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Environmental context. Microplastics, either purposefully manufactured or formed by fragmentation of
discarded ‘end-of-life’ macroplastic items, are accumulating in environmental compartments. As more and
more data are collected on microplastics in the environment, discussion of two issues has become indispens-
able: (i) how reliable are the results in terms of the inherent capabilities and limitations of current methods used
for sampling, counting and measuring microplastic particles; and (i) how can the fate of microplastics be
understood in the context of natural particles and colloids?

Abstract. A first important step in evaluating the impact of microplastic pollution in natural systems is assessing the
reliability of the results obtained according to the inherent capabilities and limitations of the methods used for sampling,
counting and measuring microplastic particles. This study, based on the critical reading of 55 studies containing
quantitative microplastic data in waters and sediments, is an attempt to analyse these issues in the light of existing
knowledge in the field of natural colloid studies. Existing results are highly dependent on the sampling and methodological
procedure chosen and are essentially descriptive. Moreover, often they lack standardisation and adequate reporting of
basic information such as the meaning of the size parameter measured. Colloid theory may provide the theoretical
background needed to explain microplastic behaviour or, at least, to identify the parameters (e.g. density, surface
characteristics, shape) that need to be known in order to gain a predictive knowledge of the subject. They are introduced
and discussed. Finally, microplastics are not alone in environmental compartments. For this reason, when possible,
published microplastic particle size distributions in natural waters have been quantitatively situated in the context of
natural particles.
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Introduction

Plastics are one of the most used materials in the world. They are
broadly integrated into today’s lifestyle and are present in
almost all product areas. Unfortunately, one the characteristics
of plastics that make them so useful — durability — also enables
them to persist in the environment for very long periods of time.
Additionally, because of their low cost, many plastic objects
have long been perceived as disposable. The result is the ubiq-
uitous presence of plastic debris all over the planet. Close
attention has been paid along the years to the increasing amount
of plastics in the oceans and to their noxious effects on marine
fauna. The earliest discoveries of plastic debris inside dead
marine birds as well as the first attempts to quantify floating

plastic debris in the western North Atlantic Ocean date back
more than 40 years.!' ) Since then, a large number of studies
have documented their increasing prevalence and undesired
effects. The issue has long had a high profile in the media.

For the past several years, increasing attention has been paid
to the presence of small pieces of plastic, ‘including those not
visible to the naked eye’,[é] in surface waters, mainly in the
world’s oceans. These have increasingly been described as
microplastics. The defining criterion of what constitutes a
‘microplastic’ is exclusively size, but the threshold beyond
which a plastic qualifies as a microplastic remains somewhat
fuzzy (this issue is discussed in the next section). The first use of
the term microplastics is attributed to a widely cited paper
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published in 20047; it was first used in the title of an article in
2006.18T However, although the use of the term itself is relatively
recent, studies about a category of plastic objects in this size
range — plastic pellets —have been carried out for many years>]
and, as early as 1992, the US Environmental Protection Agency
(EPA) published a widely cited report listing a significant
number of observations.”’

The aim of the present article is to discuss some issues that
are rarely addressed explicitly in published studies and reviews
on microplastics. It describes the approach of an environmental
chemist with much experience in the field of natural colloids
and particles (though a novice in microplastic research) who
tries to understand some observations relatively surprising
at first glance (e.g. why have smaller microplastics been found
in sediments rather than at the water surface (see fig. 2 in
Hidalgo-Ruz et al.l'”")? Why have smaller plastic particles not
been found in natural waters? Why do microplastics not seem to
interact with natural particles?). The study is structured in three
parts. First, specific analytical aspects are discussed in order to
understand the meaning of published results. Then, the para-
meters needed to explain and predict microplastic behaviour in
natural systems, according to the usual framework of colloid
science, are introduced and discussed. Finally, existing data on
microplastic particle size distributions in natural waters are
situated in the context of natural particles. Though the discus-
sion that follows is based on a thorough review of existing
literature, its aim is not to produce a narrative review of
microplastics (the reader is referred to Andrady,’® Browne
et al.,'"" Moore,!'? Barnes et al.,/"* Cole et al.,"* Hammer
et al.,[!] Wright et al.,[16] and Ivar do Sul and Costal'”! for this
type of article), but rather to evaluate the reliability of existing
information and to guide future research.

Methodology

Existing literature has been critically reviewed in order to eval-
uate the extent to which key aspects related to size and number
measurement have been addressed in published studies and how.
Various specialised search engines were used (Web of Science,
SciFinder; keywords: microplastic, microdebris, ocean, sea,
lake, river, freshwater). Careful reading of published papers led
to other references. Only studies published in peer-reviewed
journals have been included. Grey literature (i.e. documentary
material that is not commercially published, typical examples
being technical reports and conference proceedings) was not
included. Studies that reported on only a single type of plastic,
usually pellets!'® 2% but in some cases also fibres,**?"! were
not taken into consideration. Lastly, studies where microplastics
were isolated either to perform further experiments (for instance
sorption and desorption of metals or persistent organic pollu-
tants)**! or for observation purposes,”?* but where samples were
not sampled quantitatively, have not been included. All the
articles evaluated (23 for sediments and 32 for waters) are listed
in the Supplementary material file, which sets out the informa-
tion in tables. This set of articles can be considered compre-
hensive and representative, but probably not exhaustive,
particularly considering the steady publication of new studies.

