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HIGHLIGHTS

e Microplastics were commercially ac-
quired as size ~20 pm (small) and
~100 pm (large).

e Information provided by the supplier
was inconsistent with the analytical data
produced when characterising the
microplastics.

e The presence of a modifying grafting
agent was detected in polypropylene
(20 pm size).

e Sizes of polyamide and polyvinyl chlo-
ride were inconsistent with manufac-
turer’s description.

o Different degrees of crystallinity were
observed in 20 pm and 100 pm poly-
amide samples.
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ABSTRACT

Microplastic research has gained attention due to the increased detection of microplastics (<5 mm size) in the
aquatic environment. Most laboratory-based research of microplastics is performed using microparticles from
specific suppliers with either superficial or no characterisation performed to confirm the physico-chemical in-
formation detailed by the supplier. The current study has selected 21 published adsorption studies to evaluate
how the microplastics were characterised by the authors prior experimentation. Additionally, six microplastic
types described as ‘small’ (10-25 pm) and ‘large’ (100 pm) were commercially acquired from a single supplier. A
detailed characterisation was performed using Fourier transform infrared spectroscopy (FT-IR), x-ray diffraction,
differential scanning calorimetry, scanning electron microscopy, particle size analysis, and No-Brunauer, Emmett
and Teller adsorption-desorption surface area analysis. The size and the polymer composition of some of the
material provided by the supplier was inconsistent with the analytical data obtained. FT-IR spectra of small
polypropylene particles indicated either oxidation of the particles or the presence of a grafting agent which was
absent in the large particles. A wide range of sizes for the small particles was observed: polyethylene (0.2-549
pm), polyethylene terephthalate (7-91 pm) and polystyrene (1-79 pm). Small polyamide (Dsg 75 pm) showed a
greater median particle size and similar size distribution when compared to large polyamide (Dsp 65 pm).
Moreover, small polyamide was found to be semi-crystalline, while the large polyamide displayed an amorphous
form. The type of microplastic and the size of the particles are a key factor in determining the adsorption of
pollutants and subsequent ingestion by aquatic organisms. Acquiring uniform particle sizes is challenging,
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however based on this study, characterisation of any materials used in microplastic-related experiments is critical
to ensure reliable interpretation of results, thereby providing a better understanding of the potential environ-
mental consequences of the presence of microplastics in aquatic ecosystems.

1. Introduction

The increasing detection of contaminants in aquatic ecosystems is a
continuing concern of many governments and inter-governmental or-
ganisations due to the consequences of the presence of contaminants on
ecosystem health and thus ecosystem services. There has been a greater
awareness of the issues associated with microplastics in recent years due
to their increased detection in both freshwater and marine environments
(Vaughan et al., 2017; Wang et al., 2018b; Xiong et al., 2018) as well as
the recognition that microplastics act as a vector for chemical pollutants
(Joo et al., 2021; Magadini et al., 2020). Around 3700 research publi-
cations involving microplastic pollution, published between 2018 and
the end of 2022, are identified in the Web of Science database. Micro-
plastics are defined as plastic particles smaller than 5 mm (Thompson
et al., 2009). Sources include pre-production pellets, manufactured
microplastics such as those commonly found in personal care products
(Wagner et al., 2014) and microplastics produced by physical, chemical,
and/or biological degradation (Thompson et al., 2009). A number of
adsorption studies have been carried out to elucidate the impact of the
microplastics in the aquatic environment. For instance, researchers have
investigated the adsorption of organic compounds on microplastics
(Hiiffer et al., 2018; Moura et al., 2022; Pestana et al., 2021; Wagstaff
et al., 2022) as well as the effect of microplastics on organisms by direct
external contact (Gong et al., 2022) and by ingestion (An et al., 2021).
The interaction of microplastics with contaminants present in aquatic
systems and/or organisms are complex (Wang et al., 2018a). Different
factors affect the adsorption of contaminants onto microplastics and
ingestion of microplastics by wildlife. These include the chemistry of the
contaminant, the environmental conditions, and the specific
physico-chemical properties of the microplastic (Lionetto and Esposito
Corcione, 2021). The microplastic type, degree of crystallinity, glassi-
ness, polarity, and particle size can influence the adsorption behaviour
of pollutants onto microplastics (Atugoda et al., 2021). Particle size, in
particular, has been shown to be a key factor for adsorption of com-
pounds by microplastics (Ma et al., 2019; Pestana et al., 2021) and
directly influence ingestion of microplastics by aquatic organisms such
as Daphnia magna (An et al., 2021).

Researchers obtain microplastics from a range of sources and in some
cases prepare their own by mechanical blending (Elizalde-velazquez
etal., 2020; Pestana et al., 2021; Wu et al., 2016) or grinding (Guo et al.,
2018; Wu et al., 2020a) plastic pellets, and grating large pieces of plastic
(Xu et al., 2018a) to obtain the microplastic particles. Typically, the
particles are then sieved to obtain a specific size range that is relevant for
a particular investigation. However, preparing microplastics in the
laboratory is very time-consuming, presents difficulties in obtaining
particles small enough and poses the risks of exposure by those under-
taking the research to fine particle dust. Microplastics can be acquired
commercially and are frequently used as received. This can lead to
erroneous interpretation of results if the researcher assumes that the
microplastics received are as described by the manufacturer with no
characterisation being done prior to the experiment. The current study
selected 21 published adsorption studies to evaluate how the micro-
plastics were characterised prior to experimentation by the authors. For
instance, a study aiming to evaluate the exposure of commercially ac-
quired polystyrene (PS) beads, described as 0.1 pm and 1 pm in size, on
Microcystis aeruginosa growth and microcystin production (Wu et al.
(2021). An SEM image was used to demonstrate the effect of 1 pm PS on
Microcystis aeruginosa cells. However, the particles highlighted by the
authors as 1 pm PS beads aggregated on M. aeruginosa cells were in fact
sized at 0.36 = 0.1 pm (n = 3, measured by the current study using

ImageJ). The number of companies that commercially supply micro-
particles has increased. Due to the wide range of products available,
characterisation of the microplastics used in any experiment should be
an essential component of the experimental process.

This study has performed a detailed characterisation of six micro-
plastic polymers described as ‘small’ (10-25 pm, according to manu-
facturer) and ‘large’ (100 pm, according to manufacturer). Experiments
to confirm the polymer composition, the crystallinity pattern, the degree
of crystallinity, the glassiness, the size of the particles, the surface
morphology, and the surface area of polypropylene (PP), polyethylene
(PE), polyethylene terephthalate (PET), polyamide (PA), polystyrene
(PS), and polyvinyl chloride (PVC) were carried out and compared
against the manufacturer’s description of the supplied microplastics.
Implications of the findings are considered of extreme value to the
microplastic research field, highlighting the importance of a detailed
characterisation of commercial microplastics used in microplastics-
related experiments, including adsorption experiments.

