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Abstract

Presence of microplastics in marine environment has been a pollution problem for years but
only recently people have become aware of it, similarly as happened in the las few decades with
global warming due to greenhouse gases. Microplastics are pollutants highly stable to complete
biodegradation and there is a high risk that they can enter in the food chain (e.g. fish or
agriculture products) because of the fact that secondary plastics (in principle, as small as
monomers and oligomers) generated from the evolution of primary ones (those directly spread
in the environment) require more specific separation processes for their removal. In this review,
firstly, we focussed on the classification and potential remediation technologies to be applied
depending on the microplastics size. Secondly, membrane technologies (microfiltration,
ultrafiltration and nanofiltration) are presented in the context of microplastics removal,
revealing their suitability for the task and a future path of research and development to be

carried out to mitigate the problem.
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1. Introduction

Plastics are very attractive materials. They were created as a solution for scarce and expensive
raw components such as ivory, tortoiseshell and animal bones. The creation, development and
further improvement of plastics exceeded the anticipated results and modern plastics are
characterized by durability, transparency, light weight, strength, versatility and hygiene (in
biomedical applications) just to name a few.' Such exceptional properties resulted in their
massive manufacture in the last decade, rising to an annual worldwide production in 2018 of
359 Mt of plastic (i.e. ca. 48 kg per earth inhabitant and year).? Plastic demand in Europe in
2018 divided into the following sectors: packaging (39.9%), building and construction (19.8%),
automotive (9.9%), electrical and electronic (6.2%), agriculture (3-4%), household, leisure and
sports (4.1% altogether) and others (16.7%) that include appliances, mechanical, engineering,
furniture, medical applications, etc.

While the social benefits of plastics are clear, this asset has been the subject of raising
environmental concern. Nowadays, only about 32.5% of plastic waste is recycled, 42.6% is
used as an energy recovery and 24.9% ends up in a landfill?, and it is unacceptable that the
waste ends up in rivers, lakes or the oceans. If the trend is not stopped, it is estimated that by
2050 ca. 12,000 Mt of plastic waste will be in landfills or in the natural environment.?

The first reports of plastic pollution in the oceans appeared in the 70s and did not drive huge
attention.* > As it was mentioned before, the biggest amount of plastics in Europe comes from
packaging applications. The most common polymers used for packaging are: polypropylene
(PP), poly(ethylene terephthalate) (PET), polyethylene (PE), polystyrene (PS), and poly(vinyl
chloride) (PVC)!, thus, it is the most frequent to find such materials as a pollution in the oceans.
There are many consequences of large plastic litter (macroplastic) in the ocean, however, the
effect on the marine animals seem to be the most obvious and straightforward. Such impact
includes: suffocating of the seabed and thus preventing the gas-exchange, injury and death of
marine mammals, birds and fish as a result of plastic ingestion and entanglement.® 7 After
ingestion of plastics, the animals die from starving or from inflammation of their stomachs.
Over 250 marine species are impacted by plastic ingestion.® An increased influx of plastic litter
into the oceans is a result of modification in demographics (more people migrate to coastal
regions), extensive fishing or recreational and maritime uses of the ocean to name a few.! We
have to also consider as an important factor the extreme consumerism of current society
aggravated by false sensations of security when, for instance, plastic biodegradability is claimed
suggesting that certain materials and utensils could be thrown off and magically disappear

without a trace in a short period of time as true organic waste. Actually, what are called
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biodegradable plastics are solids that may have half-lives of a few years that increase in marine
environments, due to relatively low temperature and near-neutral pH, approaching those of in
principle more stable plastics. For instance, the specific degradation rates of PLA (polylactic
acid) and HDPE (high density polyethylene) are similar under marine environmental
conditions.’

As long as it is relatively easy to spot a macroplastic piece floating in the ocean or accumulating
on the beach it is very difficult to distinguish and separate another type of plastic litter that is
called microplastic. Recently, there is an increasing environmental interest and concern about
microplastics mainly because they present different properties than their macro counterparts.'”
In fact, lower particle size of a plastic litter causes higher bioaccumulation in the marine animals
resulting in very high risk to the marine biota, such as:!! decreased food consumption, false
satiation, reproductive complications and blocked enzyme production. The potential impact on
humans (via for example fish or sea salt ingestion) includes respiratory irritation, obesity,
cardiovascular disease, asthma and cancer. This is mainly due to the high surface area to volume
ratio that microplastics possess. Because of that, microlitter can become heavily contaminated
with for example persistent organic pollutants (POPs) as a result of microplastics ability to
concentrate hydrophobic POPs on their surface. This process is very intensive mainly due to
POPs greater affinity to the hydrophobic surface of plastic compared to for example seawater.®
Moreover, there is also an emerging concern of microplastic pollution in freshwater and seas.'!
Recently, it has been identified that even the Arctic Sea is a reservoir with some microplastic
contamination.'? Microlitter was also found in lakes and rivers and, due to the wind and river-
driven transport, the plastic litter reaches the coast and the ocean.!!: 1>-13

It is believed that the vast majority of plastic ever made is still present in the environment in
some form.!6.3 It has been observed in some highly polluted areas that plastic litter can fuse
together or combine with the natural elements of the environment such as rocks, soil or organic
materials creating plastic rock-like forms. It is suggested that, due to the enormous influence of
human on even the most fundamental processes on earth, we are moving from Holocene to
“Anthropocene” epoch.!¢

Even though there is an extensive work on microplastics in the marine and fresh waters there
are still some challenges to consider: 1) standard quantification procedure (establishing a clear
and standard size definition measure), ii) understanding and evaluating of sources and
behaviour of microlitter in fresh water, iii) possible remediation technique for removal of micro
or nanoplastics from water, and iv) in the future, with the appropriate technology the plastics

recovered from the sea could become a source of raw material or fuel.'”> !® In this article we
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propose membrane technology as a solution for the removal of practically invisible plastic
debris. This separation technology offers almost unlimited tuning of membrane properties
allowing manipulation of pore size and its distribution, mechanical resistance as well as type of
material that will be used for plastic and water separation. All these issues will be addressed in
this article, since we believe that membrane technology will pave the way to both the removal
of microplastics and their potential reuse.

2. Classification of microplastics

2.1. Classification according to size
Since the first reference to microplastics in academic literature!®, a significant number of
authors have further studied their characteristics and origin. Despite being the first to report

them, Thompson et al."

did not mention any size criteria to consider a fragment of plastic as a
microplastic. However, many other authors since that publication have established a limit of
size between the so-called macroplastics (regularly discarded plastic fragments easily
observable with the naked eye, even when they are surrounded by other particles such as sand
or gravel) and microplastics (see the criteria in Table 1;Error! No se encuentra el origen de

la referencia.).