Definitions

Microplastics are a category of plastic particles defined as a
function of size alone. Occasional mention is made of the fact
that they cannot be seen (e.g. “barely visible particles, *”! ‘those
not visible to the naked eye’,!! “the invisible fraction’'}). Most
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studies give a precise upper size limit but there is no consensus
on the value. Whereas, based on the conclusions of a 2008
workshop, the National Oceanic and Atmospheric Administra-
tion (NOAA) considers microplastics to be plastic particles that
are <5 mm,"? for other authors (e.g. Browne et al."**) particles
should be smaller than 1 mm to be considered microplastics.
Other sizes have also been given and even a highly idiosyncratic
definition (<1 cm) can be found in a recently published paper in
a prestigious journal.** A review of the literature shows that in
recent years, most authors have favoured the 5-mm limit. Some
working groups consider further subdivisions and terms. For
instance, the Technical Subgroup on Marine Litter for the
implementation of the Marine Strategy Framework Directive
(MSFD) recommends further subdivision of the ‘visible size
fraction’ (>1 mm) into large microplastics (1-5 mm), meso-
plastics (5—25 mm) and macroplastics (>25 mm), whereas the
‘invisible fraction” (<1 mm) is referred to as ‘small micro-
plastics’.'! The lack of a lower size limit in microplastic def-
inition has rarely been addressed; it is discussed in the Size range
section.

Origin and types

The general term microplastics gathers particles of different
origin and chemical composition. We can distinguish two broad
categories: so-called primary microplastics that are manufactured
in the size range of microplastics (e.g. plastic pellets, scrubbers),
and secondary microplastics that are formed by degradation of
macroplastics or other materials (e.g. fibres, plastic fragments).
All have been widely described in existing reviews, reports
and article introductions and will be only briefly introduced
here. Information available about the relative contribution of
primary versus secondary microplastics varies widely and is
system-dependent but, based on the observation that the amount
of macroplastic accumulating in the marine environment is
increasing!®”! in conjunction with recent antipollution measure-
ments concerning primary microplastics, it is reasonable to
believe that secondary sources of microplastics dominate, or will
dominate, microplastic environmental occurrence.

Plastic pellets

Plastic (resin) pellets are the raw materials that are melted and
moulded to create plastic products. Plastic may be formed into
pellets of various shapes (e.g. spherical, ovoid, cylindrical),
sizes (1- to 5-mm diameter) and colours (colourless, translucent
or coloured). They are most commonly polyethylene (PE) or
polypropylene (PP). Resin pellets are unintentionally released to
the environment during both manufacturing and transport. They
were the first type of microplastic detected and quantified in the
oceans'”! and have been found on beaches and water surfaces all
over the world. Aging of pellets is usually accompanied by
discolouration (e.g. yellowing), abrasion, cracking, fouling,
tarring and encrustation by precipitates,”'! but it is not clear
whether they easily break down to produce smaller particles.
Because of their capacity to sorb organic pollutants such as
polychlorinated biphenyls (PCB) and polycyclic aromatic
hydrocarbons (PAH), they are used as sentinels for the presence
of these micropollutants in the framework of a world-wide
project, ‘The International Pellet Watch’.®!

Scrubbers

Scrubbers are present in hand cleansers, cosmetic products and
airblast cleaning media. In the case of cosmetics, their presence
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has been known for long time!*”**! but they were long consid-
ered a minor source of plastic pollution whereas nowadays, their
presence has become prevalent because, on the one hand,
microplastics have now replaced natural exfoliating materials
(e.g. pumice) in facial cleansers and, on the other hand, the
average consumer uses them more often than before, i.e. on a
daily, or at least weekly, basis.*”! Recently, the per-capita
consumption of microplastic used in personal care products for
the USA population was estimated to be ~2.4 mg per person per
day.[*") Many facial scrubbers contain PE, PP and polystyrene
(PS) granules. These vary in shape and size depending on the
product. Public awareness of the problem has recently led some
cosmetic manufacturers to announce their elimination (www.
beatthemicrobead.org/en/industry, accessed 15 July 2015).
Mainly acrylic and polyester scrubbers are used in air-blasting to
remove rust and paint from machinery and boat hulls!'* but
industrial blasting agents can contain a broad variety of ingre-
dients, including melamine, thermoset polyester polymer, PS,
polyallyl diglycol carbonate, and amino thermoset plastic.!*"!

Paint degradation

Degradation of ship paints may contribute to introducing different
types of polymers to the ocean. Alkyd resins have been found in
several studies*>**; alkyd is a typical polymer binder in
industrial paints.[*>! Also, large quantities of paint chips are
produced during boat maintenance and cleaning (e.g. paint-chip

scraping). 46

Fibres

Fibres of different origins have been found in surface waters.
Browne et al. showed that disposal of domestic wastewater
contaminated with fibres from washing clothes was a major
source of plastic fibres in the UK. Ropes and fishing gear,
when left behind, lost by fishermen or even during normal use,
will degrade in the environment and release threads and frag-
ments small enough to qualify as microplastics.*”**] Vessels
themselves have also been identified as possible sources of
fibrous plastic particles™®**°” owing to the release of polymers
from the fibre-reinforced plastic matrices used nowadays in
ships.**>"1 A predominance of microfibres has been found in a
recent study on deep-sea microplastics.>?!

Fragmentation and degradation of larger plastic materials

Macroplastics and plastic fragments gradually degrade into
smaller pieces through a combination of mechanical erosion
(combined effect of wave action and abrasion), photodegrada-
tion and the possible action of bacteria or fungi. During photo-
degradation, sunlight oxidises the chemical structure of the
plastic, causing bond cleavage that reduces the average molec-
ular mass of polymers. As a result, plastics become brittle and
disintegrate, producing smaller fragments. In fact, UV-B radi-
ation simply triggers an autocatalytic degradation sequence that
progresses thermo-oxidatively, even in the absence of UV
radiation, as long as O, is available. According to Andrady, who
has discussed plastic degradation in depth,[® light-induced
oxidation is orders of magnitude faster than other types of
degradation but plastic floating in seawater degrades much more
slowly than in air or on a beach surface. Fragmentation into
small particles in water may take longer because the very high
thermal stability of plastic particles of nanometre-scale size.”*!

