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Abstract: In recent years, microfibers released from synthetic fabrics have been identified as the
main contributor to primary microplastic pollution. These pollutants have been detected in several
products for human consumption. This work aims to evaluate the efficiency of a specific device used
with the purpose to monitor and reduce this anthropogenic pollution in potable water. The device
was tested using potable water from several cities in Slovenia by mounting the device containing the
porous membrane directly to the faucet in private and public buildings. The results highlight the
effectiveness of the applied device in removing natural and synthetic microfibers from tap water and
confirm the abundance of microfibers as a contaminant of potable water.
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1. Introduction

Microplastic pollution in aquatic environments is widely reported in literature [1-5],
but only recently has the microplastic contamination of tap water gained attention, as has
emerged from several studies focused on this threat [6-8]. In the last years, micro-debris
has been found in the human food chain in several food and drink items. As a matter of fact,
microplastics were detected in German beer in 2014 [9], whereas several studies reported
microplastic contamination in commercial table salt [10-12]. The occurrence of microplastics
(MPs) in drinking water was reported for the first time in 2017 and was followed by several
publications in 2018 [13]. Moreover, a recent study reported anthropogenic micro-debris
in commercial seafood, such as bivalves and anchovies sold for human consumption [14].
This last work reported that a major percentage of contamination was represented from
potentially synthetic and natural microfibers. Microfibers were also found in products
meant for human consumption like honey and sugar [15]. Microfibers released from the
synthetic fabrics have been widely reported as the main contributor to primary microplastic
pollution [16]. These microplastics originated directly throughout the washing process,
during which the textiles undergo chemical and mechanical stress as a consequence of
detergent type, laundry additive, washing conditions, parameters, and washing load, in this
last case [17-19]. Pros and cons of different identification methods for microplastic detection
in aquatic environments were resumed in recent reviews [20,21]. However, in addition
to some advantages of spectroscopic and morphological techniques, some limitations in
microplastic identification were reported. To date, no standard procedures have been
developed to identify and characterize synthetic and natural microfibers, and different
approaches and techniques are used to this aim. The identification and characterization of
microfibers could be performed through chemical, thermal, and morphological techniques.
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Morphological analysis of the microfiber represents a fundamental tool for the identification
of the family of textiles fibers. In fact, the analysis of microfibers under an optical or
electronic microscope allows the identification of the typical morphological features of the
fibers, on the basis of which it is possible to identify their typical properties [22]. Textile
fibers are classified in natural and man-made fibers. Natural fibers may be of animal,
vegetable, or mineral source, whereas the man-made ones are divided in artificial and
synthetic fibers [23-25]. Artificial fibers are produced by physical and chemical treatments
from natural products, such as cellulose. Viscose and acetate are among the most common
artificial textile fibers. On the other hand, synthetic fibers are produced from synthetic
polymers and are classified on the basis of polymer type. This last category represents
almost 60% of the annual global consumption of fibers, which was estimated to be 69.7 Mt,
used in the apparel industry [23]. In 2019, global fiber production grew by 42 Mt, with
an amount around 111 Mt [26]. Synthetic fibers have dominated the fiber market since
the mid-1990s with around 70 Mt of synthetic fibers, and this fiber category made up
approximately 63% of the global fiber production, where the polyester had a market share
of around 51.5%. A first morphological distinction can be easily made between natural
and synthetic fibers [24]. In fact, while natural fibers have more irregular characteristics,
varying in thickness, the synthetic fibers obtained from the extrusion processes have a
regular morphology, often approximated to a cylinder. Over the last two decades, the
global amount of fibers used for apparel increased to more than double, mainly due to the
massive consumption of synthetic fibers. Polyester-based materials (mainly polyethylene
terephthalate, PET), being the main material employed for synthetic fabrics, are therefore a
source of microplastics pollution that requires adequate measures in production and in the
use of clothes and other textile products. It was recently reported that a washing process
carried out with a single 100% polyester T-shirt could release almost 5 million microfibers
per kg of washed fabric as a consequence of a synergistic effect between water-volume
to fabric ratio and mechanical stress during washing [17]. Although the sea microfiber
pollution, including synthetic and natural microfibers, gained the greatest attention of
the researchers, the occurrence of microfibers as air contaminants in private and public
buildings was also investigated in several studies. Dris et al. [27] reported the presence
of microfibers in atmospheric fallout, pointing out the pollution in urban environment,
estimating that an amount between 3 and 10 tons of natural and synthetic microfibers are
deposited by atmospheric fallout every year. Meanwhile, in another work they reported
the presence of microfibers pollution indoor and outdoor [28]. The presence of fibers
was investigated in three sites for the indoor environment, two private apartments and
one office, and the roof of the office building as outdoor sites. In the case of the indoor
sampling, concentration was found to be in the range 1.0-60.0 fibers/m?, whereas lower
values ranging from 0.3 to 1.5 fibers/m> were reported for outdoor sampling.