Table 1 Size criteria for microplastics in the academic literature

Author and Year Size criteria Reference
Graham and Thompson, 2009 <10 mm 20
Ryan et al., 2009 <2 mm 21
Andrady et al., 2011 0.06-0.5 mm !
Costa et al., 2010 <1 mm 2
Eriksen et al., 2014 > (.2 mm 23
Law et al., 2014 <5 mm 12
Horton et al., 2017 <5mm 16
Autaetal., 2017 <5 mm 24

European Commission (2017, 2019) <5mm 25,26

EPA, the United States, 2017 <5 mm 27
Hale et al., 2020 <5 mm 28

This criterion is essential mainly because it establishes the limits between the small
macroplastics that have low physical dimensions, thus, they are easily characterized using

simple techniques, and the microplastics: those fragments that usually need to be characterized
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using optical instruments due to their small size.”? The dimensions of microplastics are
responsible for the challenges in terms of collection, characterization and estimation of their
real presence in the environment. For this reason, from the 80s, a considerable number of
academic publications and different institutions have focused on the plastic debris in general®:
30 but a distinction between microplastics and macroplastics was not considered. However, in

the last decade, a new consensus in the science community has attempted to establish a size

criterion for plastic debris.

IUPAC (International Union for Pure and Applied Chemistry) considers microparticles of

dimensions between 0.1 and 100 pm,’!

as Table 1 shows. However, in the last years, the
scientific community has agreed on defining the microplastics as plastic fragments whose
longest dimension is below 5 mm. Consequently, the European Commission,?> 26 the EPA
(United States Environmental Protection Agency)?’ and the countries from the Asian Pacific
region,”® advised by scientists in recent reports regarding microplastics, adopted this criterion,
and so did the European chemical industry so far.>? This criterion, then, is the upper size limit

we will use in the present publication for microplastics.

Even though the concept of microplastics as a pollution of the oceans is the most extended and
the most explored, other authors also introduced in 2011 the concept of nanoplastics as particles
of size between 200 nm and 2 pm that are the products of the degradation of microplastics.! A

few years later in 2015, Jambeck et al.**

established the upper size limit of nanoplastics being
100 nm. This restriction is significant, since particles below such limit, in contrast to
microplastics, may be capable of disrupting the cell membrane.** Moreover, the few recent
authors investigating this issue agree on this size limit criterion.*>” Unfortunately, it is
challenging to establish a clear size criteria as well as the impact of nanoplastics on health and
environment since the literature on this topic is not numerous yet.

2.2. Classification according to the origin
The microplastics have been divided into primary microplastics and secondary microplastics
depending on whether they were fabricated as microplastics in origin (primary microplastics),
or they appeared as a physicochemical degradation of bigger plastic debris (secondary
microplastics).® This section addresses both types of particles, considering that the term
“microplastics” represents both microplastics and nanoplastics.
Primary microplastics
Primary microplastics are particles added to the products that are frequently used as scrubbers

in facial cleansers, cosmetics and air-blasting media. However, there are other existing products
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that are primary microplastics themselves. These are, for example, plastic pellets and vectors
for drugs.® Other authors have even gone further in the research of microplastics origins. Auta

et al.?*

mentioned products with microplastics used as shower/bath gels, peelings, eye shadows,
deodorants, blush powders, makeup foundation, mascara, shaving cream, baby products, bubble
bath lotions, hair colouring, nail polish, insect repellents and sunscreens. In fact, in 2017 the
European Commission published a report where a panel of specialists researched all primary
microplastics fabricated in Europe (see Table 2;Error! No se encuentra el origen de la

referencia.).”

Table 2 Main markets where primary microplastics are added in Europe, estimation of mass production in
tonnes/yvear in 2017 and main polymer types fabricated per market %

Tonnes/year .
Product 2017) Main polymer types
. Polyurethane (about 50% of all microplastics in
Cosmetics/personal .
714 cosmetics), polyethylene, cellulose acetate,
care 0
polylactic acid, Nylon-11
Paints and coatings 220 Acrylic polymers, ﬁber's Qf polyamide,
polyacrylonitrile
Polyurethane, polyester, polyamide, acrylic, PMMA,
Detergents 142 PET glitters, rheology modifiers, polyethylene
Oil and gas industry 2 Additives, cross-linking agents, wax inhibitors
. Used as coatings to form pills and control the release
. Difficult to e .
Agriculture . of fertilizers, polysulfone, polyacrylonitrile, cellulose
estimate
acetate
Industrial abrasives leﬁcult to PMMA particles, rubbers, polyethylene
estimate
Minor industries 1.6 -

From Table 2 we can extract the conclusions that the personal care market is the most prominent
fabricant of products with primary microplastics added in Europe and that the polyurethane is
one of the most fabricated polymers in the form of microplastic. In 2017 the polyurethane
primary microplastics represented at least half of the total production of microlitter in the
cosmetics and personal products market as well as it was present in detergency market (the third
biggest producer of primary microplastics). However, the report published by the European
Commission also included alternative microparticles to substitute microplastics, which, in

combination with previous and future prohibitions of use of these particles in different markets
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in Europe and other countries all over the world, have probably decreased the presence of
microplastics in nowadays products.?> Some of these alternatives include the use of particles of
seaweed or fruit hard shells, silica or clay for personal care products, glass beads for paints (as

those frequently used in paints for roads), silica for detergents or silicon carbide as abrasives.

In North America, there are plenty of reports about microplastic presence, production and fate
in some industrial sectors, but there are no reports summing up the overall production of
primary microplastics. The EPA published a report about microplastics in 2017, where several
experts evaluated the available information about microplastics production and their presence
in the environment. Nevertheless, they did not give any production estimation.

Although, the International Union for Conservation of Nature (IUCN) communicated a rough
number of primary microplastics release to seas and oceans in the USA. That number would be
260,000 tonnes/year, compared to 240,000 in Europe.’® However, these numbers are not in
agreement, at least in the case of Europe, with those given in Table 2. One reason is that the
IUCN considers the whole European continent, while the report of the European Commission
considers only the countries of the European Union. The other reason is that Table 2 shows the
total primary microplastics produced, while the IUCN gives the total primary microplastics
wastes. To illustrate this difference, we can look at the specific example of primary
microplastics in paints. According to the report of the European Commission mentioned, the
total primary microplastics production in the paints market is 220 tonnes/year (see Table 2), but
the total tonnes of primary microplastics contained in the total building paint sold in the
European Union is higher (22,000-38,000 tonnes/year).?> This huge difference may come from
the fact that part of the primary microplastics contained in the paint used in the European Union
is fabricated in the territory, while the rest may be imported.