The effect of degradation on microplastics has been reported
in marine and freshwater samples through scanning electron
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microscopy (SEM) observations of changes in the surface
texture.**?%3571 Grooves, gauges, pits, adhering particles
and flakes are commonly observed features. Not all plastics
degrade similarly. For instance, the surface of beached PP
pellets is not as rough as that of beached PE pellets and looks
more cracked than altered.”® Differences between marine and
freshwater samples may be the result of varying weathering
rates in different water chemistries (salt water versus fresh
water).>”] Chemical weathering has been monitored by follow-
ing the level of oxidation by Fourier-transform infrared (FTIR)
spectroscopy.*'°%°%] The main parameter measured is the
carbonyl index (i.e. the absorbance of carbonyl moieties relative
to the absorbance of reference peaks) but other IR information
has also been used.!>®]

However, these observations have remained purely descrip-
tive. There has been no theoretical or experimental systematic
study leading to a quantitative prediction of macroplastic
fragmentation under natural water conditions. Even if the
breaking up of particulate matter into smaller fragments is a
ubiquitous process present in many natural and technological
processes, and there is a vast body of literature covering fracture
and fragmentation processes, it is not a simple subject even in
well-defined systems. The data available suggest that, for single
fragmentation events, cumulative fragment mass distributions
exhibit a power-law decay, independently of the energy input,
the relevant length scales or the dominant microscopic interac-
tions involved. What is more, the break-up of solids cannot be
understood as a generic stochastic process because the precise
mechanism of crack initiation and growth, i.e. the dominance of
shear or tensile stresses, can govern fragmentation.'°”) However,
plastic fragmentation in natural ecosystems is not a single event
but rather a continuously evolving process taking place in
extremely dynamic media. Thus, citing results on single-impact
fragmentation of plastics as being directly applicable to ocean
microplastics as in Cozar et al.®* is disputable. Dedicated
fundamental research on macroplastic fragmentation under
natural water and soil conditions over long periods of time
leading to quantitative predictive tools should be a priority.

Open analytical questions

Recently, the analytical methods used have been comprehen-
sively reviewed by Hidalgo et al.'® Although many studies
have been published since then, most follow the same working
approaches. Therefore, only the basic principles will be com-
mented on here. Tables S1 and S2 (Supplementary material)
contain published results along with the corresponding meth-
odological information. Table S1 includes location, type of
sample, sampling procedure, initial separation and sample
treatment methods, and identity verification. Table S2 shows
size definition, counting method and results.

The methodological approach differs depending on whether
the matrix is a sediment (including beaches and bottom sedi-
ments) or water (either surface or column water). In sediments,
sample separation is based on an initial sieving step followed by
a density-based separation. Flotation is usually achieved by
using a concentrated NaCl solution!”) but, in order to obtain
better separation gradients, other salts have also been used
(i.e. NaL'%" ZnC1,,57%%] polytungstate).”**! In waters, micro-
plastics are nearly always collected by using techniques initially
developed for plankton. Flotation is less used or not mentioned.
After collection, both in sediment and water samples, identifi-
cation and quantification are done visually, normally with the
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help of an optical microscope. In some cases, initial plastic
identification is confirmed by a spectroscopic technique (mainly
FTIR but also Raman). In some studies, microplastics are also
classified by size (Table S3, Supplementary material).

Several methodological and interpretation problems are
associated with the methodology used. Some of them have been
discussed in the past!'*%>%1 but, apparently, others have gone
unnoticed. Methodological obstacles that inhibit interpretation
and comparison among studies, along with suggestions for
improvements are discussed in the next two sections.

Open methodological questions
Representativeness of the samples

Existing studies point to a strong spatial and temporal
heterogeneity of microplastics in surface waters. Over ocean
basins, spatial patterns of debris are influenced by large-scale
atmospheric and oceanic circulation patterns leading to particu-
larly high accumulation of floating debris in the subtropical
gyres.!'"*l However, what is worrying from the methodological
point of view is not this large-scale heterogeneity but the
existence of a strong spatial heterogeneity of marine plastic
debris at small spatial scales.[®”) If this were to be confirmed, it
would call the validity of all published results into question. In
the case of surface waters, the wind has long been recognised as
a main driver of the observed heterogeneity.[®! Kukulka
et all®”! found an inverse relationship between wind speed
and concentration of plastic particles on the sea surface in the
North Atlantic Subtropical Gyre; higher concentrations are
measured at low winds.*”"") Based on a one-dimensional
column model, these authors estimated that, under average wind
conditions, 54% of plastic particles are below surface tow
depths.°”! The situation can be even more complex if, as found
in Browne et al.,!”!! low-density macrodebris move with the
wind, but high-density microdebris do not.

Beaches are also very heterogeneous temporal and spatial
systems. High intrabeach differences have repeatedly been
reported,?”%172731 with big differences observed between low-
and high-water marks®"’* and higher concentrations being
found at the high-water zone'®"! or in protected tidal mudflats.[*>!
Comparison of results can also be hindered by other sources of
variability such as the fact that the depth of sand being sampled is
not always the same (Table S1). However, the main problem is
that microplastics are often collected in areas where plastic
concentrations are visually higher (i.e. drift lines, strandlines).
It is a general fact that authors rarely choose to study systems
‘where nothing happens’ and that this has the automatic conse-
quence of producing a bias in existing results and in the
corresponding accepted belief. Although it is inherent to this
type of problem that it is impossible to prove that it exists, it is
important to mention that such behaviour probably affects the
subject considered here, leading to an overestimation of micro-
plastic concentrations in the environment. One study!®”! explicitly
justified the very high concentrations found as being ‘due to a
sampling scheme that deliberately targeted high-plastic areas’.

A sampling strategy based on a priori analysis of the relevant
length and time scales of the water body to study would be an
important step towards a better assessment of microplastic
impact in natural systems.