2. Materials and methods
2.1. Literature overview

How microplastics are treated before being used in adsorption ex-
periments varies widely. A number of adsorption studies (n = 21) were
selected to evaluate how the authors treated, identified and/or
confirmed the physical characteristics of the microplastics as received
from the supplier. The aim was to investigate whether the microplastic
information provided in the selected studies aligned with the charac-
terisation data presented. To ensure a comprehensive analysis, the
current study applied the following selection criteria to identify relevant
studies: (1) publication in the last five years (i.e., 2018-2022), with an
exception made for highly cited studies; (2) inclusion of diverse micro-
plastic properties data, such as polymer composition, weathering, and
size. The compounds investigated, the polymer composition of the
microplastics, the size of the particles as stated by the authors, the
microplastic supplier, the particle size analysis performed, the scanning
electron microscopy (SEM) images (if present), and the (pre-)treatment
of the material received before use in adsorption experiments were
assessed (Table 2, Table S1).

2.2. Virgin microplastic acquired commercially

Six microplastics types were commercially acquired from a single
supplier. Virgin microparticles of polypropylene (PP), polyethylene
(PE), polyethylene terephthalate (PET), polyamide (PA), polystyrene
(PS) and polyvinyl chloride (PVC) were purchased from Shanghai
Guanbu Electromechanical Technology Co. Ltd., China. The micro-
plastic particles were acquired in two different sizes, described as small
particles (10-25 pm) and large particles (100 pm). In the current study,
the microplastics were labelled according to the average particle size as
detailed by the supplier (Table 1).

2.3. Characterisation of the commercially acquired microplastic particles

The microplastic particles were characterised to confirm the speci-
fications provided by the manufacturer. A Nicolet iS10 Fourier trans-
form infrared (FT-IR) spectrometer (Thermo Fisher Scientific, UK) was
used to confirm the chemical composition of each polymer. The FT-IR
scanning wavenumber was set from 400 to 4000 cm™!. Attenuated
total reflectance (ATR) was used to obtain the infrared spectra. Thirty-
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two scans at a resolution of 8 cm™! were used to produce the spectra
with no correction applied. FT-IR spectroscopy is a rapid, qualitative
analysis capable of providing chemical structural information on a wide
range of amorphous, semicrystalline and crystalline materials (Miiller
et al., 2014). The various spectra from the range of microplastics
investigated were compared to the library on the analytical instrument
(Hummel polymer sample library) and spectra presented in the litera-
ture (Geil, 2017).

The Ny-Brunauer, Emmett and Teller (BET) adsorption-desorption
surface area (Spgr) was determined using a Tristar II surface area and
porosity instrument (Micromeritics, UK). Prior to the analysis, the
microplastics were maintained under vacuum at 30 °C for 24 h using a
VacPrep degasser (Micromeritics, UK) to remove surface-adsorbed gases
and moisture. Particle size analysis (PSA) was carried out using a Mas-
tersizer 2000 particle size analyzer (Malvern Panalytical, UK). Simu-
lated surface area (Spsa) was calculated by the instrument modelling the
particles as perfect spheres and not accounting for the porosity and
roughness of the material. Scanning electron microscopy (SEM, Scios
DualBeam, Thermo Fisher Scientific, UK) was used to investigate the
morphologies and to confirm the particle size of the microplastics. The
software ImageJ (National Institutes of Health, US) was used to measure
the particle size from the SEM images in the selected studies. Snapshots
of the SEM micrographs in the published studies were captured using a
snip & sketch tool (Microsoft) to allow evaluation of the particle size
using ImageJ. To measure the particle size, the scale bar shown in each
captured image was set as the size reference. Measurements of the
microplastic particles depicted in the SEM micrographs were then car-
ried out against the scale bar reference data.

For crystallinity pattern evaluation, powder x-ray diffraction

Table 1
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analysis (XRD) was carried out using an Empyrean diffractometer
(Malvern Panalytical, UK) in reflection mode with a primary beam
monochromator (reflection mode Cu Kal). The diffraction patterns of
polymers are like fingerprints that can be compared against data in the
literature for identification. The XRD pattern is a plot of the intensity of
X-rays scattered at different angles by a sample (Speakman, 2021).

The calorimetry characteristic of the microplastics was measured by
differential scanning calorimetry (DSC) using a DSC250 (TA, USA) with
Ng as the purge gas. Microplastics (6.0 mg) were placed into an
aluminium pan (TA, USA) and sealed with an aluminium lid using a
Tzero Press (both TA, USA). The pan, lid, and samples were handled
using metal forceps to avoid external interference on the samples’
weight. A sample without microplastic was prepared as a reference. To
erase any thermal history effects, a heating-cooling-heating method was
applied. The degree of crystallinity (X¢) was calculated using equation
1):

_AH, — AH,

= x 100 (@)
N

where, AHy, is the enthalpy change associated to the melting endotherm
temperature (Ty,) from the second heating run. AH, is the enthalpy
change associated to the cold crystallisation exotherm temperature (T.).
AHp1009% is the reference value considering 100% crystalline polymer.
DSC analysis can identify various physical properties and thermal
transitions of polymeric materials (Singh and Singh, 2022) such as the
glass transitional temperature (Tg), the melting temperature (Tp) and
the enthalpy change associated to Ty, (AHp,). The melting point is the
temperature at which the crystalline order is completely destroyed on
heating (Chawla, 2012), whereas the Ty is the temperature at which the

Average particle sizes detailed by the supplier, chemical structure (repeat unit), and polarity of polypropylene (PP), polyethylene (PE), polyethylene terephthalate

(PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC).
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material becomes rubbery (soft) due to changes in chain mobility.
Polymers with a Ty below ambient temperature (Tamp, 25 °C) are
considered rubbery, while when Ty is above Tamb, the polymer is
considered a glassy polymer. Rubbery polymers are considered to have
greater adsorption potential when compared to glassy polymers (Alimi
et al., 2018). Likewise, amorphous polymers are expected to show
greater adsorption of organic compounds than semi-crystalline polymers
(Guo and Wang, 2019). Semi-crystalline polymers can be identified by
the presence of a Ty, peak in DSC analysis, as well as the presence of
sharp peaks in their XRD pattern.

