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Abstract: Microplastics (MPs) have recently emerged as a new major and ubiquitous environmental
pollutant with still undefined, yet potentially high risks for human health and ecosystems. This has
prompted growing public concern along with an increasing number of scientific studies. In particular,
recent research has highlighted the need for a standardized methodology to monitor microplastics
in different media, particularly in water. This study reports on the use of a new particle counter
for the quantitative detection of MPs in water samples based on real-time analysis of fluorescence
emissions. The instrument was calibrated using two types of plastic particles, i.e., polyvinyl chloride
and high-density polyethylene, selected as examples of high- and low-density plastics, respectively.
Specific solvents were used to match the different plastic densities. Measurements were also carried
out on particles obtained from wastewater samples collected at the inlet and outlet of specific units of
a municipal wastewater treatment plant after sieving, filtering, digestion with hydrogen peroxide to
remove degradable organic matter and resuspension in the solvents employed during the calibration
step. A Fourier transform infrared spectroscopy analysis performed on the same wastewater samples
confirmed the presence of MPs, and, in particular, of polyethylene, in some of the samples in which the
highest concentrations were measured applying the proposed method. Therefore, the novel particle
counter described in this paper could represent a promising method to quantitatively measure MP
concentrations in water samples.

Keywords: microplastics; fluorescence detection; wastewater treatment plant; pollutants; particle counter

1. Introduction

The United Nations Environment Assembly’s 5/14 Resolution of March 2022 clearly
stated that high and rapidly increasing levels of plastic pollution represent a serious
environmental problem at a global scale, negatively impacting the environmental, social
and economic dimensions of sustainable development [1]. The adoption of this resolution,
entitled “End plastic pollution: towards an international legally binding instrument”, has
been considered the most important international multilateral environmental deal since
the Paris climate agreement; it aims at putting an end to plastic pollution by forging an
international, legally binding accord by 2024 [2].

In fact, in the recent decades, the issue of widespread plastic contamination has become
of increasing concern for both the scientific community and the general public. Global
plastic production has been steadily increasing, exceeding 400 million tons in 2020, and
is estimated to increase to over 1000 million tons in 2050 [3]. Due to its high stability and
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low biodegradability, it has been estimated that around 9200 million tons of plastics have
accumulated on our planet from the 1950s to 2017, 58% of which have been disposed of,
mostly through open dumping, in the environment [3,4].

Plastic pollution, especially in the marine environment, has been recognized as the
cause of many deaths of seabirds, mammals and fish due to entrapment or ingestion, but
also as the cause of the creation of plastic islands. Furthermore, plastic particles of small
dimensions, which have been found to be almost ubiquitous, are of particular concern for
both human health and the environment. The term microplastics (MPs) was introduced in
2004 by Professor Richard Thompson, a marine biologist at the University of Plymouth in
the United Kingdom [5]. In 2009, the National Oceanic and Atmospheric Administration,
NOAA, defined an upper size limit: “Pieces of plastic particles smaller than 5 mm” [6].
A more recent definition also provides a lower size limit: “any synthetic solid particle
or polymeric matrix, with regular or irregular shape and with size ranging from 1 µm
to 5 mm” [7]. In recent years, growing concern has been raised regarding the presence
of microplastics in the marine ecosystem. These small plastic debris can derive from the
degradation of large plastic waste, but also directly from primary sources, such as pellets,
personal care products, cosmetics, textile washing, city dust and fishing.

Given the considerable difficulty in identifying their composition, distribution and
quantity, the concentrations reported for MPs in different media have shown a high range of
variability due to inconsistent data quality and methodological issues. Investigations have
been performed to collect and analyze MPs from air [8–10], fresh water [11–13], sea wa-
ter [14–18], soil [19–21], waste water [22–25] and sediment [26–29]. The results have shown
that MPs can be found throughout the majority of marine biotas [30], such as plankton [31],
fish [32], mussels [33], oysters [34], seahorses [35], sea turtles [36], dolphins [37], whales [38]
and seabirds [39]. Even dietary exposure of MPs is increasingly recognized; salts [40,41],
sugar [42], vinegar [43], milk [44], bottled water [45], seafood [17], beer [40], honey [46],
beverages [47], packaged meat [48] and other commercial food products have been found
to contain MPs. As a summary of the papers mentioned above, the polymers most fre-
quently found are polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl
chloride (PVC), polyethylene terephthalate (PET) and nylon (PA). The accumulation of
MPs in the human body through the food chain could therefore be a serious risk. In 2019,
Schawbl et al. [49] found MPs in human stool samples, and in 2021, Ragusa et al. [50] de-
tected plastic fragments of less than 10 µm in size in human placenta samples collected from
six patients with uneventful pregnancies. An in vitro toxicological study of human foreskin
cells with polystyrene nanoparticles (PNPs) defined the genotoxic effect of polystyrene
on DNA damage [51]. It has been also proven that micro-sized polystyrene exposure can
affect learning and memory functions through inducing oxidative stress and decreasing
the levels of acetylcholine in mice [52].

