains the chemical dissolution of electrode by hydroxyl ions:
2Z) + 6cd e + 2eca + 2eca ↔ 2Z)(ec)a
j + 3cd
This additional dissolution of aluminum explains the additional experimental mass
consumption of electrodes in comparison with the theoretical one.
Table 8 Theoretical and experimental mass consumption during EC
EC
Mtheoratical
Mexperimental
EC conditions
voltage
(g/m3)
(g/m3)
pH=4; current
15V
57.9
80.2
density=2.88 mA/cm2
pH=7; current
30V
115.8
204.5
density=8.07 mA/cm2
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Efficienc
y
138.5
176.6

15 Bubble size distribution of sludge formed on surface of reactors
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Figure 8 Distribution of number of bubbles in the sludge foam with a surface area of
122 mm2 obtained at the end of EC treatment in function of the bubble size (Conditions:
MP=25mg/l; initial pH = 7.0)
This study has proven the applicability of the electrocoagulation process for the
removal of microplastic particles from the final effluent at municipal wastewater
treatment plants. The effects of the main operating parameters such as pH, current
density and MP concentrations on the EC performance were studied in detail. The
removal efficiency of MP was found to be the highest (98.5%) when adjusting the
initial pH to 4 and apply a current density of 2.88 mA/cm2to the reactor. These
parameters were also found to be optimal for the treatment cost efficiency and the
electrodes metal consumption. High efficiency was also obtained by current density of
8.07 mA/cm2 without need of pH adjustment however it requires more energy (72%
more) and consumes more electrode metal (51% more).
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16 Raman Analysis for real wastewater effluents before EC

Figure 9 Fibers detected by Raman Microscope in wastewater effluent

Pellets
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Fibers
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Figure SI 1 SEM images of MP glitter (Red pearl brilliant color, size range: 25 – 65µm)
at multiple magnifications.
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