Sample contamination

In the case of fibres, there is a high risk of procedural
contamination because fibres are ubiquitous and will thus be
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present from sampling to the laboratory. The use of compatible
tools and clothing (e.g. steel tweezers, polymer-free gloves,
cotton laboratory coats) is rarely mentioned in published studies
and running procedural blanks or checks remains rare, albeit
with a recent upward trend.[?7#25%-52:64.75.76] Where this has
been taken into consideration, results vary. Although in the case
of Dekiff et al.,!'®* fibres were considered separately and
excluded from the quantitative analysis of beach sediments
owing to substantial procedural background contamination,
Mathalon and Hill”®”! and McCormick et al..’"! found evidence
of microplastic fibre contamination, and Frias et al.,[*?1Woodall
et al.’%) and Vianello et al.'”! reported no contamination. Only
in a few cases was checking for possible contamination by
bottles (PE)*Y or plastic bags (PE)®”! used for sampling
mentioned.

Problems related to relying on visual inspection

The identification, enumeration and counting of microplas-
tics in published studies usually rely on visual inspection of the
samples. This means that there is a high risk of missing or
misidentifying particles. For instance, a dependency on the
observer was recently reported by Dekiff et al..* These authors
reported that three independent observers resulted in different
quantitative statements for the same sample extract.

Not all authors confirm the identity of the particles using
spectroscopic techniques (57 % in sediments and 41 % in waters
do so) and, when done, often only a subset of particles is used
(Table S1). When identity is checked, the number of misidenti-
fications is not always quoted. It is thus difficult to evaluate the
reliability of the results obtained.

The need to find alternatives to the initial visual inspection
has often been mentioned. Using p-FTIR mapping has been
proposed,!’®! although some experimental aspects still remain
controversial, such as reaching a suitable signal/noise ratio and
adequate spatial resolution.

Loss of particles in water samples

In the case of water studies, where microplastics are sampled
by using plankton-sampling devices, the concentration of
microplastics found is often lower as their size approaches the
lower sampling limit. This effect was already noticed in 1994L7")
and attributed to a preferential removal of this size of particles
by marine organisms. An alternative and plausible reason might
be that, as suggested by Isobe et al., %% if size is defined as the
longest length of each fragment, fragments with irregular shapes
easily slip through the net. This issue is discussed in the section
Measuring irregular objects in the more general context of size
definition when using sieves and meshes.

Lack of certificate reference materials

In the absence of certificate reference materials, it is impos-
sible to check the accuracy of the methods applied. In a few
cases, recovery efficiencies have been ascertained by spiking
samples with known amounts of particles. In the case of
waters, this procedure was followed in only one study and not
inreal water: Ng and Obbard!™ separately spiked a concentrated
saline solution (density 1.2 kg L™', representing artificial
seawater) with 3.45-um reverse-phase HPLC-grade PE and
chromatographic-grade PP. Precision and method recovery were
monitored by comparing IR spectra. In sediments, Claessens
et al.l’? checked particle recovery by spiking known concentra-
tions of microplastics ‘of similar dimensions as those encountered
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in the field’ in clean sediments with particle recoveries ranging
from 68.8 to 97.5 %, depending on sediment and particle type;
Ng and Obbard™ followed the same procedure described above
for waters; and Nor and Obbard™®!! spiked 250 g sediment with
25 ppm (equivalent to 71 particles) of Cospheric orange PE
spheres of 500-600-pum diameter before twice subjecting the
sample to the extraction procedure; particle recovery ranged
from 54.9 to 71.8 %. It is difficult to extract general conclusions
from such a limited number of experiments but recovery yields
do not seem to be excellent. Moreover, sample spiking does not
reproduce real conditions (e.g. spiking does not take into
account interactions with natural organic matter, effects of
biofilm formation, irregular plastic shapes resulting from
degradation).

Open questions directly related to size and ‘numbers’

When counting particles in heterodisperse systems, two differ-
ent parameters need to be measured: size and number.

Size range

Although it is well known that the results obtained (i.e.
concentration of microplastics in a given sample) depend on
the size range considered and this fact is often acknowledged, all
its implications are rarely adequately taken into account in
published studies and reviews. For instance:

e Upper size range limit. No consensus exists about the size
that defines microplastics. This clearly has practical implica-
tions because the number of objects found will depend on the
limit considered. In practice, however, another rarely men-
tioned but more insidious problem exists: as the evaluation of
the studies published shows (Table S2), very often there is a
lack of clear-cut limit of the higher particle size (and this
independently of the theoretical size considered), i.e. the
upper limit is left open (‘higher than’). In these cases, the
meaning of the results given obviously remains unclear.
Lower size range limit. In the case of waters, the lower
range limit is fixed by the mesh of the sampling device. The
dependence of the number of particles found on the mesh used
is not a new observation; Colton et al. already discussed the
issue in 19744 and it has been neatly confirmed in various
studies since then, for instance, in Norén®* where plastic
particle concentrations in Swedish waters were found to be up
to 100 000 times greater when sampled with a 80-pm rather
than with a 450-um mesh or in Song et al.”**! when comparing
hand-net (50-pm mesh), manta trawl net (330-um) and
surface microlayer sampling methods. Clearly, another
important consequence is that the mesh size used (usually
333 pm) makes it impossible to detect smaller microplastic
particles. In sediment studies, the lower limit is often unclear
(see Tables S1 and S2) because, even if a final filtration step is
included, the filter pore size is much smaller than the particle
size that can reasonably be seen and counted.