Table 2
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3. Results and discussions

3.1. Characterisation of microplastic particles in previously published
research

Over 1000 publications related to the adsorption of a wide range of
compounds to microplastics have been published in the past 5 years
according to the Web of Science database, (2022). The adsorption of
compounds such as cyanotoxins (Moura et al., 2022; Pestana et al.,
2021), pharmaceuticals (Puckowski et al., 2021; Wagstaff et al., 2022;
Wagstaff and Petrie, 2022), and trace metals (Turner and Holmes, 2015)
onto different types of microplastics of various sizes under distinct
environmental conditions has been evaluated. In a review, Alimi et al.
(2018) ranked nine microplastic types according to their sorption ca-
pacity. According to the review, the microparticles of PE and PS showed
the greatest adsorption of compounds compared to PP, PVC, PA, PET

Summary of the selected adsorption studies (n = 21) according to microplastic type investigated, size of the particles stated by the authors, particle size analysis (PSA),
scanning electron microscopy (SEM), microplastic treatment (size-wise) prior to the experiment and weathering of the microplastics. Polypropylene (PP), polyethylene
(PE), low density PE (LDPE), high density PE (UHMWPE), average density PE (AMWPE), polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS),
polyvinyl chloride (PVC). The particle size in the SEM images was measured using the ImageJ software. For more details see Table S1.

Microplastics Size (pm) FT-IR PSA SEM Microplastic Weathering ~ Reference
type treatment
UHMWPE PS PP ~1000 PS 600-800 No, but Optical microscope Zoom makes impossible to  Blended and Virgin Elizalde-velazquez
AMWPE PP AMWPE 300-400 UHMWPE DSC image check the size sieved et al. (2020)
2-10 and
XRD
PE PS PP PA Dgo 75-180 No, but PSA performed - no Zoom makes impossible to Used as Virgin Li et al. (2018)
PVC XRD method described check the size received
PA PE PET PS 100-150 None Sieve None Sieved Virgin Guo et al. (2019)
PVC PP
PE 250-280 None Sieve None Blended and Virgin Wu et al. (2016)
sieved
UHMW-PE 45-48 None SEM SEM images show particles  Used as Virgin Mamitiana et al.
from 10 to 67 pm received (2018)
LDPE PVC PP 63-125 None Sieve None Sieved beads Virgin Puckowski et al.
HDPE (2021)
PE mean size 150 None None SEM images show particles ~ Used as Virgin Xu et al., 2018b
from 13 to 167 ym received
PS Beach PS 450-1000 Yes Sieve Zoom makes impossible to  Sieved Aged Zhang et al., 2018
check the size
PSPVC mean size 75 Yes None Zoom makes impossible to  Used as Aged Liu et al., (2019)
check the size received
PE mean size 100 Yes None SEM images show particles ~ Used as Virgin Atugoda et al. (2020)
from 18 to 191 pm received
PE PS PP <280 None Sieve SEM images show: for PE Grated and Virgin Xu et al., 2018a
from 13 to 66 pm for PP sieved
from 19 to 236 pm for PS
from 13 to 171 ym
PE PP PS PVC <74 Yes Sieve One particle Grinded and Virgin Guo et al. (2018)
sieved
PLA PVC PLA 250-550 PVC 75-150  Yes None SEM images show: for PLA  Used as Aged Fan et al. (2021)
250 pm for PVC 76 pm received
PVC PP PE 4000-5000 None Stereomicroscopic image None Used as Virgin Lu et al. (2020)
received
PS mean sizes Yes Laser particle size Zoom makes impossible to  Sieved Virgin Li et al. (2019)
75.4106.9150.5214.6 analyser check the size
PVC Small <1 Large ~100 Yes SEM SEM images show: Used as Virgin Ma et al. (2019)
For small from 0.19 to received
1.00 pm
For large from 64 to 244
pm
PE PS soil PE 225 + 41 PS 313 + 48 Yes SEM One particle Used as Virgin Chen et al. (2021)
Soil <74 received
PP <180 Yes Laser particle analyser - One particle Grinded and Aged Wu et al. (2020)
no particle distribution sieved
shown
PS 50.4 +11.9 Yes SEM One particle Used as Aged Liu et al. (2020)
received
PE PS PP PA <250 None Laser light shading and None Sieved Virgin Hiiffer and Hofmann
PVC simultaneous microscopy (2016)
PS 4000 Yes None Zoom makes impossible to  Used as Aged Wu et al. (2020a)
check the size received
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and polyoxymethylene. PE (including low, average, high density, and
non-specified PE) and PS were the microplastic types most studied
across the reviewed literature (n = 21, Table 2, Fig. 1).

In contrast, PET and polylactic acid (PLA) were the type of micro-
plastic least studied. Throughout the studies analysed, 38% of authors
evaluated a single type of microplastic in contact with organic com-
pounds. Just over one half (52%) of the adsorption studies included in
this review used the particles as received from the supplier of which one
checked the size of the particles (Table 2). Throughout the studies that
used the particles as received (11), Li et al. (2018) was the only one to
use a particle size analyser to verify the size of the microplastics, how-
ever, neither the instrument nor the method used were described by the
authors.

The remaining studies analysed the particles using images from a
scanning electron microscope (SEM) to confirm the size of the acquired
particles. However, visual analysis of the particle size using SEM images
has limitations. For instance, nine studies show the SEM images either of
one single particle or zoomed in on a single particle making it impossible
to assess the size-distribution of particles in a given sample (Chen et al.,
2021; Elizalde-velazquez et al., 2020; Fan et al., 2021; Guo et al., 2018;
Li et al., 2018; Liu et al., 2019; 2020; Wu et al., 2020b; Zhang et al.,
2018). Although SEM images taken at high magnification are important
to elucidate the surface morphology of the microplastics, it makes it
impossible to assess the particle size distribution. When the micro-
plastics were sieved, the studies tend to rely on the pore size of the sieves
used to describe the particle size range (Guo et al., 2019, 2018; Pestana
et al., 2021; Puckowski et al., 2021; Wu et al., 2016; Zhang et al., 2018).
Sieving the microplastics received was used as the only particle size
control by 29% of the studies (Guo et al., 2019, 2018; Puckowski et al.,
2021; Wu et al., 2016; Xu et al., 2018a; Zhang et al., 2018). Studies
presented a mean particle size to identify a range of sizes while small
plastics debris was ignored. For instance, in a study investigating the
adsorption behaviour of the antibiotic sulfamethoxazole onto PE, a
median size of 150 pm was quoted. However, when analysing the SEM
image of the PE particles present in the study (measured by the current
study using ImageJ), the particle size varied between 13 and 167 ym (Xu
et al., 2018a). Likewise, in a study which evaluated the adsorption of the
antibiotic Ciprofloxacin onto PE at a median size of 100 pm, the SEM
image showed particles ranging in size from 18 to 191 pm (measured by

Chemosphere 331 (2023) 138691

the current study using ImageJ, Atugoda et al., 2020). Similarly, in a
study that investigated the adsorption of the pharmaceuticals sulfa-
methoxazole, propranolol, and sertraline onto PE, the authors reported a
size range from 45 to 48 pm. However, the published SEM image showed
the size of the particles to range from 10 to 67 pm (measured by the
current study using ImageJ, Mamitiana et al., 2018).