As often occurs in microplastic issues, the differences in the used methodology to test
and quantify microplastics make the comparison of the results obtained by the different
research groups difficult, thus hindering the evaluation of a whole level of contamina-
tion. In literature, different papers deal with the occurrence and the quantification of
microplastics in tap water. In a recent study [29] the presence of plastic particles, such
as polyethylene, polyamide, polyester, polyvinylchloride, and other contaminants, was
investigated, sampling 300 L of raw water and 2500 L of tap water, through 2 um filter
units. They found a concentration of microparticles between 0 and 7 microplastics per m> of
water. Mason et al. [8] analyzed 11 brands of bottled water purchased globally by filtering
500-600 mL per bottle, while for two brands 750-2000 mL per bottle, through a glass fiber
filter with a pore size dimension of 1.5 um; a microplastic contamination ranging from 0 to
10,000 particles per liter was determined. Finally, Kosuth et al. [6] evaluated the presence
of microplastics in tap water, filtering about 500 mL of water through a 2.5 pm pore size
filter, and determined a microplastic contamination of 0 to 61 particles/L. These studies
highlighted the need to clarify the real risk of exposure to microplastics for humans and
to determine the type and the concentration of these pollutants to be considered a real
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risk. In this scenario, the necessity emerges to design filtration systems able to prevent
microplastic pollution in tap water to quantify and reduce this threat. The first filters to
prevent the microfiber pollution were employed in washing machines in order to capture
microfibers in the washing machine drum or by an external filter [30-33]. The aim of this
work was to test the effectiveness of a filtering device for tap water composed by a porous
membrane, directly applied to the faucets with the purpose to monitor and reduce this
anthropogenic pollution in potable water. The used system was a prototype useful for the
detection and sampling of microfibers, including synthetic and natural ones. The system
may be implemented to realize a durable and reusable domestic device. The prototype
represents a useful tool to improve the quality of the tap water by removing undesirable
fragments. The applied prototype was made with a concentration head with a diameter of
30 mm and a membrane with a diameter of 5 mm and a porosity of 50 um. The membrane
porosity allows the water flow, so taking into consideration that microfibers have two
dimensions, the diameter and the length, the size pore of 50 um represents a good balance
among the water flow and contamination retention. This prototype was used for natural
and synthetic microfiber detection, but it could be scaled up for water filtration directly on
the faucet. The device was tested using potable water of several cities in Slovenia. Sampling
was performed in three indoor private houses and one public office to gain a representative
water sample of different Slovenian locations. The results highlight the effectiveness of the
applied device into removing microfibers from tap water and confirm the abundance of
microfiber, both natural and synthetic, as a contaminant of potable water.

2. Materials and Methods
2.1. Filtration Device

The tested device was developed by the Slovenian company TF Lab. A drawing of the
prototype is reported in Figure 1a.
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Figure 1. (a) Schematic illustration of the filtration system, (b) Micrograph at LEICA M205C light
microscope of the entire filter membrane used for the filtration system.

The concentration head was mounted directly on the faucet, where water entered
through a silicone seal. The concentration head is a filter housing that is adapted to insert
a disc that has a 5 mm hole on which the membrane is located. The membrane acts as a
sieve on which fragments and fibers of microplastics are stopped. Because all the fibers
are concentrated within a radius of 5 mm, this is called a concentration head. The filtering
membrane was made with thermosetting polyesters, and membrane shape was obtained
using a laser cutting system. The membrane was stable under pressure between 1 to
5 bars with different temperatures from 10 °C to 60 °C. The filtering membrane presents an
average porosity close to 50 um. The replicable membrane costs about 1 euro and needs to
be replaced approximately every month, depending on the water quality. The used filter
could be disposed following local waste management.

Water flew through the disk into a measuring vessel. The pressure from the water
network pushed water through a 5 mm point where the membrane was located. Plastic
fibers and eventually fragments were retained on the membrane. The filter appearance
under light microscope is reported in Figure 1b. Membranes before and after filtration
were observed using LEICA M205C light microscope, and the obtained micrographs are
reported in Figure S1. As expected, no microfibers or other fragments were detected on
their surface before filtration.