Concerning the lower range limit, it is important to remember
that there is an intrinsic instrumental size limitation associated
with the detection and quantification of particles by visual
inspection using a microscope. Microscopes are diffraction-
limited systems and both lateral resolution and depth resolution
depend on the light wavelength and the numerical aperture of the
optical system. At 550 nm, where the human eye is most
sensitive, a high-performance objective (50x with a numerical
aperture = 0.075) resolves 0.42 pum™®* but these conditions are
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probably far from the ones usually applied in microplastic
research (see Table S2, though the information is not always
given!). Because FTIR and Raman are often used to validate the
composition of microplastics, another limit of detection that
needs to be considered is related to the wavelength of IR light
(from 2.5 to 18 um), with Raman offering slightly better
detection limits.!'®’ The smallest size detected by pyrolysis
gas chromatography—mass spectrometry (Pyr-GC-MS) has been
reported to be 100 pm %

It is common practice in the scientific literature to compare
results obtained in a given study with previously published ones.
This can be done either by citing some studies (cherry-picking
approach) or by including tables systematically reviewing
previous studies.[®!*%707285] Taples are usually also included
in review papers.'® However, the use of either different size
ranges or unreported or open ones confounds interpretation of
comparisons reported in previous research. This point has so far
not been adequately acknowledged in this field and such
comparisons continue to appear in nearly all published papers.
Unfortunately, it is still extremely rare for authors to take into
account even the mesh used when sampling waters in their
comparisons.[’®””! None consider the other size-related limita-
tions mentioned above.

Measuring irregular objects

Particle size, in the sense commonly used, is a linear length
measure. The usual parameter used to characterise the size of a
particle is its diameter. However, the diameter unequivocally
defines the size of a spherical particle but not of particles of any
other shape. For all other shapes, particle size is defined as a
function of the measuring method. Unfortunately, although
counting is nearly always mentioned to be done by visual
inspection, it is not always clear in microplastic research which
method is used to measure the size of the objects (Table S2). The
two most widely used methods seem to be measurements based
on visual observation and sieving, and often a mixture of both
(i.e. initial separation made using nets or by sieving but other
sizes measured visually).

In the case of visual or microscope-based observations of
irregularly shaped objects, parameters like area, minimum and
maximum diameter, Feret diameter and perimeter, need to be
recorded, and then secondary parameters, such as mean diame-
ter, centre of gravity, radius of gyration, shape factor (SF =
47 x area/perimeter®) calculated (Fig. S1). When the shape
factor SF << 1 (e.g. fibrillar material), the calculation of
a mean diameter has no physical meaning and alternative
parameters need to be used. In the case of microplastics, where
many particles have irregular shapes and some are fibrillar,
none of these recommended parameters seem to have ever been
considered. It is rarely explicitly mentioned which parameter is
actually being measured (it is not mentioned in 83 % of sediment
and in 73 % of water studies). When stated, the use of the
‘longest dimension’ predominates in water studies (2/3 of the
cases where it is mentioned). It is difficult to classify objects
intrinsically defined by their size, as is the case for microplas-
tics, when the parameter measured is either not given or it is not
sufficient to unequivocally define the particle size.

Particle size obtained by sieving is different from that
obtained through visual inspection. A sieve diameter is defined
as the width of the minimum square aperture through which the
particle will pass, i.e. as the equivalent diameter corresponding
to the diameter of a sphere passing through a sieve of defined
mesh size with square or circular apertures (Fig. S2). The



common sieves are made of woven wire cloth and have square
apertures. Inadequate understanding of the meaning of size is
probably behind the observations mentioned in the section Loss
of particles in water samples.

Statistics of counting

Quantitative applications of microscopy-based methods
have traditionally been blamed for the poor statistics produced
by applying these techniques. Although it is generally assumed
that a high number of particles need to be analysed to produce
reliable results, accurate results can still be obtained from
counting a much smaller number of particles if adequate
statistical analysis is carried out in order to obtain optimal
sampling schemes.[*® Moreover, because it is generally accept-
ed that counting processes follow a Poisson distribution in which
the mean and the variance have the same value, it is easy to
estimate the number of objects that must be counted in order
to obtain a certain coefficient of variation (¥ =s> gives
s/x=1/ Vvx).B1 An interesting implication of the Poisson
distribution is that the expected coefficient of variation does
not decrease dramatically once a certain number of objects has
been counted (e.g. the coefficient of variation drops from 14 to
10 % as the number of objects counted is increased from 50 to
100, but only from 10 to 7 % if the number of objects is increased
again by 100 %, from 100 to 200).

No mention of the question of the statistics of counting seems
to have ever been made in published studies on microplastics in
the environment. Moreover, the number of particles that have
actually been counted is often not reported in microplastic
studies, which makes it difficult to assess the reliability of the
results obtained. For instance, of the 23 studies on microplastics
in sediments, this information is only provided in 11 publica-
tions (Table S2). The number of particles counted is very
variable, ranging from very low, and probably insufficient,
numbers (11,5%82581 or 59[4) to extremely high (12 63717
or 19 1007*)). The situation is similar in water studies, with only
53 % of studies giving the total number of counted particles.

A power analysis carried out to estimate sample sizes
required to detect changes in microplastic abundance'®’! showed
that the number of samples that need to be counted to detect
increases or decreases in microplastics with reasonable proba-
bility is very high owing to their high variability.

Dealing with censored data

Another aspect that needs to be taken into consideration is that
when authors give a mean value of microplastic concentrations,
they ignore the fact that microplastics have sometimes not been
found in all the samples. Inspection of Table S2 shows that not all
samples contained microplastics. This was the case in 50 % of
water studies (and there is a high likelihood that a further 25 %
where this information is not given should be added to this). The
proportion is lower in sediments, 26 % (plus 35 % of studies with
unclear information). This lower proportion is probably due to the
fact that it is easier to choose systems where microplastics are
present in beaches than in waters (see the section Representative-
ness of the samples). When systems without microplastics are
excluded from the calculation of a mean, the results obtained
overestimate the real situation. It is well known that mean values
cannot be calculated from measured values by ignoring samples
with below-the-detection-limit values (so-called ‘censored’ data
sets in statistics). Several data-treatment strategies exist for
assigning values to non-detected or non-quantified values!™°"
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but none has ever been applied, or at least mentioned, in micro-
plastic research. Editors of the journals that published these
studies also seem to be unaware of the problem as well as of
the fact that it is not correct to calculate mean values when data
have not been proved to be normally distributed.