As Kentin and Kaarto informed in 2018, since 2016 several European and non-European
countries started to forbid the use of microplastics in personal care products, being South-Korea
the first. 3° Besides, the European Union is likely going to block throughout 2020 any kind of
microplastic intentionally added to the products in all European markets. 3% 4

Secondary microplastics

Definition and properties

The secondary microplastics are defined as a microlitter derived from the breakdown of larger
plastic debris through physical, biological and chemical processes.® First of all, to interpret the
behaviour and fate of microplastics in the water environment it is crucial to understand the

polymer degradation processes that can be divided into different types: 1) biodegradation (action



209
210
211
212
213
214
215
216
217

218
219
220
221
222
223
224
225
226

227
228
229
230
231
232
233
234
235

236
237
238
239
240

of living organisms such as microbes), ii) photodegradation (action of light - usually sunlight;
one of the fastest degradation processes), ii1) thermooxidative degradation (slow oxidative
breakdown at moderate temperature), and iv) hydrolysis (reaction with water).! Essentially, the
process of extreme reduction of the average molecular weight of the polymer is called plastic
degradation resulting in plastic pieces becoming brittle or powdery.*! The degradation process
that autocatalyses itself (autocatalytic degradation) can occur with the presence of oxygen
where the molecular weight of the polymer is diminished followed by generation of oxygen-
rich functional groups in the polymer. UV solar radiation is the fastest and most efficient

degradation process to plastic litter especially exposed in air or lying on the beach.'

The plastic breakdown processes usually take place in beaches and off-shore, where the plastic
debris is exposed to harsher conditions than in continental lands and in-land water bodies.
Nevertheless, those conditions, such as intense UV radiation, corrosion and erosion,’ tend to be
especially critical in beaches because of the higher oxygen concentration and the presence of
sand, which acts as a scrubber when it is windy. Off-shore, plastic debris experiences
continuous exposure to UV radiation and high oxygen concentration even when they float.
Nevertheless, the same type of UV radiation is not so powerful anymore if the objects are
floating in seawater. This is mainly due to the decrease of the temperature in the sea as well as

lower oxygen concentration in water in comparison to open air beach.*?

Moreover, low-density polymers, such as for example polyethylenes, tend to float, while high-
density polymers, such as PVC, sink. Low-density polymers, when they were fabricated as
continuous thin films (i.e. plastic bags) that are floating in the sea for a prolonged time are
suitable for biological surface fouling, which is characterized by coverage with biofilm, algae
adhesion followed by a colony of invertebrates.! Consequently, as the microorganisms grow on
the plastic film, this becomes heavier, thus it sinks.® Afterwards, the piece of plastic is defouled
by foraging organisms, so they gain buoyancy again, and they return to the water column
surface. Here, the cycle starts again. While the plastic debris is on top of the water column, it

breaks down, but when it is underwater, the breakdown stops.®

It is important to mention that even though there are many degradation processes that can occur
in the water and coast environment, however, common plastics used in everyday applications
do not biodegrade at a fast enough velocity that could be beneficial. The reason for that is that,
together with those above mentioned related to temperature and pH of sea water, the microbial

species that are able to metabolize polymers are rare in nature. Nevertheless, there are some
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examples of biopolymers which can be biodegraded such as: chitins,* chitosan* and a few
synthetic polymers such as aliphatic polyesters do biodegrade rapidly in the sea.®’

The fouling-defouling phenomenon and the different densities of plastic debris take part in the
complexity when dealing with the secondary microplastics in oceans: they are heterogeneously
distributed along the whole water column. That complexity is what makes it extremely
challenging to detect and remove them from water reservoirs.

Several companies have already started to manage microplastics in water bodies. The Ocean
Cleanup, a non-profit organization, created by several Dutch scientists started to manage the
plastic rubbish dispersed at the surfaces of the Oceans and the most full-flowing rivers of the
world.**® Ocean Cleanup attempts to clean the Oceans as well as rivers from the plastic litter
since the company claims that the majority of plastic debris present in marine waters comes
from smaller reservoirs such as rivers or lakes. Nevertheless, this company removes only
macroplastics from the surface of the water. It has to be considered that except the problem of
microplastic pollution there is also a rising concern that microplastics can be further broken
down to smaller particles creating nanoplastics. At the same time, Draper, a highly
technological company from the United States, researched several techniques, in collaboration
with the EPA to detect microplastics in oceans and rivers.*

Even though many organizations would remove around 90% of all plastic litter,*® there will still
be more plastic debris and microplastics in deeper areas and sediments of the oceans, including
nanoplastics too. Those plastics will be more challenging to manage, as in a cleaning process

the fauna and flora can be hardly damaged.

Origin, quantification and types of secondary microplastics worldwide

As a gross estimation, it is considered that around 80% of plastic debris present in seas and
oceans comes from terrestrial sources. As these plastic wastes degrade, they become secondary
microplastics. However, the macroplastics degradation not only occurs in seas and oceans since
microlitter was also found in lakes and rivers due to: 1) nearby plastic manufacturers, ii)
wastewater treatment plants, iii) fishery, iv) beach litter, v) cargo shipping and harbours, and
vi) inland sources (sewage sludge, runoff from urban agricultural places, touristic and industrial
areas) '*13-15, What follows that, due to the wind and river-driven transport, the plastic litter is

moved, reaching the coast and eventually the ocean.®

The above percentage of 80% is a mixture of mismanaged plastic litters and intentionally added

microplastics in manufactured products or small fibers from our textiles after washing.>® 3 In

case of Europe, 9.8 Mt out of the 61.8 Mt of plastic produced in 2018 was recycled (around
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19%), but in the specific case of the European Union, that percentage was significantly higher
(32.5%). The rest of the plastic litters are either used for energy recovery (42.6%) or deposited
in landfills (24.9%).? There is a missing percentage that is related to the mismanaged plastic
litters that finish in the oceans, which is, according to Jambeck et al.,** around 2% of all plastic
residue. These are mainly plastic litters thrown away, wind-blown and mismanaged by

mechanical or human error.

The USA, according to the EPA, recycled around 8.4% of the plastics they produced, while
15.8% and 75.8% were used for energy recovery or deposited in landfills, respectively.’! As in
the European Union, those numbers sum up to 100%, so the quantity of mismanaged plastic
litters is also likely to be low in relative terms.? In case of the far Asian region, the top plastic
producer in the world, it is difficult to have an updated estimation of the amount of plastic
wastes mismanaged. Nevertheless, it is known that in terms of plastic production, the European
countries produced that year 17% of all plastics used worldwide,? while 18% was produced in
the USA and 51% in Asia. This means that Europe and USA seem to contribute equally to the
plastic pollution in oceans, beaches, seas worldwide, but the plastics production in Asia is likely

to have a bigger impact on the environment than both USA and Europe together (see Figure 1).

Additionally, Jambeck et al.** estimated the percentage of waste that is plastic and the
percentage of plastic waste that is mismanaged using data of the mass of waste generated per
capita annually collected in 2010, considering only population living within 50 km of a coast
worldwide (people generating waste that can potentially enter the oceans). It was observed that
China and Indonesia are the main mismanaged plastic waste contributors worldwide (20.7%
and 10.1%, respectively) which in the case of China corresponds to the 76% of the total plastic
waste they produced.’* Even though that number is not comparable to the one given by the
European Union or the USA (the estimations in the EU and USA were based on the total plastic
produced, not the total plastic waste), it still gives an idea of which regions are the most
significant worldwide contributors of plastic litter, and in consequence of secondary

microplastics.