Acquiring a uniform particle size is a challenge, however the size
distribution of the particles is critical because the size of the micro-
plastics has been shown to be a key factor in respect of the adsorption of
compounds on microplastics (Li et al., 2019; Moura et al., 2022; Pestana
et al., 2021). Among the studies investigated (n = 21), 38% (8) did not
check in any way the polymer composition of the plastic received from
the supplier. In two studies some analyses, including DSC or XRD, were
used to characterise the particles prior to experimentation (Eliz-
alde-velazquez et al., 2020; Li et al., 2018). Most of the studies that
performed FT-IR analysis focused on evaluating the aging of the polymer
rather than confirming the polymer composition and purity of the
microplastics.

3.2. Thorough characterisation of commercially acquired microplastics

3.2.1. Identification of polymers

In the current study, microparticles of six different polymer materials
were acquired commercially in two sizes to evaluate whether the in-
formation provided by the supplier matched with the analytical data
produced. The polymer composition of the microplastics is an important
factor in determining the adsorption of organic compounds (Guo et al.,
2019; Hiiffer and Hofmann, 2016). Depending on the microplastic type
(polymer-based) different adsorption mechanisms are involved in the
adsorption of organic compounds (Atugoda et al., 2021). These can
affect the amount adsorbed and the desorption potential of micro-
plastics. FT-IR spectroscopy was performed to confirm the chemical
nature of the constituent polymers of the commercially acquired
microplastics that were to be used by the authors to investigate
adsorption of a range of chemicals. The FT-IR spectra provides a
fingerprint for each of the polymers. The FT-IR spectra can be compared
with those in a library to either identify or confirm the polymeric ma-
terial. The polymer composition of the 6 microplastics matched with the
description supplied by the manufacturer. The various spectra from the
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Fig. 1. Number of adsorption studies grouped by (A)
(B) plastic, (B) particle size analysis, and (C) treatment of
the microplastics (regarding size) before experiment
(n = 21). Polypropylene (PP), polyethylene (PE),
polyethylene terephthalate (PET), polyamide (PA),
polystyrene (PS), polyvinyl chloride (PVC), and pol-
ylactic acid (PLA). Optical microscope (OM), scan-
ning electron microscope (SEM) images, particle size
analyser (PSA). Undefined (UND) means that particle
size analysis was performed, but the method was not
mentioned by the authors. Supplier origin was
considered not informed (NI) when either the authors
did not mention the company name or did not specify
the country of origin for the company (for more de-
tails see Supplementary Information Table S1).
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range of microplastics being investigated matched the library on the
analytical instrument (Hummel polymer sample library) and spectra
presented in the literature (Geil, 2017). Further evaluation of the FT-IR
spectra of the microplastics can include the identification of functional
groups based on the spectral position of the peaks (wavenumbers). PP
and PE consist of the alkane (C-C and C-H) functional groups (Table 1).

Chemosphere 331 (2023) 138691

These result in a strong absorption band between 3000 and 2840 cm ™.
Corresponding peaks were present in the spectra of the polymers
described at purchase as PP and PE (Fig. 2). No differences were
apparent for the spectra of the two sizes of PE (described by the supplier
as being of sizes 15 pm and 100 pm). However, a peak corresponding to
the carbonyl functional group (C—=0) was present in the spectrum of
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Fig. 2. Attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectra of polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET),
polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC) described at time of purchase as small (10-25 pm, red) and large (100 pm, blue). PP, PE, PET, PA, PS,
and PVC main functional groups and their FT-IR absorption peaks are presented. Chemical structures of the plastics are presented in Table 1. The sizes are as supplied
by the manufacturer. Highlighted in green are the FT-IR peaks that showed difference between the small and large size.
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small PP. No such peak was observed in the large PP spectra (Fig. 2). The
presence of a carbonyl peak in the spectrum of small PP can be associ-
ated with either oxidised particles of PP or the presence of a grafting
agent. Grafting polymerisation is a popular method for the modification
of shape, size, and structure of polymeric materials (Mandal et al.,
2017). Grafting agents such as acrylic acid and maleic anhydride are
organic compounds containing carbonyl groups. Acrylic acid is used
mainly in the composition of polymers, including plastics (Brown, 2014)
such as polyacrylic acid. The strong, sharp peak in the small PP FT-IR
spectrum at 1711 cm™! and the weak peak at 1200 cm™! correspond
to the carboxylic acid (RCOOH) and C-O (stretch) peak, respectively
(Fig. 2). The presence of these FT-IR peaks might indicate a grafting
reaction of acrylic acid (AA) on PP forming the copolymer known as
PP-g-AA (Cai et al., 2008; Mandal et al., 2017; Xu et al., 2014). Acrylic
acid is an unsaturated carboxylic acid that has a characteristic acidic and
tart aroma at room temperature. A strong acidic and tart smell was also
observed by the authors of this study when handling the small PP
samples. These characteristics are indicative of the presence of grafting
agents, but it was not possible to make a definitive identification.
Nevertheless, the different chemical structure of small PP will impact the
adsorption behaviour of organic compounds on this PP as demonstrated
by Moura et al. (2022). The authors observed significant adsorption of a
cyanotoxin and its variants (microcystins) on small particles of this PP
which was characterised by the presence of the carbonyl functional
group in the FT-IR spectrum.

A strong peak at 1712 cm ™! was observed in both the small and large
PET FT-IR spectra. In this case, the peak is consistent with the ester
functional group (RCOOR) which is present in PET (Table 1). Further-
more, both small and large particles of the polyester, PET, showed
matching spectra. The FT-IR spectra of the small and large sizes of PA
demonstrated distinct peaks for f N-H (3292 em™) and C-H
(2918-2850 cm™ H) stretching frequencies. There were, however, dif-
ferences including the higher absorbance intensity of the N-H peaks in
the spectra of small PA (0.14 u.a) compared to in the large PA (0.11 u.a).
Likewise, the lower absorbance intensity of C-H peaks in the small PA
spectrum (0.12 u.a) in contrast to large PA spectrum (0.18 u.a). These
might indicate that the material described as small and large PA are two
different forms of PA. Depending on the arrangement and chemical
nature of the monomers, PA can be classified into various categories,
such as aromatic, cycloaliphatic, and aliphatic PA (Kausar, 2017). The
FT-IR spectra cannot, on their own, be used to precisely identify the form
of PA present in the sample, therefore further characterisation would be
required to confirm the specific form present.

PS and PVC both showed matching spectra for the two sizes acquired.
The aliphatic C-H stretching adsorption peak (~2910 cm™') is present
in both the PS and PVC spectra, but the aromatic C-H stretching peak
(3024 cm’l) is only observed in the PS spectra (Table 1, Fig. 2). On the
other hand, PVC has chlorine related absorptions (C-Cl peak) at 684
cm~! (10 pm particles) and 681 cm ™! (100 pm particles).