Particle size distributions

Natural particles in environmental systems (e.g. atmosphere,
waters, soils) are not homodisperse but highly polydisperse
systems. For this reason, particle concentrations are often
expressed as particle size distributions (PSDs), i.e. concentra-
tion of particles in a given size class as a function of the class
size. Particle size distributions have the advantage of allowing
the direct comparison of results for different systems, without
depending on the size range considered. However, for this to be
possible, several methodological aspects need to be taken into
consideration. These have mostly been absent in environmental
microplastic research.

First, when the widths of the size classes are not uniform, it is
necessary to normalise particle concentrations by dividing them
by the size class width. This is also necessary when comparing
PSDs for different systems or among different studies. Even if
this is a common practice in environmental particle research,
only in two cases have PSDs been normalised when dealing with
microplastics. The two studies are separated by 20 years.**7"]
Without previous size class normalisation, PSDs cannot be
compared, as they have been, for instance, in fig. 3 of Hidalgo-
Ruz et al.'”)

Second, it is necessary to consider that PSDs are different
depending on whether number, surface or volume (=& mass)
particle concentrations are represented. An example is shown in
Fig. S3 for illustration. Not all sizing techniques provide the
same type of PSD. For instance, size distributions are related to
the number, mass and surface area of the particles as described
by their number-, weight- or z-averages, depending on the size-
measuring technique. Microscope-based counting gives number
distributions whereas filtration or sieving followed by weighing
provide mass (thus, volume) distributions but number-based if
followed by visual counting, as is often the case with micro-
plastics. Different definitions of mean diameters as a function of
measuring technique can be found in the literature.[*** Mixing
up different types of PSDs, as done in fig. 3 of Hidalgo-Ruz
et al.l'% is incorrect: in this figure, most distributions are
number-based but not Carson’s,” which is mass-based
(as clearly confirmed by its shape).

Third, if one or several classes are underestimated because of
the sampling strategy, the PSD will be inaccurate. Considera-
tions discussed in Statistics of counting apply to each size class.

In the case of microplastics, not all studies provide PSDs.
Table S3 collates the cases where they do (5 out of 23 studies in
sediments, 20 out of 32 in waters). Besides the lack of standar-
disation mentioned above, other problems hinder published
PSDs and reduce their utility: (i) PSDs are often open-ended;
it is important to stress that including open size classes in PSD
representations, as is the case in histograms shown in fig. 3 in
Hidalgo-Ruz et al.'® has no meaning. (ii) Results are often
expressed as percentages of measured items (always in sedi-
ments except in one case)l’*); this does not allow systems to be
compared except when it is possible to recalculate the actual
concentrations. (iii) Microplastic concentrations are not always
expressed in the same units (e.g. number of particles per
kilogram or per metre squared in sediments, number of particles
per surface or per volume units in waters); this is a general
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problem affecting not only PSDs but also total microplastic
values.

Microplastic fate in aquatic systems

Any particle introduced or created in a fluid (e.g. air, water) can
remain either in the fluid or sediment. It can also interact with
other (similar or different) particles (i.e. coagulate), which
eventually leads to further sedimentation. Microplastics will
behave similarly.

The main properties that drive the fate of particles are size,
shape and density; these are the properties driving buoyancy and
sedimentation; in conjunction with particle surface character-
istics, they govern coagulation properties. Particle surface
characteristics can also control buoyancy through bubble sorp-
tion. Coagulation and sedimentation of natural particles, partic-
ularly in the colloidal size range, is a well-studied subject.
Theory predicts that small particles will coagulate quickly,
medium ones will remain longer in the system, and larger
particles will sediment.””! The actual threshold size for sedi-
mentation depends on the system hydrodynamics and is vari-
able. These properties are discussed below in the case of
microplastics in environmental media.

Density

Particle density is a key parameter explaining and predicting
particle behaviour in waters. Depending on their density,
microplastics will either sediment or remain in the water column
and be entrained in currents and travel long distances far from
their source. Furthermore, because many studies rely on density-
based separation methods, the question of microplastic density
is an essential one also from the methodological point of view.

As a result of many studies in seawater quantifying floating
plastic debris in surface waters (generally using surface-water
collection of debris with Neuston nets), plastics are commonly
perceived as being mostly positively buoyant in seawater. This
is not strictly true. Although some have densities below or close
to seawater (i.e. virgin resins of LDPE, HDPE, PP, PS), many
others have not (e.g. PVC, PET, PC, polyurethane, nylon) (see
List of Abbreviations for meaning). Moreover, plastics in
products are often mixed with fillers and other additives that
increase their density. Nevertheless, the density of the most
widely used plastics does not differ much from that of seawater
and the amount of turbulence necessary for resuspension of
debris remains small. On the basis of density considerations
alone, the fate of microplastics in freshwaters can be expected to
be different from seawater, with increased sedimentation pre-
dicted, but the freshwater studies needed to confirm this hypoth-
esis are lacking.

A factor that has been mentioned to significantly decrease the
buoyancy of particles and increase their sinking capacity is
colonisation by organisms. Fouling by organisms and biofilm
formation is a widely described phenomena in macroplas-
tics.”*?1 But, even though already mentioned in the 1972
seminal paper by Carpenter and Smith®®!: ‘At present, the only
known biological effect of these particles is that they act as a
surface for the growth of hydroids, diatoms, and probably
bacteria’, and repeatedly observed®''°" or at least mentioned
since then, its effect on the fate of microplastics has rarely been
quantified.!"®"] The effect of development of microbial films
and fouling might not be simple to predict. For instance, it has
been suggested that de-fouling in the water column due to
foraging by organisms or other mechanisms (e.g. dissolution
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of carbonates and opal with changing pH conditions) can
decrease microparticle density, causing them to return to the
surface. A slow cyclic ‘bobbing” motion of floating plastic
debris attributed to this cyclic change in density has been
proposed.t'*! Furthermore, because seawater density gradually
increases with depth, slowly sinking microplastics, slightly
exceeding the surface seawater density, may remain suspended
at a depth where their density equals that of the medium and not
sediment further.