10
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Figure 1 World leaders in plastic production and their plastic disposal management

In 2015, around 36.3% of the total production of plastic worldwide belonged to polyethylene
(20% for low-density polyethylene and 16.3% for high-density polyethylene), 21.0% to
polypropylene, 7.6% to polystyrene, 11.8% to PVC, 10.2% to polyethylene terephthalate, 8.2%
to polyurethane and 4.9% to the rest of polymers (Figure 2)°.

20%

16.3%

21%

11.8%

10.2%

8.2% 7.6%

Figure 2 Visual representation of the percentage of plastics produced worldwide
As China is the biggest plastic manufacturer’, and considering that they mismanage around
76% of the plastic wastes >*, we can roughly estimate that half of the plastic litter that finishes

in the oceans is likely to float. This assumption is quite reasonable since polyethylene,
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polypropylene and polystyrene (which sum up more than 50% of the total plastic production?)
are buoyant plastics, and they are widely used in packaging, the biggest industrial user of
polymers worldwide.>?

Finally, the last origin of microplastics in fresh and marine waters is the washing process where
synthetic clothing, such as nylon or polyester (PES) might lose thousands of fibers into
wastewater. Microplastics can bypass the waste water treatment plant (WWTP) and enter

directly to the aquatic water bodies.*

3. Detection and characterization of microplastics

The microplastics detection as well as their characterization methods are still not standardized.
Variety of different techniques are used depending on the microplastics occurrence, size and
type. This may result in a difficulty in comparing such wide range of measurements with so

many variables.

3.1. Sampling methods and processing

In order to effectively process the samples, they have to be efficiently collected. Nevertheless,
the existing techniques are in general unable to identify all particles and are quite time
consuming. The main challenges of microplastic detection in water consist of: 1) plastic type
identification mainly due to discolouration, abrasion and fragmentation (e.g. disappearing or
losing the plastic identification code), ii) separation of different types of plastics in one sample
(low-density, high-density), and iii) capturing of microplastic fragments from water or
sediment.>

There are three general sampling methods as described by Thiel et al.>*:
- Selective — direct extraction of larger objects.

- Bulk — entire volume of the sample (when it is hard to distinguish by a naked eye).

- Volume — reduced (where only the portion of interest is preserved).

Depending on the zone where the sample is taken from, the sampling methods may vary. The
cross section of the ocean can be divided into three segments: 1) sediment, 2) water column,
and 3) water surface. The samples that are taken from the sediments are usually collected by
tweezers, tablespoons, trowels or picked by hand 37, while the water column or water surface
samples are collected by nets or big reservoirs.’* >® Figure 3 shows the schematic representation

of the sampling methods depending on the section of the water body considered.

12



343

344

345
346
347
348

349
350

351
352
353
354

355
356
357
358
359
360

Mesoplastics Mlcro/nanoplastlcs

=2 ‘
Net sampling ‘ ’ Sieving — ' Visual sortlng

’ bON ; Spectroscopy
' : AN ' H
: ‘ ! i Electron microscopy

- Q
isimEl =2 ﬁ

” Bottle ﬂ i|  Sieving q Filtration ‘ Visual sortlng

. o Sediment sampling

Water surface

Sediment sampllngﬂ | Sieving | ﬂ Filtration ﬂ V|sualsortmg

Density separation
Spectroscopy

Figure 3 Different sampling methods depending on the section of the Ocean
On the other hand, sampling from the wastewater is different and mainly consists of: container
collection, separate pumping, filtration and autosampler collection.”® Collected water from any
type of aquatic reservoir is usually filtered. Hence, the mesh/pore size of sieves and filters is

extremely important to ensure the comparability of different measurements.

When the samples are effectively collected they should be processed. There are main four

different sample processing techniques®*

- Density separation — to separate the plastic that floats in the sediment sample.
- Filtration — usually by vacuum.
- Sieving.

- Visual-sorting — by naked eye and a microscope.

Density separation technique is based on the differences in densities of plastics (ranging from
0.8 to 1.4 g cm™) and sediments (typically 2.65 g cm™).>* Generally, a saturated solution of
NaCl (1.202 g cm™ at 25 °C) is mixed with the sediment sample. It is anticipated that the lighter
plastics will float to the surface while the heavier sand and other sediment particles will settle
to the bottom. Even though NaCl is the most commonly used salt for the solution concentration

there are some examples where sodium polytungstate was used as well;*° this can be dissolved
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in water to adjust the density from ca. 1 to 3.10 g cm™ at saturation.®® Nevertheless, the mass
of the sample that can be analysed by this method is limited mainly because sodium
polytungstate is quite expensive.®! Nuelle et al.%! developed a new analytical approach to extract
microplastics from sediments. This method allows to process approximately 1 kg of sediment
sample. First, the air-induced overflow method was used to pre-extract 1 kg of sediments. It
was then possible to reduce the volume of sodium iodide used for the flotation step because the
original sediment mass was reduced by approximately 80%. Finally, the sediment samples were
stored in H202 solution during one week and 92% of biogenic material had dissolved
completely resulting in pure microplastics samples ¢!. Another density separation method is
Munich Plastic Sediment Separator. In this approach, higher density of a separation fluid is
applied and it allows to separate plastic particles in the size of mesoplastics (5-20 mm) and

large microplastics (1-5 mm) as well as small microplastics (<1 mm).5?

Density separation is frequently followed by a simple filtration method where micro- and
macroparticles are separated by passing over a filter with the pore sizes from 1 to 2 um usually

with the help of a vacuum.®*

Sieving is another alternative approach for the separation of plastic particles. Variety of mesh
sizes, ranging from 0.038 to 4.75 mm, are used allowing to distinguish different size categories
of microplastics (see section 2.1). The particles that pass through the sieve are discarded while

those that remain are collected and sorted.>*

Finally, visual sorting and separation is done to examine the plastic materials and distinguish
them from organic debris (dried algae, animal parts, seagrasses, shell fragments, wood, etc.)
and other materials (glass, tar, metal). Such examination is usually done either by the naked eye
or with dissecting microscope. Moreover, it is very important to keep in mind that the plastic
samples should be dried and stored in a temperature-controlled and dark space in order to
decrease the degradation during storage.’* * A schematic representation of the sample

processing steps is presented in Figure 4.
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Figure 4 Different steps of sample processing depending on the section of the Ocean