2.2. Sampling Method

An amount of 20 L of potable water recovered in different locations in Slovenia
(Obalno-kraska) was filtered using the device reported in Figure 1. Four samples were re-
covered from four different Slovenian locations: Location N. 1 Pot na brido, N. 2 Bosamarin
21, N. 3 Bosamarin 13, and finally location N. 4 Prisoje. Samples from 1 to 3 were filtered
water obtained from a private house kitchen, whereas the fourth sample was obtained
after filtration of water in a public building. The selected locations were served from the
same water supplier, in particular from the Capodistria municipal system. The filtration
system used for the sample recovered was a close system which allows the reduction of
contamination. In fact, the device was tested by being mounting directly to the faucet in
private and public buildings.

Microscopical observation

Filter surfaces were analyzed using a LEICA M205C light microscope with a magnifi-
cation of 0.78-16 x, with the purpose to evaluate the presence of fragments and microfibers.
Microfibers were classified on the basis of their morphological features, color, and length.
For sample analysis and micrograph acquisition, the following procedure was employed:
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(1) each filter was considered divided in four frames, as described in Figure S2 in SI; (2) each
frame was captured with a magnification of 0.78 x; (3) different magnifications were used
in order to capture the details. All the frames acquired were placed in Table S1.

In order to assess the surrounding environment contamination, 3 filter papers were
placed into petri dishes near the microscope board during observation timing of all the
samples. The filter papers were observed using a LEICA M205C light microscope to check
for the presence of contaminants. The results showed the presence of cellulosic fibers
in very low quantity, in fact 1 fiber in only one petri dish was observed with the LEICA
M205C light microscope (Figure S3). As a result, the contamination due to the surrounding
environment was considered negligible.

To evaluate the presence of smaller particles, filter surfaces were analyzed using
a Scanning electron microscope, SEM, Quanta 200 FEG (FEI, The Netherlands). SEM
observations were performed in low vacuum mode (PH20 % 0.7 torr) using an accelerating
voltage of 10 kV and a large field detector (LFD). The observations were conducted on
filters without any modification, pretreatment, or coating with metal layer.

QA/QC

Cross-contamination of microfibers from the environment on the membrane was pre-
vented by closing the membrane in petri dishes soon after the sampling. Filter papers were
placed near a microscope to evaluate the environmental contamination during membrane
observation. Results showed a negligible contamination effect, and no correction of the
data was performed. Furthermore, cotton lab coats and nitrile gloves were worn during all
the experimental work.

3. Results

In the present study the occurrence of microfibers contamination in kitchen tap water
was investigated, as well as the effectiveness of a device to capture microfiber pollutants.
The optical observation of the filter surfaces allowed us to determine the number of mi-
crofibers (natural and synthetic microfibers) per L of filtered water and their classification in
natural and synthetic ones. Microfibers that did not show a uniform diameter, twisted upon
themselves like flat ribbons, were classified as natural microfibers (Figure 2a), while mi-
crofibers with a smooth and shiny surface that showed a cylindrical shape were identified
as synthetic microfibers (Figure 2b), as described in the introduction. Cotton fibers were dis-
tinguished from other types of fibers by the presence of convolutions along the longitudinal
axis, both clockwise and anti-clockwise. They are, in fact, like flat ribbons characterized
by a central channel along the fiber length. Flax fibers were characterized by a polygonal
structure in the section perpendicular to the fiber axis that appears transparent under
the microscope, similar to a striated glass tube, with numerous marked striations. The
structure of the wool, as well as all the fibers obtained from animal’s hairs, had a complex
structure that consisted of scales over the entire fiber surface. Finally, concerning the natural
fibers, the raw silk had a slightly flattened cylindrical section with a non-homogeneous
thickness. The synthetic fibers, like polyester and polyamide, consisted of single filaments
with smooth and regular surfaces, with a cylindrical longitudinal section that was present
on the surface having a low number of striations that was sometimes not observable.

Chemical identification of microfibers using vibrational spectroscopies such as Fourier
transform infrared spectroscopy and Raman spectroscopy was not applicable on the an-
alyzed samples. In fact, the used membrane is not transparent and absorbs IR radiation,
leading to absorption bands in the FTIR spectrum that cause strong spectral interference,
hindering spectra acquisition in both transmission, reflection, and ATR mode. Spectral
interference, e.g., fluorescence, occurred using Raman spectroscopy. The presence of the
spectral interference from the substrate compromises the ability to obtain compositional
information of the microfibers.
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Figure 2. (a) Natural microfiber and (b) synthetic microfiber recovered from the filter surface at a
magnification of 16 x.