Microplastics have been detected in the seafloor and in
coastal subsediments (Table S1), which confirms their sedimen-
tation but the number of studies is limited and, as noted by Law
etal.,l'® plastic has not been documented so far as a significant
component of the material collected in sediment traps. Many
aspects of microplastic settling remain unknown, for example,
the effect of the form factor of individual particles (i.e. fibres and
microplastics originating from macroplastic degradation are
largely non-spherical and the settling velocity of non-spherical
particles is less than that of a sphere having the same volume and
density),!'* bubble sorption or the interaction with similar or
natural particles. Some of these aspects are discussed in the
following sections.

[52,62]

Surface properties

Solution chemistry as well as particle surface properties control
the colloid stability of particles, i.e. their attachment efficiency.
Therefore, microplastic surface characteristics will play a key
role in their environmental behaviour. According to the DLVO
(Derjaguin—Landau—Verwey—Overbeek) theory, particle repul-
sion due to electrostatic interactions is counteracted by attrac-
tion due to van der Waals interactions. Values for the parameters
needed to estimate total DLVO interaction energies (i.e.
Hamaker constants and surface potentials) can be found in
handbooks on colloids and polymers.!'°> However, results from
DLVO-based calculations have, in general, not been supported
by experimental observations in environmental systems. Some
reasons are the heterogeneity of such systems and the fact that
solid surfaces are made homogeneous by being coated by nat-
ural organic matter. This is supported by abundant electropho-
retic data that show a negative surface charge for almost all
aquatic particles irrespective of their origin.['“®! Although data
are lacking, there is no reason to expect that this will not also be
the case for microplastics.

As mentioned in the Fragmentation and degradation of
larger plastic materials section, surface characteristics of
microplastics change with time spent in the water, both physi-
cally and chemically. These changes can be complex and
dependent on type of compound. For instance, Fotopoulos
et al.l’® showed that virgin plastic pellets had homogeneous
smooth surfaces with no acid—base behaviour but that eroded PE
showed an altered surface that at seawater pH acquired a
negative charge. However, beached eroded PP was only
mechanically eroded (cracked) and although its surface area
increased, it remained neutral and did not acquire charged
functional groups on its surface. This means that surface
properties of microplastics need to be determined under
environmentally relevant conditions and for each type of
material.

A further point to consider in the case of microplastics is the
strong hydrophobic character of plastics. Because of this,
plastics have been used in fundamental studies in order to
understand the interaction between hydrophobic objects in the
absence and in the presence of electrolytes and surfactants.



Classical DLVO theory does not entirely explain their behav-
iour. The presence of an additional non-DLVO interaction was
first recognised by Laskowski and Kitchener in 1969.'°"! Later,
Blake and Kitchener!'”®! suggested the presence of a ‘hydro-
phobic force’ in wetting films between bubble-particles. The
term ‘hydrophobic force’ is now widely used to describe the
long-range, non-DLVO attractive forces measured between
macroscopic hydrophobic solid surfaces immersed in water.
This theoretical knowledge has been applied to the separation of
mixed plastics by flotation or of minerals by froth flotation in the
mining industry. A better understanding of the wettability of the
different types of plastics in natural water conditions, where
their surfaces are probably not ‘naked’ but, as mentioned above,
covered by organic matter or biofilms, is needed in order to
predict microplastic behaviour and fate.

Microplastic coagulation/interaction with other particles

In published studies, microplastics are usually considered as
isolated entities that do not significantly interact between
themselves or with natural particles. When mentioned, the
effects of the interaction with natural inorganic particles or
organic macromolecules are described in an essentially phe-
nomenological way. This is the case of binding with natural
organic matter or of other processes such as, for instance,
‘tarring and encrustation by precipi‘ta‘res’.[2 1

Natural organic matter is mentioned in some studies as a
nuisance for observing and counting microplastics and, on
occasion, methods have been applied to destroy it; treatment
with H,0, is the most common both in sediment'?”**! and
water®%7%#] samples but hot acid digestion has also been
used.!"”) However, the interaction of microplastics with natural
organic matter is rarely considered with the aim of understand-
ing microplastic fate. Its possible role is mentioned in only a few
cases. For instance, Browne et al.l”"! mention that flocculation
may contribute to ‘movements of microplastics in the water
column’ or Cauwenberge et al.[”! largely discuss marine snow
formation to justify the presence of microplastics in seawater
sediments.

Homocoagulation has not been specifically studied in the
case of microplastics under surface water conditions. Different
types of polystyrene (latex) microspheres have been extensively
used by the ‘colloid community’ to mimic the behaviour of
natural and biological colloidal particles. One such study!''"
has even been mentioned” " to explain that PS aggregates may
settle faster than expected for equivalent-sized spherical parti-
cles because of their fractal character, forgetting that the particle
concentration (25 g L") and coagulation conditions (strong
agitation, high ionic strength) used in Johnson et al.l''’! are
completely different from those of microplastics in seawater.
Extrapolation of colloid laboratory studies to natural conditions
is often not straightforward because of the many factors that
need to be taken into account.