3.2.2. Verification of the size distribution

In addition to the polymer that makes up the particles, the size of the
microplastics has been found to be a key factor for adsorption of
micropollutants on plastic particles (Pestana et al., 2021). Smaller par-
ticles have a greater surface area than larger particles, therefore greater
adsorption is expected (Chen et al., 2013). However, few studies verify
the size of the particles as received from the supplier. Due to the
importance of the microplastic size for data interpretation, particle size
analysis (PSA) was performed in the commercial microplastics acquired
to determine the median size (Dso) and the size distribution of the ma-
terial received. In the current study, the size of the particles acquired
was, in general, inconsistent with the size data provided by the supplier.
An extreme example was the small PA. The material was described as
having an average size of 18 pm. When analysed, the Dsy was deter-
mined to be 75 pm (Table 3). Small PA showed a similar size distribution
to large PA (Dsg 65 pm compared to 100 pm as detailed by the supplier,
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Table 3

Particle size analysis (PSA) range, PSA median of the particle size distribution
(Dso) of polypropylene (PP), polyethylene (PE), polyethylene terephthalate
(PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC)
described as small (10-25 pm) and large (100 pm) by the supplier. *Note: There
are two PSA ranges for PVC due to the fact that on analysis there were found to
be two distinct size distributions.

Plastic — ‘small’
particles

Average size detailed by the
supplier (pm)

Results from this study

PSA range* Dso

(jum) (pm)
PP 25 4-23 8
PE 15 0.2-549 25
PET 15 7-91 28
PS 13 1-79 21
PA 18 0.2-363 75
PVC 10 0.04-0.3 0.11

0.5-4 1.3
Plastic — ‘large’ Average size detailed by the PSA range Dso

particles supplier (pm) (pm) (pm)

PP 100 60-275 124
PE 100 69-316 153
PET 100 4-240 81
PA 100 0.3-240 65
PS 100 40-317 125
PVvC 100 60-209 106

Fig. 3). In addition, the small PVC, described as having an average size of
10 pm, showed two distinct size distributions containing particles be-
tween 0.04-0.3 and 0.5-4 pm (Table 3, Fig. 3). Considering the results of
the current investigation, combined with the fact that just over half
(52%) of the adsorption studies reviewed used particles as received from
the supplier with only one study performing particle size analysis, there
must be significant concern regarding interpretation of adsorption data
for microplastics (Fig. 1).

The extremely small size of the PVC particles (contrary to the in-
formation provided by the supplier) is of concern (Table 3). In adsorp-
tion experiments, the liquid phase is filtered to remove the microplastics
before analysis of compound concentration by either injecting it into the
HPLC injection port (Li et al., 2018; Puckowski et al., 2021) or photo
spectrophotometer (Atugoda et al., 2020; Liu et al., 2019; Ma et al.,
2019). Frequently, membranes with a pore size of 0.22 pm or greater are
used (Wu et al., 2016; Yu et al., 2020), which may be unsuccessful in
removing particles smaller than 0.22 pm. For liquid chromatographic
analysis, this can result in damage to the analytical equipment. While,
for photo spectrophotometer analysis, the remaining very small particles
might affect absorption of the light and impact on the results. It was also
observed that the small particles of PE (0.2-549 pm), PET (7-91 pm),
and PS (1-79 pm) showed a wide size distribution that overlapped with
the size distribution of the large particles (Fig. 3). The broad distribution
of particle sizes would make meaningful evaluation of the impact of
particle size on adsorption difficult.

Scanning electron microscope (SEM) imaging showed that the
commercially acquired microplastics have mostly irregular surface
morphologies (Fig. 4). The more irregular the surface of the micro-
plastics, the greater the expected adsorption (Razanajatovo et al., 2018).
Furthermore, irregular shaped particles have shown greater ecotoxico-
logical effects on aquatic organisms (Schwarzer et al., 2022). By visually
analysing the SEM images it is possible to confirm the size of the par-
ticles determined through PSA (Fig. 3). SEM images demonstrated a
wide range of sizes in the samples of large PET and small PA (Fig. 4).
Further, SEM images confirmed the wide range of sizes of the small PVC
sample, described by the supplier as 10 pm. Additionally, SEM images
also confirmed the large actual size of small PA observed in the PSA
(Fig. 3). In regard to surface morphology, a rough surface was observed
for small PP and PVC, and both sizes of PE. PET, PS and PA (both sizes),
as well as large PP, were characterised by smooth surfaces (Fig. 4). The
difference between the surface morphologies of small PP (rough) and
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Fig. 3. Particle size distribution from the laser diffraction particle size analysis of polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET), poly-
amide (PA), polystyrene (PS) and polyvinyl chloride (PVC). red = ‘small’ particles; blue = ‘large’ particles. The vertical dashed line represents the particle size as

described by the supplier.

large PP (smooth) might be associated with the presence of the carbonyl
functional group in the FT-IR spectra of small particles of PP which,
together with the detected aroma, was indicative of the presence of a
grafting agent. Mandal et al. (2017) observed that the presence of car-
boxylic groups on the surface of the grafted PP (PP-g-AA) film increased
the roughness on the surface of PP compared to neat PP.

Small PVC was characterised as a spherical shape with a spongy
looking surface. The spongy surface morphology, combined with the
small particle size of the material, suggests that this material has a good
potential to adsorb organic compounds. PVC particles used in a study
conducted by Ma et al. (2019) showed very similar particle size and
particle morphology when compared to the PVC particles in this study.
The PVC particles in the study by Ma et al. were acquired from a
different supplier from the current study (Dongguan Jing Tian Raw
Materials of Plastics Co. Ltd., China).

3.2.3. Evaluation of the surface area

The surface area of the microplastics plays an important role with
respect to the interaction between organic compounds and micro-
plastics. The greater the surface area of the material, the greater the
amount of binding sites potentially available for adsorption of com-
pounds onto microplastics, therefore greater adsorption is expected.
Small PP had a very high surface area (Sggr) 52.2 m? g_1 compared to
the other microplastics investigated during the current study (Table 4).
The simulated surface area (Spss), as determined by PSA, of small PP
(0.72 m? g’l) was much lower compared to its Sggr which indicates that
small PP is a porous material.

The increased surface area might be attributed to the grafting process
of small PP as demonstrated by Yang et al. (2013). The authors showed a
positive correlation between the graft ratio and the specific surface area
of PP particles (Yang et al., 2013). Moura et al. (2022) performed an
experiment with a mixture of eight cyanotoxin (microcystins) variants
placed in contact with the same small particles and large PP and PET
particles investigated in the current study. The authors demonstrated a
significant adsorption of microcystins on small PP (with a carbonyl
functional group peak as determined by FT-IR) when compared to small
PET. In contrast, no distinct difference was observed comparing the

adsorption of large PP (without carbonyl functional group IR peak)
compared to large PET.