The optical observation of the filter surfaces allows the detection of the presence of
57 microfibers, including natural and synthetic microfibers, analyzing all the samples, with
a mean value of 14 fibers/sample (Figure 3a), corresponding to 0.71 microfiber/L of filtered
water (n = 4). Among all the detected microfibers, about 61% were classified as natural
microfibers and 39% were classified as synthetic microfibers (Figure 3b). In particular, the
microfibers, both natural and synthetic, detected filtering private tap kitchen water were
between 0.15 and 1.4 microfiber/L, with an average of 0.78 microfiber/L, while the public
tap water reported a contamination of 0.5 microfiber/L. No fragments were observed in
the analyzed membrane.

The microfibers found were classified on the basis of typical morphological features in
natural and synthetic fibers.
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Figure 3. (a) Total number of microfibers recovered from the analyzed filters surface in private
locations (1, 2, and 3) and in a public building (4); (b) Discrimination into synthetic and natural
microfibers of the total number recovered from the four locations.

The found natural and synthetic microfibers were further divided by the color (Figure 4).

The most common colors of microfibers detected were black (44%) and blue (21%), followed
by brown (19%) and pink (10%), corresponding to 25 black fibers, 12 blue fibers, 11 brown
fibers, and finally 5 pink fibers. The remaining fibers recovered from the filtration devices
were orange and light blue. A small aliquot of microfibers detected was orange and light
blue (both represented 3% of the whole amount). It is to be highlighted that, given the
fibrous nature of the filtering membrane, some white or uncolored microfibers could be
difficult to detect, and in this respect, it is reasonable that there is an underestimation of the
detected microfibers.

10% 3% 3%

’, 19%

21%

44%

m orange = light blue m brown

m blue m black m pink

Figure 4. Percentage distribution of microfibers colors in the samples.

The lengths of the natural and synthetic microfibers were determined by using the light
microscope and analyzing the acquired micrographs by Image] (release 1.43u) (Figure 5).
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Figure 5. Distribution of mean lengths of microfibers recovered from the analyzed filters in private
locations (1, 2, and 3) and public building (4).

To reveal the presence of smaller particles and fibers not detectable using optical
microscopy, SEM micrographs of the filter surfaces were acquired [34]. In particular,
as reported in Figure S4, in addition to long microfibers already evidenced by optical
microscopy, SEM analysis further detected on filter surface different particles that their
morphological features, with typical sharp edges and flat surfaces, were recognized as salts
and inorganic particles. Therefore, SEM analysis confirmed that in this work the analysis
by optical microscopy was sufficient to evidence the presence of natural and synthetic
microfibers without the need for higher magnification observations.

4. Discussion

The microscopic observation allowed us to identify 57 microfibers, including natural and
synthetic microfibers, in the analyzed filters. The detected microfibers were classified on the
basis of their morphological features, highlighting that 61% of the recovered microfibers were
potential natural fibers, and 39% were potential synthetic ones. Likewise, in both private and
public tap water samples, the microfibers recovered with the filtration system were mainly
of natural origin. This result is in accordance with other works in literature which reported
that the greatest textile shedding was estimated in case of natural microfibers compared to
synthetic ones [18,35,36]. This result is also in line with Dris et al. [28], who found in indoor
monitoring that the fibers collected for the 67% were potential natural fibers, mainly cellulosic,
and the rest were potentially of synthetic nature. Overall, the amount of natural and synthetic
microfibers found in the present work was lower compared with the number of microplastics
detected in bottled water, probably due to the different sampling method and the different
contamination exposure. Manson et al. [8] found an average of 325 microplastic particles per
L of bottled, while Kosuth et al. [6] highlighted a contamination in tap water that ranged from
0 to 61 particles/L, corresponding to a mean value of 5.45 particles/L, of which the 98.3% of
micro-debris detected was fibers, in accordance with the present work. In fact, in this study
no microfiber with another shape than a fibrous one was observed on the filter surface.

A large part of detected natural and synthetic microfibers were black (66%) and blue
(23%). The length of the recovered microfibers was in agreement with that determined in
another work focused on tap water [6] and in several works that investigated the presence
of microfiber contamination in seawater and sediments [37-40]. In particular, the length of
the microfibers, both natural and synthetic, detected in a private house was found to range
from to 120 to 4908 pm, while the microfibers recovered from the tap water of a public
building were characterized by a length ranging from 124 to 1311 um. The mean length of
the analyzed microfiber was 999 £ 897 um, close to the length determined for microfibers
detected in tap water of several nations [6], ranged from 100 to 5000 um, with a mean value
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of about 960 um. The obtained results were summarized in Table 1. In the private houses
the amount of natural and synthetic microfibers found in three different location allows
to report a microfiber contamination ranged from 3 to 28 items/sample (n = 3), including
natural and synthetic microfibers. As regard the sampling in public space, a number of
microfibers were found in 10 items/sample (1 = 1) (Figure 6). It is necessary to consider
that further analysis is needed in order to enhance the reliability of the results, in particular
in public spaces. Finally, the mean value of diameter recorded for natural microfibers was
20 + 6 pm and 10 £ 3 um for synthetic microfibers. All the data, including diameter, length,
and color, are reported in Table S2.