Once more, the wastewater samples, especially those from WWTPs, are treated in a different
way, mainly because they contain high concentration of inorganic solids or organic matter. It is
necessarily to purify the microplastic pieces from this pollution in order to be able to
characterize them properly. One of the common method is catalytic wet peroxidation (WPO),

using NaClO, H20: or Fenton reagents,*® or alkaline and acid treatments.®

On the other hand, the MPs accumulation in soil and sludge should not be forgotten. In the work
of Li et al. an additional pre-digestion procedure with 30% H20: to the standard separation
methods was investigated. It was demonstrated that this additional pre-digestion procedure
significantly increased MPs (mainly small fibres) extraction in soil (420-1290 MP items/kg)
and sludge (5553-13460 MP items/kg).®

Nonetheless, there is still a need for improvement of detection and sampling methods in order
to: 1) develop a cost effective method, ii) have simple methods to guarantee sufficient
replication, iii) spread the methods that will reduce the contamination, and iv) ensure accurate

and precise techniques.’>
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3.2. Microplastics characterization methods

Once the microplastics are collected and separated they should be characterized. Generally, the
microplastics characterization can be divided into physical and chemical types of analysis.
Physical analysis refers to the microplastics size, shape and colour, while chemical

characterization deals with the chemical composition of the plastic litter.>

Stereomicroscope is the most widely used technique for the physical characterization even
though it still shows some limits connected with the lack of automatization and difficulty to
distinguish all polymer types.’® Moreover, it has to be taken into account that plastics undergo
various chemical and physical modifications, especially after a prolonged residence at sea. For
instance, one of the parameters that can be modified is the specific density of plastic particles.
As it was observed by Moret-Ferguson ef al., the density of pellets decreased from 0.85 to 0.81
g cm for HDPE and from 1.41 to 1.24 g cm™ for polystyrene (PS).%” This suggests some
leaching and the subsequent incorporation of small plastic particles to the water. Another
indication of the prolonged residence at sea is the shape of the plastic edges. Smooth edges are
believed to be old fragments that have been polished by sand, rocks, waves, sediments or other
particles. While, on the other hand, sharp edges are usually associated with a recent introduction
into the sea.* > It is also worth to mention that nanotoxicology and colloid science are two
disciplines that have shown the potential in standard methods for measurements of the surface

properties, size and stability of microplastics.!®

Normally, the chemical composition of microplastics is identified by Raman spectroscopy
(giving an additional information about the crystalline structure of the polymer), infrared (IR)
spectroscopy (infrared spectrophotometer, Fourier transform infrared spectroscopy — FT-IR,
near-infrared spectrometer — NIR), electron scanning microscopy (SEM) or differential
scanning calorimeter (DSC).%® A reference material and a measured sample are put under a
given temperature in DSC to determine the polymers that the microplastics are made of thanks
to the characteristic smoke during combustion and temperature of degradation of the material >

69. 70 Nevertheless, a combined and complementary approach is needed for efficient

characterization methods for microplastics.

Moreover, it has to be taken into account that microplastics can undergo a photo-transformation
or photo-aging process. Recent studies have shown that the reactive oxygen species (ROS),

such as hydrogen peroxide (H20:), singlet oxygen (02), superoxide radical anion (O2e") and
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hydroxyl radical (OHe) exhibit great potentials to accelerate the aging process of MPs in the
aquatic system.”! It was indicated that the photo-aging of, for example, PVC microplastics
depended on the particle size. Moreover, the aging reaction could be facilitated in the presence
of low-molecular-weight organic acid (LMWOA) and LMWOA-Fe(III) complex under natural
as well as simulated sunlight irradiation and ambient conditions.”! Furthermore, Liu et al. tried
to understand the long-term natural aging of MPs in aquatic environment with polystyrene and
high-density polyethylene MPs as examples. Heat-activated K2S20s and Fenton treatments
were used to induce MPs aging. Thanks to this study the correlation model of the O/C ratio or
carbonyl index (CI) versus alteration time was developed and compared to the natural alteration
mechanisms. This important work is helpful in predicting the weathering degree and
accumulation of for example hydrophilic antibiotics onto aged MPs as well as in developing
strategies that would accelerate the aging reactions using advance oxidation processes.”> A
complementary work was conducted by Zhou et al. who investigated the effect of discharge
plasma oxidation, that was used to stimulate the radical oxidation of MPs, on the aging
behaviour and mechanisms of MPs. The aged MPs (PVC in this case) was characterized by
higher hydrophilicity and higher crystallinity as well as it possessed more O-containing
functional groups. Interestingly, the aged PVC MPs had more affinity to adsorb
tetrabromobisphenol that lead to unexpected toxic effects. This important study showed the

potential environmental risk as a result of aging microplastics.”

4. Potential remediation technique based on plastic particles removal with membrane

technology

In the last decade several authors have analysed the efficiency of the current methods to

eliminate microplastics in WWTPs,’#76

while others have suggested novel methods to improve
the standards. Primary treatment methods, such as skimming and settling, remove most of the
microplastics present at the inlet effluent, whereas tertiary treatment methods are needed to
remove more than 95% of them.”” Novel investigations are followed by an increasing interest
of water professionals in microplastics, mainly boosted by a report of Norwegian
Environmental Agency (NEA) published in 2015.7® NEA addressed the effect of microplastics
on the environment looking at the emission of these plastic particles to the environment via
domestic and industrial wastewater. By the end of the decade, the increasing attention to

microplastics gave rise to new investigations that proved the presence of worrying plastic

pollution in drinking water, and a rising concern about plastic debris in seas and oceans.
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There are plenty of improvements carried out on WWTPs to remove microplastics more
efficiently. Only a few of them were applied to primary and secondary treatments, such as
anaerobic digestion, thermal drying and lime stabilization on the amount of microplastics
present in the sludge. The majority of those improvements appeared in the form of advanced

treatments in which membranes are usually involved.”” 7

In this part of the report, we analyse the role of membranes in the removal of microplastics from
wastewater, drinking water and seas and oceans, and how can we use membrane technology to

remediate the plastic pollution from those media.

Membrane technology is one of the possible remediations to remove plastic litter from water
mainly because membrane-based operations have the potential to replace energy-intensive
conventional technologies due to their low energy consumption, operation flexibility and
simplicity, good stability, easy control and scale-up, and can handle enormous amounts of water
(e.g. as those involved in sea and brackish water desalination). Membrane separation processes
differ based on the separation mechanism and size of the separated particles, including
microfiltration, ultrafiltration, nanofiltration, reverse osmosis, electrodialysis, dialysis and gas

separation.30-%2

Wastewater

Wastewater is an important contributor of microplastics to seas and oceans,’® 78 83

mainly
because thanks to the small size of primary microplastics it is unlikely to remove them by
existing, standard screening methods. However, this could be easily avoidable since wastewater
is treated and controlled in most of the countries in the world. In fact, there is a strong
correlation between water treatment and income of countries with 70, 38 and 28% treatment of
the generated wastewater in case of high-, upper-middle- and lower-middle-income countries,

respectively.®* This suggests that eventual regional policies for microplastics capture should

have to be afforded with cheap and highly efficient technologies accessible to all the economies.