Except for small PVC, all simulated surface areas calculated based on
the particle size analysis (Spsa) were smaller than the Sggr, suggesting a
degree of porosity/roughness for most of the microplastic particles. The
average size of the smaller PVC particles was 0.48 pm, its Spsy was 43.5
m? g’1 while its Sggr was 4.33 m> g’1 (Table 4). The reason for this
observation may be that the degassing of the N2-BET adsorption-
desorption analysis was performed at 30 °C, instead of the normally
employed 130 °C, due to the low melting points of these plastics. Oc-
casionally, during the No-BET adsorption-desorption analysis, the Ny
adsorbs onto the material surface, preventing full removal of N3 during
the degassing step. Moreover, the degassing process removes potential
gases adsorbed on the surface of the particles prior to contact with Ny,
which, if unsuccessfully removed, decreases the amount of binding sites
for Na. A higher degassing temperature could not have been applied to
PVC due to its glass transition temperature (Tg; the temperature at which
the plastic becomes rubbery) of 83 °C (Table 4, Fig. 6). Furthermore, the
aggregation of the particles during the analysis can affect the Sggr
measured. The particles can clump, which increases the surface area of
the microplastics. The Sggr analysis is performed using dry samples,
therefore a particle dispersant cannot be used to avoid the aggregation
of the particles. As expected, the Sggr of PA of both sizes were similar,
since small and large PA are effectively the same size.

3.2.4. Evaluation of the crystallinity and glassiness

Amorphous polymers, in which crystalline regions are absent, are
expected to show greater adsorption when compared to more crystalline
polymers (Seo et al., 2022). The crystallinity pattern of the microplastics
was evaluated using an x-ray diffraction (XRD) analysis. The greater the
magnitude/peak height/area under the peak of the XRD pattern, the
more crystalline regions on the material (Fig. 5). The XRD patterns of PP,
PE, and PET showed sharp peaks with a bumpy baseline (Fig. 5), which
indicates the presence of both crystalline and amorphous regions. The
presence of Ty, peaks confirmed the semi-crystalline structure of PP, PE,
and PET (Fig. 6). On the other hand, the amorphous structure of PS and
PVC was confirmed by the absence of diffraction peaks in their
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Fig. 4. Scanning electron microscope (SEM) images of polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS),
and polyvinyl chloride (PVC) with the sizes as provided by the supplier in the top left corner of each image. The magnification of the images ranged from 297x
to 50,000x.
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Table 4

Simulated surface area (Spsa), and N»-BET adsorption-desorption surface area
(Sger) of polypropylene (PP), polyethylene (PE), polyethylene terephthalate
(PET), polystyrene (PS), polyamide (PA) and polyvinyl chloride (PVC) described
as small (10-25 pm) and large (100 pm) by the supplier.

Plastic — ‘small’

particles

Average size detailed by the
supplier

Results from this study

um Spsa SpeT
area m> area m?
g g
PP 25 0.72 52.2
PE 15 0.22 1.58
PET 15 0.31 0.82
PS 13 0.37 2.34
PA 18 0.11 0.97
PVC 10 43.5 4.33
Plastic — ‘large’ Average size detailed by the Spsa SgET
particles supplier
pm area m? area m?
g g
PP 100 0.05 0.73
PE 100 0.04 0.28
PET 100 0.10 0.46
PA 100 0.09 0.92
PS 100 0.05 0.39
PVC 100 0.06 0.59

respective XRD patterns (Fig. 5) and Ty, in DSC analysis (Fig. 6). Usually,
the Tg is considered the melting point of amorphous polymers. Of
concern was that small PA was found to be a different form of PA when
compared to large PA. The different FT-IR spectra of the two PA sizes
was an indication that the small and large PA particles did not consist of
the same material (Fig. 2), which was confirmed by the XRD patterns
(Fig. 5) and the DSC analysis (Table 5, Fig. 6). The material described by
the supplier as PA with an average size of 18 pm (small PA), is a
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semi-crystalline form of PA (Table 5). On the other hand, the absence of
a T, peak demonstrated that large PA consists of an amorphous form of
PA (Table 5, Fig. 6). The Ty of small PA (221 °C) matches with
polyamide-6 (PA6) also known as nylon 6 (Hamid et al., 2013). Small PA
was also found to be rubbery (Tg < 0 °C) which is consistent with PA6
(Crawford and Quinn, 2017; Guo et al., 2019). The difference in the
crystallinity between the two PA sizes, and the incorrect size observed
for small PA particles will lead to erroneous data interpretation in an
adsorption experiment using these microparticles.

PP also demonstrated a difference between the XRD pattern of small
and large particles. The higher baseline of the large particles indicates a
lower degree of crystallinity compared to small PP (Fig. 5). Contrary to
the observations of the XRD analysis, DSC showed that large PP has a
greater degree of crystallinity (47%) compared to small PP (32%,
Table 5). According to Lima et al. (2002) the discrepancy between the
XRD and DSC results can be due to the thermal history of the polymer.
The degree of crystallinity is calculated considering the melting
enthalpy of the second heating run where the thermal history of the
polymer has been erased (equation (1)). Considering the first heating
run, small PP demonstrated a greater melting enthalpy peak compared
to large PP (Fig. 6) which is consistent with the XRD result. Furthermore,
small PP showed a lower Ty, (145 °C) compared to large PP (161 °C,
Table 5, Fig. 6). The difference in both X¢ and Ty, for small and large PP
is also an indication of the presence of acrylic acid as a grafting agent in
small PP particles. Mandal et al. (2017) has demonstrated that the
crystallinity of grafted PP films decreases with an increase in grafting
because of the presence of amorphous acrylic acid. According to Mandal
et al. (2017), Ty of the grafted PP decreased due to the grafting
destroying the ordered structure of the PP crystals.