Table 1. Summary of the results.

Sample Location Microfibers (N) Microfibers (N/L) Min. Length (um) Max. Length Mean Length
(um) (um)
Pot na Brido,
1 Ankaran, Slovenia 16 0.8 242 1576 638
2 Bosamarin 21, Koper 3 0.15 356 4908 2033
3 Bosamarin 12, Koper 28 14 120 4021 1208
4 Prisoje, Koper 10 0.5 124 1311 646

Figure 6. Distribution of microfibers contamination, as the number of microfibers reported in spot, in
tap water of three private house (blue) and a single public building (orange) in Obalno-kraska, Slovenia.

The risk associated with the microplastics contamination is mainly due to the small
dimensions of these fragments, which could be not blocked from the Wastewater Treat-
ments plants (WWTs) [18] and from the Drinking Water Treatment plants (DWTPs) [41,42],
entering in drinking water lines [43]. Microfibers can act as carriers of various pollutants,
so if people drink contaminated water, they may be exposed to several toxins [44,45], such
as colorants, and compounds with heavy metals such as chromium, cadmium, and other
components used in the production process [46-49]. Moreover, natural textile fibers, such
as cotton fibers, notwithstanding their natural origin, could represent a problem for the
environment due the large volumes of water used for cotton culture, pesticides and herbi-
cides [50], and chemicals and finishing treatments used in the textile industry to confer to
cellulosic fabric specific color and properties. Monitoring of microplastics in drinking-water
is not recommended at this time, however on January 2021 the European Union has issued
a new Directive on drinking water, updating the previous one (98/83/EC), to include
MPs on ‘the watch list” of emerging compounds by 2024 [51]. Drinking water may be not
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the main source of microplastic uptake for human in comparison with food or inhalation,
but the continuous exposure to low amount of microplastics through drinking water may
induce accumulation and a potential risk. In the present work, contamination values, as a
number of natural and synthetic microfibers, were found to be lower than those reported
in literature. This could be due to the porosity of the used membrane (50 um) that does not
allow to capture small microfibers. However, such membrane porosity is required to allow
the water flow and to avoid clogging phenomena. In order to evaluate the potential human
exposure to microfibers, both of synthetic and natural origin, the obtained results were
scaled up to get an estimation of the possible number of microfibers that a single person
could ingest per year by assuming tap water. For the scale up it was assumed that one
person consumes 2 L of water per day, as recommended. This leads to determine that one
person, by drinking tap water, may ingest a number of microfibers per year, ranging from
109 to 1022. The application of the membrane could reduce the humane exposure. The
used device could have the great advantages of being economical, reusable, easy to use
and to assemble to the faucet. In addition, it could be an easy sampling system for water
analysis, to reduce transport of large quantities of water, and to carry out on-site tests.

5. Conclusions

In this work 57 microfibers, including natural and synthetic, in 80 L of potable water
in Slovenian were found. The detected microfibers were classified on the basis of their
morphological features, highlighting that the 61% were natural fibers, and the rest of the
microfibers were of synthetic nature. This result was in agreement with several works
reported in literature, which described that the greatest textile shedding was obtained in the
case of cellulosic fibers compared to the synthetic ones. For these reasons, this work could
provide the basis for the development of specific filters to reduce microfiber contamination
in drinking water. Currently, the monitoring of microplastic in water is not regulated from
the European Water Framework Directive, but it is expected that they will be included in the
future European Drinking Water Directive. The goal of this work is to report preliminary
results about the efficiency of the filtration system to eliminate microfiber contamination,
including natural and synthetic microfibers, from the water. In order to improve tap water
quality for human consumption, removing undesirable fragments, a durable and reusable
device based on this prototype system should be developed. The realization of a device
based on this prototype could represent a useful tool to improve the quality of the tap water
by removing undesirable fragments.

The knowledge and information gathered in this work could be fundamental to enable
future actions to prevent microfiber contamination and developed specific tap filters.
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the filters surface, Figure S3: Microfibers recovered from the Petri dishes placed on the (a) balance and
(b) microscopy table in the laboratory during the handle of the samples, Figure S4: SEM micrographs
of filter surface, Table S1: Acquisitions of microfibres recovered from the filter divided in the four
ideal frames, Table S2: Summery of microfiber characteristics.
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