In the specific case of WWTPs, it is already known that pretreatments, primary treatments and
secondary treatments (see Figure 5 to see the four WWTP stages), already remove around 75%
of microplastics contained in wastewater, being the primary treatments the most effective.”’
However, around 98% of all microplastics presented in wastewater are nowadays already
removed in current stations (with tertiary treatments included); the other 2% are considered to

be microplastics with sizes below 20 pm and nanoplastics.®> 3¢ That efficiency boost from 75%

18



498
499

500

501
502

503
504
505
506
507
508
509

510
511
512
513
514
515
516
517

to 98% was given by the application of tertiary treatments (see Figure 5), among which

membranes have huge future potential.®’

Preliminary treatment

Sedimentation, screening, aeration, particles filtration (above 1 um), flotation and skimming,
degasification, equalization.

Primary treatment

Chlorination, ozonation, neutralization, coagulation, adsorption, ion exchange.

Secondary treatment

« Aerobic: activated sludge treatment methods, trickling filtration, oxidation ponds, lagoons,
aerobic digestion.
* Anaerobic:anaerobicdigestion, septic tanks, lagoons.

Tertiary treatment

Disinfection, oxidation, membrane processes, chemical dosing for water, softening, ion exchange.

Microfiltra-tion(MF) pro iI""'““";-_--::;‘-::"“"“f""";
Ultratiltration (UF) EMembranei 5 Dynamic :

: . ! bioreactors | | membranes |
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Figure 5 The four stages of a WWTP, the membrane processes being one of the tertiary treatments with highest
S . (=] g (=) " J (=]
potential in the removal of microplastics

Ultrafiltration (UF) membranes with pore sizes between 1 and 100 nm are usually combined
with coagulation steps to remove most of the organic matter present in wastewater and the
microplastics contained. Nevertheless, they are not efficient enough in the removal of the
fraction of plastic particles that remains in the final effluents.”* 7° In fact, the degradation of
plastics can yield low molecular weight polymer fragments such as monomers and oligomers
8 which claims further investigations on their efficient removal; UF and eventually

nanofiltration (NF) membrane applications being the proper tools for this purpose.

In 2016, for instance, Mason et al.” studied effluents from 17 different WWTPs, all of them in
the United States. They took 90 samples in total, some of them in intermediate stages of a part
of the WWTPs studied. Some of the facilities that were studied had even tertiary treatments in
their installations, which gave the researchers the chance to observe their effectivity to remove
microplastics. As the researchers concluded, a significant concentration of microplastics in the
shape of fibers were found in the WWTP effluents, even if there were tertiary treatments.
However, they also admitted that, due to their sample analysis method, they could have counted

biological origin fibers as microplastics.
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Interestingly, Mason et al.”> did not find any clear correlation between the use of tertiary
treatments, as advanced filtration methods, and a most effective removal of microplastics in
WWTPs. However, they analysed the microplastics content before and after membrane
filtrations in one of the seventeen WWTPs, and they detected a reduction of 15%. All in all,
this is only a preliminary study, and, as the authors indicate in the publication, further studies

on the tertiary treatments effectiveness to remove microplastics are needed.

In 2017, Talvitie et al.”* suggested several ways to rise up that rejection to 99.9% using
membrane bioreactors, which would substitute the traditional coagulation-precipitation
methods after the aeration with the activated sludge (secondary treatment).”® The drawback of
this investigation was that only microplastics with sizes above 20 um were considered, when
nowadays, it is well known that there is plastic litter far smaller: such as nanoplastics even
below 100 nm,?’ the above mentioned monomers and oligomers, and also plastic additives used

during their fabrication, with potential sizes of only a few nanometers.

Other authors have also investigated the use of other membrane-based technologies, such as the
dynamic membrane (DM) technology.®”°° This system consists of using a highly permeable
membrane with big pores to let the formation of a cake-layer with large suspended solids to
obtain a selective barrier. This DM system requires low pressures (even lower than UF and
microfiltration - MF) and no extra chemicals are needed, as in the case of coagulation steps. Li

etal.’®

studied the use of this type of membranes in the removal of microplastics, demonstrating
that DM systems can deal with this kind of particles. Besides, they observed that the turbidity
of the feed dropped dramatically. However, they did not further analyse the size of the
microplastics retained, even if they thought that around 90% of all microplastics retained had
particle sizes below 90 um. Consequently, although the DM systems can be more efficient than
UF membranes in some of the operation parameters, they cannot substitute the latter because

90 um is considerably higher than the 40 nm particles the UF membranes can reject.
Drinking water

Several studies have found microplastics in inland water bodies such as rivers and lakes of
different countries worldwide.”** This issue is likely more severe in countries that depend on
surface water to obtain drinking water since groundwater is naturally filtered at some level, and
surface water is unprotected. In consequence, open-air waterbodies are sensitive to mismanaged
plastic wastes, usually air-blown, that at harsh conditions would break down into smaller pieces

of plastics and, eventually, microplastics.
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As microplastics appear into the drinking water, they can be removed by agglomeration and
precipitation using Fe and Al-based salts, but UF membranes can be far more effective, as some
authors evidenced.” In addition, removal by catalytic processes may give rise to organic by-

products difficult to follow, suggesting the separation way as superior. Ma et al.”

actually
demonstrated that UF and coagulation-precipitation methods can be complementary, even
though fouling effects could be significantly aggravated. Last but not least, it has been reported
that 0.5-10 um in size microplastics can be present at concentrations of ca. 650 ug/L in the

drinking water contained in polymeric bottles.”
Secondary microplastics

Removing secondary microplastics is highly challenging, as we can conclude from the fact that
these are usually distributed along the water column of inland water bodies, seas and oceans,
and they can be of much smaller size, having even a micropollutant character as dissolved
plastic monomers. Consequently, it seems evident that the organizations created worldwide that
aim at cleaning the oceans are rather focused on removing the big plastic debris (sources of the
secondary microplastics), than the secondary microplastics themselves. The Ocean Cleanup
claims to be able to remove plastic debris from a few millimetres to big plastic wastes,*® but as
we indicated in this review, there are pieces of plastic quite smaller. Removing microplastics
from the sea is too expensive and challenging, but it is even more in the case of nanoplastics.
However, the impact of microplastics on the health of marine animals (with effects related to
decreased food consumption, false satiation, decreased growth rate, reproductive
complications, behaviour, oxidative stress, decreased immune response, weight loss,
pathological stress and blocked enzyme production®’) and humans (via ingestion of fish) is
important enough as to not to discard the future need of massive plastic removal from ocean
water (as it happened with carbon dioxide from the atmosphere). Karbalei et al.’’ have
summarized the potential impacts for humans in case of exposition to microplastics including
respiratory irritation, dyspnea, coughing, obesity, increasing phlegm production, cardiovascular
disease, asthma and cancer. As the particle size of microplastics decreases, their removal
becomes more complicated and costly and their effects on human beings tend to be higher at
molecular scale with mechanisms similar to those of micropollutants. This is one of the reasons

to include cancer as an important potential effect of this type of pollution.