4. Characterisation of microplastics recommendations prior to
experimentation

The current study has clearly demonstrated that the information
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Fig. 5. X-Ray diffraction (XRD) pattern of polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS), and polyvinyl
chloride (PVC), red = small and blue = large. The sizes descriptions are as supplied by the manufacturer.
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Fig. 6. Differential scanning calorimetry (DSC) of
polypropylene (PP), polyethylene (PE), polyethylene
terephthalate (PET), polyamide (PA), polystyrene
(PS), and polyvinyl chloride (PVC). There were two

primary descriptions of size made by the supplier:
small (10-25 pm) and large (100 pm). For PP, PE,
PET, PA, and PS, first heating run, 40-290 °C at 20 °C
min~! (blue), cooling run, 290-0 °C at 10 °C min~!
(green), and second heating run 0-290 °C at 10 °C

PP 25 pm PP 100 pm
2-
0 Hp, = 65.486 J g | AH,, =77.108 J g
n T =145.37 °C T =160.94 °C
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min~! (red). For PVC, first heating run, 40-250 °C at
20 °C min~! (blue), cooling run, 250-0 °C at 10 °C
min~? (green), and second heating run 0-250 °C at
10 °C min~! (red). N, was used as the purge gas. T,
represents the glass transition temperature (°C), and

AH;, =49.473 J g

AH,, the endotherm melting enthalpy change of the

Tm=104.67 °C

microplastics (J g’l). Data is summarised in Table 5.
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detailed by commercial microplastic suppliers should be verified pre-
experimentation in order to have a reliable interpretation of the data.
Among the analyses performed in this study to characterise the micro-
plastics acquired commercially, Fourier Transform infrared (FT-IR)
spectroscopy, particle size analysis (PSA) and differential scanning
calorimetry (DSC) were shown to be crucial regarding the verification of
physico-chemical properties of the commercially acquired micro-
plastics. These three analyses provide detailed information that include
polymer composition (microplastic type), polymer purity, median
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particle size, particle size distribution (range of sizes), simulated surface
area (Sspa), and thermal properties such as glass transition temperature
(Tg), melting temperature (Ty,) and degree of crystallinity (Xc). SEM
images of the particles has also been shown to be valuable in verifying
the particle sizes and to evaluate the surface morphology of the micro-
particles. Additional analysis such as zeta potential measurement can
also bring insights to interpretate the factors affecting the adsorption of
compounds on microplastics.

The N2-BET adsorption-desorption analysis has limitations when
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Table 5
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Differential scanning calorimetry (DSC) of the microplastic types investigated, including the endotherm melting enthalpy change considering 100% crystallisation
(AHm"100%) of plastics, glass transition temperature (Tg), melting temperature (Ty,), and endotherm melting enthalpy change of microplastics (AHy,). The degree of
crystallinity (X¢) was calculated using equation (1). The glassiness of the microplastics is determined according to the T, of the particle, when Ty < Tambient (Tamb),
the microplastic is considered a rubbery polymer, but when Tg > Tamp the material is considered a glassy polymer. The ambient temperature was assumed to be 25 °C.
Polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS), and polyvinyl chloride (PVC).

Plastics — ‘small’ particles AHn"1009% T, Tm AH,, Xc Crystallinity Glassiness
Ugh 0 0 UgH (%)
PP 207.1 <0 145.37 65.486 32% Semi-crystalline Rubbery
PE 293.6 <0 102.95 44.169 15% Semi-crystalline Rubbery
PET 140.1 81.44 250.37 32.882 23% Semi-crystalline Glassy
PA 230.1" <0 221.64 51.938 23% Semi-crystalline Rubbery
PS - 95.32 - - 0 Amorphous Glassy
PVC - 83.72 - - 0 Amorphous Glassy
Plastics — ‘large’ particles AHp"100% Tg Tm AH,, Xc Crystallinity Glassiness
Ug™h 0 0 Ug™h (%)
PP 207.1 <0 160.94 96.643 47% Semi-crystalline Rubbery
PE 293.6 <0 104.67 49.473 17% Semi-crystalline Rubbery
PET 140.1 80.87 247.12 26.325 19% Semi-crystalline Glassy
PA - 21.62; 93.62 - - 0 Amorphous Rubbery; Glassy
PS - 96.21 - - 0 Amorphous Glassy
PVC - 83.48 - - 0 Amorphous Glassy

- not applicable for amorphous polymers.
2 Values obtained from PerkinElmer Technical Bulletin (PerkinElmer, 2000).
Y Treated as nylon 6 (PA6).

applied in plastic samples. The degassing of the Ny-BET adsorption-
desorption analysis is normally employed at over 130 °C (Hui et al.,
2021; Hussain et al., 2010). However, due to the low melting temper-
ature of the plastics, degassing was performed at lower temperatures (30
°C; Moura et al., 2022). This adaptation of the methodology can prevent
full removal of Ny during the degassing step, meaning that the data
might not be accurate, therefore the Sggr of microplastics might be often
underestimated. Moreover, although the x-ray diffraction (XRD) anal-
ysis can be used to identify polymeric materials, it does not bring
additional information to either the FT-IR analysis for polymer identi-
fication or to the DSC analysis regarding the degree of crystallinity of
microplastics.

5. Limitations of the study

The current study highlights the importance of the characterisation
of commercial microplastics prior to adsorption experiments. However,
there were some limitations to this study. For example, the number (n =
21) of studies selected in the evaluation of the literature with respect to
characterisation of microplastics does not include all microplastic
adsorption studies published in recent years. The selection is a repre-
sentation of what has been published in the literature. However, these
studies clearly demonstrate that in the published literature there is a lack
of microplastic characterisation prior to experimentation.

The current study focussed on the importance of fully understanding
the properties of microplastics used in adsorption studies. However, the
lack of characterisation is relevant to all microplastic-related research.
Commercial microplastics have been used in various applications; from
the evaluation of the impact of microplastics on wildlife (Schwarzer
et al., 2022) to their use as a positive control in a study that detected
microplastics in the lamprey gastrointestinal tract (Rendell-bhatti et al.,
2023). Almost 400 studies relating to the adsorption of pollutants onto
microplastics were published in 2022 according to the Web of Science
database (2023). This illustrates the importance of the topic and the
urgency to address the need for standardised microparticles and asso-
ciated criteria for the characterisation of any microparticles used in a
research project.

The microplastics were acquired from a single supplier. Acquiring a
range of types and sizes of commercial microplastics at the required
amount for an extensive characterisation analysis comes with high costs.
It is important to highlight that the data from one supplier does not
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necessarily represent the situation with respect to other microplastic
manufactures. However, the current study highlights that any
commercially acquired microplastics should be characterised prior to
any experimentation to ensure reliable interpretation of data.