Heterocoagulation with inorganic particles might be worth
considering when trying to understand microplastic fate in
surface waters. In particular, it is also worth mentioning that
rapid delivery of particulate organic matter to the deep ocean is
well documented, even if this material is almost neutrally
buoyant in seawater.!''" To explain this observation, it has
been suggested that detrital particles may acts as ballast,
providing an “abiotic boost’.!''*''*] A similar mechanism could
be envisaged for microplastics. In a given aquatic ecosystem,
microplastics probably participate in the formation of aggre-
gates where, as described for natural particles,!' '*! three general
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classes of natural colloids participate: compact inorganic col-
loids, large rigid biopolymers, and humic-like substances, each
type playing a different role. The formation of miniflocs, flocs
and large aggregates by colloid- and particle-based interactions
determines the functioning of many biogeochemical processes
on a planetary scale and there is no reason to think that
microplastics will not be part of them; however, research would
be needed to confirm this. The lack of familiarity with colloid
research of the microplastic community is, in fact, surprising.
For instance, an example can be found in a recent study
published in a well-known journal®: when the authors try to
explain the differences observed between their measured and
theoretical PSDs calculated from a simple fragmentation model,
they invoke shore deposition, nanofragmentation, biofouling
and ingestion as possible sinks, but fail to consider coagulation.

Microplastics in the context of natural particles:
the case of surface waters

The size distribution of suspended particles is a function of
several variables, including the source and nature of the parti-
cles, physical and biological processes of aggregation, and the
‘age’ of suspension. As far as natural particles are concerned, it
has been commonly accepted for many years that the number
and concentration of particles increase logarithmically with
decreasing size, implying a continuum of particulate matter
ranging from nanometre-size material to the large particulate
matter settling out of the water column. This power-law distri-
bution paradigm arose from initial observations by aerosol
physicists and oceanographers for particles in the >1-mm size
range. Most of the observed PSDs in ocean waters in the 1970s
and early 1980s were such that they showed equal particle
volumes in logarithmically increasing size ranges. It was sug-
gested that these flat distributions resulted from the combination
of individual components that were log-normal by number and
from aggregation processes. This would result in quasistationary
distributions being observed. In practice, at proximity to a
source, size distributions might not be flat but show peaks. Peaks
may also be related to aggregation, for example the formation of
peaks related to faster collision by Brownian motion as com-
pared with elimination by shear. In practice, PSDs determined in
natural waters have been quantified in terms of a power-law
dependence with very similar slopes (3—4).['%! The limits are
given by experimental limitations on one end — the measured
PSDs rarely contain data below 60 nm —and by sedimentation on
the other. This limit will thus depend on the hydrodynamics of
the system (i.e. smaller particles will sediment in a quiescent
system but not in a turbulent river) and on the density of the
particles (i.e. big, loose aggregates essentially formed by
organic matter remain in aquatic systems for a long time in the
form of so-called marine and lake snow).

Do microplastics follow similar behaviour? It is difficult to
answer this question from the existing data (Table S3) because
of'the methodological limitations discussed in the present paper.
In particular, the low number of well-defined size classes and
unit problems drastically reduce the number of studies contain-
ing useful data. When the limited number of appropriate results
(14 PSDs from five studies) are plotted in a normalised way,
together with typical results from natural particles (Fig. 1;
natural particles data from Town and Filella!''™ in black),
microplastic PSDs appear situated in the expected zone, with
some data even approximately following the trends given by
natural colloids. It is impossible to extract conclusions from
such a limited data set, but it is important to stress that this
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Fig. 1. Particle size distributions for published microplastic studies com-

pared with natural particles. Natural particle distributions (in black) come
from Town and Filella.!"'™ Microplastic distributions from: Iyo Sea, Hiji
River mouth, Hyuga Sea and Uwa Seal®"; NE Pacific offshore, west coast
Vancouver Island, Queen Charlotte Sound and Strait of Georgia[mq];
offshore Geoje Island™**); Yangtze estuary and East China Seal’®!; Bering
Sea and US West Coast (Neuston and subsurface).!''®!

approach is the correct one to take in order to compare micro-
plastic results among themselves and to situate them in the
framework of natural particle distributions.

Conclusions

The main conclusions that can be drawn from the present study
are the following:

e Procedures and results are often not reported in a complete or
understandable way in microplastic studies. There is a need to
establish standardised procedures, not only for measurement,
but also for reporting.

Existing results are very much dependent on the sampling and
methodological procedure chosen. In particular, the meaning
of the parameter used to define size is often unclear and the
changing and undefined size ranges used make it impossible
to compare results. Some type of normalisation concerning
units is also needed.

Fundamental analytical issues, such as how to check for
accuracy and precision, need to be solved.

Current methods exclude the possibility of exploring smaller
size domains.

Existing studies are essentially descriptive. Very little atten-
tion has been paid so far to the study of processes involving
microplastics (ranging from fragmentation processes of
macroplastics in natural media to interaction with natural
particles and organic macromolecules) and to their role in
understanding microplastic fate in the environment.
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e Microplastic research would benefit from including princi-
ples from the well-developed field of natural colloids and
particles.

On the basis of the current state of knowledge on micro-
plastics in the environment and the methods used to acquire it,
three main areas of research arise:

e Methodological improvements along two main lines: increas-
ing the reliability of the results obtained and expanding the
measured size range towards smaller particle sizes.
Continuation of environmental data collection, particularly
in freshwaters, with the addition of process measurement
(e.g. flotation and sedimentation) and recording of ancillary
parameters. Beginning data collection in soils.

Fundamental research on processes, mainly fragmentation
and homo- and heterocoagulation under environmentally
relevant conditions.

List of abbreviations

DLVO, Derjaguin—Landau—Verwey—Overbeek
FTIR, Fourier-transform infrared

HDPE, high-density polyethylene

HPLC, high-performance liquid chromatography
IR, infrared

LDPE, low-density polyethylene

PAH, polycyclic aromatic hydrocarbon

PC, polycarbonate

PCB, polychlorinated biphenyls

PE, polyethylene

PET, polyethylene terephthalate

PS, polystyrene

PP, polypropylene

PSD, particle size distribution

PVC, polyvinyl chloride

Pyr-GC-MS, thermal desorption pyrolysis gas chromato-
graphy—mass spectrometry

SEM, scanning electron microscopy
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