Some studies, such as the published by Woodall et al.”8, proved the presence of a significant

amount of micro and nanoplastics in deep-sea areas all over the world. In the specific case of
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the mentioned study, the sample collection method would unlikely lead to a feasible estimated
concentration of microplastics in the areas considered. Nevertheless, it illustrates the

complexity of the issue.

The scientific literature is focused on methods to remove microplastics and nanoplastics from
wastewater and drinking water, rather than from open-air water bodies, because it is not
technically viable and doable. In fact, it is already known that membranes can be very useful
for removal of those plastic particles. But to remove micro and nanoplastics present in sea

sediments and soils, first they must be extracted from those places.”
Limitations in the removal of microplastics by membrane technology

Recent publications have highlighted the necessity of improving the removal of microplastics
with sizes below 100 um, and moreover, those in the range of nanoplastics (< 100 nm).”” But
that is not all: there are improvements that must be done in the performance of membranes in
terms of fouling phenomena, which highly limits the effectiveness of the separation in a long

term.'%0

In that way, Ziajahromi et al.% studied the effectiveness of reverse osmosis (RO) membranes
in the removal of microplastics as part of the tertiary treatment of a WWTPs. RO membranes
remove all particles present in the feed due to the very dense polymeric barrier that acts as the
actual membrane, but a few plastic particles were unexpectedly detected in the permeate stream.
As the authors pointed out, this is necessarily explained by the appearance of pores on the
membrane surface, the selective membrane material, other kind of imperfections or simply
small gaps between pipework. However, as these are unavoidable imperfections inherent to any
kind of technical process, RO is in principle the most effective membrane to remove

microplastics and nanoplastics from water.

But there is still a big drawback in membrane technology, and that is fouling. Fouling
phenomenon is one of the main limitations of membrane separations since they worsen the
membrane performance at both long term and short term. As it is widely known, fouling can be
reversible or irreversible: after filtration, a backwashing process is applied, so the solutes that
cause the reversible fouling are removed, but not those that cause the irreversible fouling.
Fouling is usually related to the hydrophilicity of the membrane surface. This should be
promoted, since hydrophobic surfaces favour the interaction with the organic species

responsible for fouling. Hydrophilicity can be enhanced through the composition of the
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membrane materials, particularly the membrane skin layer exposed to the filtering solution,

with hydrophilic fillers such as zeolites,'”! graphene oxide'?? or certain MOFs.!*

Both industry and academy know the impact of common solutes in MF, UF and RO processes,
so they can design some strategies to avoid this limiting phenomenon such as fouling. However,
there is not yet enough information about the behaviour of microplastics and nanoplastics in
membrane processes. In other words, they are expected to cause fouling, but the mechanism is
still unknown.!'* For this reason, in 2020 some authors investigated this mechanism filtrating
polyethylene microplastics that were intentionally added on a commercial facial scrub. They
performed several UF experiments, where they observed a decrease in the water filtration rate
of 38% in 48 h, with a recovery of approximately 70% after a backwashing process. As they
indicated, the micro and nanoplastics caused fouling because they are adsorbed on the internal
pores of the UF membrane, clogging the cavities, and therefore leading to a progressive
reduction in the water permeation and solute rejection. This experiment gave significant reasons

to continue the research on fouling of microplastics and nanoplastics.
Future solutions from membrane technology to deal with plastic pollution

Both in this review and in the literature, the main solutions to remove microplastics using
membranes laid on MF and UF, RO and different derivatives of them all, such as membranes
bioreactors (MBR) or dynamic membranes (DMs) systems. The main advantage of membrane
technology is the fact that membranes are highly efficient in the removal of low-molecular
weight contaminant such as small microplastics (<100 um) and nanoplastics. In fact, Hu et al.”’
previously mentioned improvements on microplastics removal efficiency (>99%) when using
membrane separation methods in WWTPs, and Freeman et al.” registered removal tests in
WWTPs from different countries higher than 90% when tertiary treatment (with membranes
usually involved) were applied. Besides, in this last publication several new methods with and
without membranes involved are mentioned. Some of them, such as DMs are potentially

effective to remove microplastics, while others such as MBR are proved to be highly effective

for rejecting all microplastics (>99.9%) except for those smaller than 20 um).”

These technologies seem to eliminate most of the plastic particles, but not all.*” Moreover, some
researchers suggested to combine RO membranes with UF membranes, giving rise to an almost
total removal of microplastics and nanoplastics, except for those who found preferential
pathways created by several defects.®> However, RO membranes have a number of drawbacks

apart from fouling: they are extremely dense, so the water permeation and therefore the
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membranes productivity are very low. This is one of those situations where the nanofiltration

(NF) becomes very useful.

As explained many times in the literature,'®'"” NF membranes have intermediate UF-RO
characteristics. Some areas of them have pores, while others are dense. Theoretically, the
transport model that explains the mass transfer across NF membranes is a mixture between the
pore-flow model (typical in UF membranes) and the solution-diffusion model (typical in RO
membranes). In fact, some authors hypothesized that NF membranes might be dense, as RO

membranes, but with wider intermolecular distances between the polymer chains.!?”- 198

The consequences of these small differences are a slightly higher solvent permeation through
NF than through RO membranes, but a higher molecular weight cut-off (MWCO) in the latter
than in the first. For instance, RO membranes can reject up to 99.9% of NaCl dissolved in water,
but NF membranes rarely reject more than a 50% of that salt. However, NF membranes are
highly effective rejecting divalent ions (such as Mg based salts) and light organic molecules

(active principles, dyes, for example) from water, without creating high transport resistance.'%

Then, it would be interesting to carry out investigations to observe whether NF membranes can
remove as much of micro and nanoplastics as RO membranes do, but with significantly higher
permeances. According to many investigations of the last decade, there are heavy reasons to

think NF would be an efficient method.

Many research groups all over the world have developed highly permeable membranes effective
in the removal of light organic molecules or salts that, at first glance, should be smaller than the
vast majority of micro and nanoplastics (Table 3). These, then, are promising membranes in the
treatment of plastic pollution: very high retention, high filtered water production, and low clean
water production costs. However, some of these membranes developed at lab-scale are too far
from being fabricated in industry yet, so in spite of their potential, they are not an immediate

solution for the plastics issue.

Table 3. NF membranes performances measured in scientific publications. All membranes were fabricated and
measured at lab-scale during the investigations referred in the last column. TFC and TFN stand for thin film
composite and thin film nanocomposite membranes, respectively; they consist of typical membrane structures
suitable for NF and RO.