6. Conclusions

A detailed characterisation of six virgin microplastic types (PP, PE,
PET, PA, PS, and PVC) acquired as two distinct sizes from a commercial
source was performed. The characterisation included confirmation of
the polymeric material and the determination of the crystalline struc-
ture, the degree of crystallinity, the glassiness, the particle size distri-
bution, surface morphology, and surface area of the microplastics.
Results obtained highlighted the importance of a detailed analysis of
microplastics acquired commercially prior to experimentation and the
need for standardised microparticles. Concerningly, it is apparent from
the current work that the majority of the information provided by the
supplier was inconsistent with the data obtained in the laboratory. For
example, the probable presence of a grafting agent in the small particles
of PP, while absent in the large particles of PP, can complicate the
interpretation when assessing the impact of the particle size of PP during
experiments involving microplastics. Furthermore, small and large PA
showed very similar particle size distributions. In addition, one was
determined to be semi-crystalline while the other was an amorphous PA.
The size and the type of microplastics have been reported to be a key
factor in various microplastic-related research. The current study has
demonstrated that the information provided by microplastic suppliers
should not be blindly trusted. While the results presented in the current
study only apply to products from one supplier, this might be an indi-
cation of a more widespread issue; thus pre-characterisation of
commercially acquired plastic particles is critically important when used
in scientific research. Ultimately, a suite of analyses that should be un-
dertaken on microplastics prior to their use in microplastic-related
studies, including adsorption experiments, is recommended and in-
cludes Fourier transform infrared (FT-IR) spectroscopy, particle size
analysis (PSA), differential scanning calorimetry (DSC), and scanning
electron microscopic (SEM) imaging. Without proper characterisation of
the microplastic, any data on the adsorption of chemicals by the parti-
cles must be viewed with some caution.
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Table S1: Adsorption of organic compounds on microplastics per microplastic type, size of the particles, microplastic supplier, particle size analysis, scanning
electron microscope (SEM), microplastic treatment (size-wise) prior experiment. Polypropylene (PP), polyethylene (PE), low density PE (LDPE), high density PE
(UHMWPE), average density PE (AMWPE), polyethylene terephthalate (PET), polyamide (PA), polystyrene (PS), polyvinyl chloride (PVC). The particle size in the SEM images

was measured using the ImageJ software.

67 um

Compound Mlcrct);;aestlcs Size (um) Suppliers Particle size analysis SEM Microplastic treatment | Reference
. UHMWPE PP ~1,000 Zoom Elizalde-
Diclofenac . . .
Ibuprofen PS PS 600-800 Sigma-Aldrich (St. Optical microscope image unable to Blended and sieved velazquez
Na proxen AMWPE AMWPE 300-400 Louis, MO) P PEIMABEe | check the etal,
P PP UHMWPE 2-10 size (2020)
Sulfadiazine PE Zoom
Amoxicillin PS Youngling .
Tetracycline PP 90% 75-180 Electromechanical PSA performeq - o method | unable to Used as received Lietal,
- - described check the (2018)
Ciprofloxacin PA Technology Co., Ltd. size
Trimethoprim PVC (Shanghai, China)
PA
PE
PET SinoPec (Guang- . . Guo et al.,
Sulfamethoxazole PS 100-150 dong, China) Sieve None Sieved (2019)
PVC
PP
Carbamazepine
4-methylbenzylidene .
Camphor PE 250-280 Smopec_(Beulng, Sieve None Blended and sieved Wuetal,,
Tri China) (2016)
riclosan
17a-ethinyl estradiol
SEM
images -
Sulfamethoxazole . . Mamitiana
Propranolol UHMW-PE 45-48 Slgma Aldrich (St. SEM shqws Used as received et al,,
. Louis, MO, USA) as particles
Sertraline from 10 - (2018)




Enrofloxacin
Ciprofloxacin

Norfloxacin
5-fluorouracil L;DVPCE KraDlZ\:Arllls;{ia Puckowski
Methotrexate 63-125 . C’ Sieve None Sieved beads et al,
PP Resinex and Sigma-
Flubendazole . (2021)
HDPE Aldrich
Fenbendazole
Propranolol
Nadolol
SEM
mean size Goodifellow i;nhao?/?ss Xu et al
Sulfamethoxazole PE Company None X Used as received ”
150 ; particles (2018)
(Huntington, UK) from 13 -
167 pm
Zoom
Oxytetracycline PS 450-1,000 No informed Sieve unable to Sieved Zhang et
’ check the al., (2018)
size
Dongguan Jing Tian Zoom
Cinrofloxacin PS mean size Raw Materials of None unable to Used as received Liu et al.,
P PVC 75 Plastics Co. Ltd, check the (2019)
China size
SEM
. MicroPowders, Inc. images
. . mean size shows . Atugoda et
Ciprofloxacin PE Tarrytown, New None X Used as received
100 particles al., (2020)
York, USA. from 18-
191 pm
PE Goodfellow
Company
(Huntington, UK). )
PE PP and PS from ?5—%6 uPnE
Tetracycline PS <280 centlrifuge tubes Sieve PP 19- Grated and sieved Xuetal,,
PP (Corning Co., USA) 236 PS (2018b)
and disposable Petri 13-171

dishes (Kangjian
Medical Co., China),
respectively.




PE

. PP . . One . . Guo et al.,
Tylosin PS <74 Not informed Sieve particle Grinded and sieved (2018)
PVC
Yangli SEM -
Tetracycline PLA PLA 250-550 electromechanical None PLA 250 Used as received Fan et al.,
ciprofloxacin PVC PVC 75-150 co. LTD (Shanghai, um PVC (2021)
China) 76 um
PP PE LG Company
PVC (Korea)
17B-estradiol PVC Guangzhou . . . Luetal.,
170-ethynylestradiol EE 4,000-5,000 Bofeng Chemical Stereomicroscopic image None Used as received (2020)
Technology
Company (China).
mean sizes Zoom
. 754 Shanghai Younglmg Laser Particle Size unable to . Li et al.,
Triclosan PS 106.9 Electromechanical Sieved
Analyzer (LS13320) check the (2019)
150.5 Technology size
214.6
Dongguan Jing Tian SEM
Triclosan PVC Small <1 Raw Materials of SEM 0 1SST-?”OO Used as received Ma etal.,
Large ~100 Plastics Co. Ltd., : . (2019)
: large 64-
(China) 544
PE 225 + 41 Nanjing Kaver
Triclosan Eg PS 313 + 48 Scientific In- SEM :rgge Used as received Ch(‘z’(‘);ﬁ)a""
Soil <74 struments Co., Ltd. P
Yangli Laser particle analyzer
. Electromechanical : One . . Wu et al.,
Triclosan PP <180 Technology Co., Ltd (MS-2000, UK) - no particle particle Grinded and sieved (2020)

(China)

distribution shown




16

17

18

Guanbu

Atorvastatin Electromechanical One . Liu et al.,
Amlodipine PS 50.4£11.9 Technology Inc. SEM particle Used as received (2020)
(Shanghai, China)
N-Hexane . . .
Pe Coser ot s (e ot
Benzene PS Goodfellow and sir%ultarrzec;us Huffer and
Toluene, PP <250 Cambridge Ltd. microscopy (EyeTech None Sieved Hofmann,
Chlorobenzene PA (Huntingdon, UK.). -opy 1Eye fech, (2016)
Ankersmid Lab, Nijverdal,
Ethylbenzoate PVC
The Netherlands).

Naphthalene

. Zoom
2,20,4,40- Xingwang unable to J.Wuetal
tetrabromodiphenyl PS 4,000 Dongguan Plastic None Used as received ' v

. check the (2020)

ether Ltd. (China) size
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