Membrane Permeance
Solute Rejection (%) Ref
type (L'm2-h!-bar?)
Acridine
TFC 2.2 90.6 109
Orange
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TFC 3.6 NaCl 59.0 10
TFC 6.0 Sucrose 77.0 ti
TFC 6.9 Sucrose 94.9 12
TFN 33 NaCl 95.3 13
TFN 6.1 NaCl 94.3 14
TFN 14.8 Congo Red 99.6 13

Bilayered

N 33.1 Diclofenac 99.5 16

4 and because of that easier to be efficiently separated.

That is not the case of those membranes already being sold by large manufacturers, as Filmtec
(DuPont), Nitto Group and Koch Membranes, which in addition to other smaller membrane
producers (Polymem Membrane Manufacturer, Synder Nanofiltration or Lanxess, for instance),
fabricate nanofiltration membranes with outstanding performances highly interesting for
nanoplastic removal. As it is seen in Table 4, several membranes combine a high permeance
and high rejection of solutes such as MgSOas, far lighter than nanoplastics or any other organic
compound that would be released from the plastic degradation. This implies that for the purpose
envisaged in this review the membrane structure should be optimized to enhance the water

permeance, while keeping high rejections of nanoplastics larger in size than the solutes in Table

Table 4. Permeance and rejection values of commercial NF membranes manufactured by three major producers
(Filmtec, Nitto Group and Koch Membranes).""”

Manufacturer Membrane model (L_l:ﬁg'r;ﬁf_ Ill)cai_l) Solute Rej(ﬁ/it)lon
NF-2540 6.3 99.0%

NF-4040 7.1 99.0%

NF-400 6.5 99.0%

@) NF90-400/341 8.9 97.0%

E NF90-2540 8.7 97.0%

= NF90-4040 8.7 MgSO4 97.0%

d NF200-400 6.0 3.0%

= NF345HP-370 8.7 98.5%
NF270-2540 10.7 97.0%

NF270-4040 10.9 97.0%

NF270-400/341 11.0 97.0%

= © & & ESNAI-LF-LF-4040 6.6 CaCll 92.0%
7 =0 o ESNAI1-LF2-LD 8.6 86.0%

25



688

689

690
691
692
693
694
695
696

697
698
699
700
701
702

703
704
705
706
707
708

ESNA1-LF-LD 6.9 92.0%
ESNA1-LF2-LD-

4040 8.2 90.0%
NANO-BW 52 99.7%
NANO-BW MAX 5.2 MgSO4 99.7%
NANO-SW 52 99.8%
2 8040 MPS-34-
% NYHN 2.0 35.0%
é 8040 MPS-34-ZYHN 2.0 35.0%
I~ MPS-34 2540 A2X 2.0 35.0%
E MPS-34 2540 A2Z 2.0 NaCl 35.0%
= MPS-34 4040 A2X 2.6 35.0%
5 MPS-34 4040 A2Z 2.0 35.0%
8040 MPS-36-
8 NYHN 6.7 10.0%
M 8040 MPS-36-ZYHN 6.8 10.0%

Polymeric membranes reuse and recycling

A suggesting implication in the context of microplastics deals with the reuse and recycling of

187 collected several publications that explored the

polymeric membranes. Poerio et a
environmental impact of the growth of the industrial sector of membranes, and therefore of the
manufacture of membrane modules, as well as possible ways to reuse or recycle used
membranes.!'® ' According to these studies, almost 70% of the membranes are recyclable,
and the use of recycled membranes can save around 85% of the expenses of acquiring new

commercial membranes.'?°

It is interesting how those investigations could be combined with another study carried out by
He et al.'8, who reused microplastics combining them with clay to fabricate composite particles
(CPs). They used these CPs in a fluidized bed bioreactor to treat septic tank wastewater of low
chemical oxygen demand to nitrogen ratio, and they compared the results with commercial
composite particles. The authors concluded that the CPs with reused microplastics had big

potential, at least, for this application.

It would be of great importance to do efforts in the future to explore strategies to manufacture
materials but also membranes using microplastics collected from the environment. It may be
difficult, since to prepare a membrane with the conventional methods all microplastics collected
should be either soluble in the same solvent (as the used in membranes production, such as
DMF, DMSO and NMP) or they should be separated first, which would likely be challenging.

Assuming someone can prepare casting solutions out of these materials, probably only MF
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membranes could be fabricated. This is because MF membranes are highly porous, so the
presence of huge spaces or pores or even imperfections (that would probably form as a result

of a highly complex, and likely uncontrolled, phase inversion), may not be critical.

3. Conclusions and outlook

Due to their prevalence as stable pollutants in both soil and water, microplastics have
constituted in a global worry comparable to that of global warming generated by excess
greenhouse gas COz2 in the atmosphere. The governs have to take drastic actions to control the
production and release of plastics but also think of remediation policies since the presence of
microplastics polluting oceans but also surface water and agriculture soil is creating a big
problem of animal and human health. Moreover, there is a serious risk of falling in a cycle in
which humans receive indirectly microplastics from the food extracted from the sea or
generated through the use of polluted water and soil. Another important issue regarding the
technologies to be implemented for microplastic remediation deals with the so called secondary
microplastics. These are much smaller particles (at the limit they are additives, monomers,
oligomers) becoming true micropollutants that may require at the end the membranes with
molecular separation abilities as those presented here. This means that besides macroseparators,
micro and ultrafiltration membranes, nanofiltration membranes, as this review proposes, it is
necessary to remove the smallest secondary microplastics generated by degradation of primary
microplastics.

As said, microplastics are a formidable problem regarding global pollution of our planet and
several issues remain as challenges dealing with their assessment and removal. 1) The existing
characterization tools available for polymers must be adapted for quick and accurate assessment
of the presence of secondary microplastics in water, as they can eventually evolve to
micropollutants, impossible to be detected with naked eye. 2) This will allow proper awareness
of the problem since the use of polluted water for growing animals and vegetables establishes
a closed cycle that humanity must avoid. 3) The estimation of up to 12,000 Mt of cumulative
plastic waste in landfills or in the natural environment by 2050, given at the beginning of this
paper, implies a huge amount of waste (ca. 1.6 tonnes per earth inhabitant) that could find
application as source of recycled matter or fuel, first if adequate use and recycling had been
carried out, and second once recovered from their inacceptable current places. 4) Membrane
technology, comprising micro-, ultra- and nanofiltration applications, is the most suitable to
remove secondary microplastics from waste water treatment plant effluents or eventually from

seawater. It is obvious that the latter case is unapproachable with the current media and
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technologies, but a parallel situation can be found in the case of carbon capture when recent
researches propose the direct capture of CO2 from the atmosphere.!'?! 5) For the treatment of
the immense amounts of polluted water that the previous point would require, membranes with
ultrahigh permeance should be available, which means ultrathin selective membranes, for
instance, as those recently proposed for gas separation based on the use of single-layer graphene

(with ca. 12000 GPU of selective CO2 permeance).'??
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