Wastewater is believed to be a predominant source of MPs [25,53], since many types of
MPs transit through wastewater treatment plants (WWTPs), being discharged directly in do-
mestic or industrial wastewater, or in urban and road runoff that is often treated in WWTPs.
Studies have shown that in current WWTPs, MPs are mostly removed from wastewater
during treatment. For example, it was shown that in Swedish and Finnish plants presenting
chemical and biological treatment units, as well as mechanical treatments, 99% of MPs
could be removed from the effluent [54]. Other studies have shown that the implemen-
tation of tertiary treatment processes, based on filtration, reverse osmosis or membrane
biofiltration, prove very effective in removing MPs from treated water [55,56]. Therefore,
in these plants, MPs are mostly concentrated in primary and secondary sludge [54]. While
the former are generally landfilled, more than half of the production of sludge from civil
wastewater treatment plants is currently employed in agriculture as a soil amendment [57].
This raises concerns over the possible accumulation of MPs in soil and their entry into the
food chain. Therefore, it is of paramount importance to have reliable methodologies that
can identify and quantify MPs in water and other media, not only to evaluate MP sources,
but also to assess the efficacy of management processes and their contents in treatment



Water 2022, 14, 3235 3 of 15

by-products. Researchers are working to develop a standardized methodology for MP
identification and quantification in environmental media [58,59].

The shape, color, size, chemical composition and quantity of MPs can be studied
by applying several different detection methods. Microscopy techniques (i.e., dissect,
fluorescence, scanning electron and atomic force microscopy) [60] are some of the most
used identification methods; other approaches include Fourier transforms infrared spec-
troscopy (FTIR), Raman spectroscopy and thermal analysis [4,60,61]. These techniques
enable sensitive, extensive and reliable analyses, broadening the field of MP detection.
Moreover, combinations of different techniques can be implemented in order to reduce
the respective limitations of each method and to minimize false positive or negative re-
sults. On the other hand, such well-established laboratory methods require sophisticated,
generally large and expensive instrumentation which need time-consuming preparation
procedures and human intervention by highly skilled staff. Manual particle counts are a
typical example of human-based MP quantification through visible microscopy. This is
certainly not suitable for fast and diffuse onsite monitoring, especially in outdoor locations.
For this reason, alternative strategies for simpler, cheaper and more portable, sensor-based
detection with digital read-outs are in high demand. Among the detection methods, optical
sensors can easily provide quantitative results on the presence of MPs in samples through
analyses of different optical signals, such as fluorescence, scattering or reflection. The
particle size, morphology and chemical composition of MPs can also be determined. A few
papers have mentioned the use of optical sensors for MP detection. Patterson et al. [62]
implemented the “MantaRay” marine system that contains an optical sensor to analyze
the flow-through microplastics concentration in a specific sea location, as determined by
onboard GPS. Asamoah et al. [63] used an optical sensor for the nonplanar detection of
transparent polyethylene terephthalate (PET) and translucent low density polyethylene
(LDPE) in freshwater. A Korean team [64] developed a real time monitoring system to
detect standard, stained microplastics using fluorescence analysis. However, the authors
used a pulsed laser, which is too expensive, bulky and heavy for portable, low-cost moni-
toring. In addition, in that study, commercial particles were added to laboratory-controlled
deionized (DI) water while MPs coming from real water samples were not analyzed.

We believe that further steps are necessary to achieve fast and diffuse onsite monitoring.
In particular, in this study, we wanted to provide a proof of concept of a methodology that
can measure concentrations of MP particles in water samples. Specifically, we used an
opto-mechanical detection system for the quantitative determination of MP concentrations
in liquid samples through the analysis of fluorescence emission of fluorophore-stained
particles. In order to obtain fluorescence pulsed signals under continuous-wave excitation,
roto-translational motion is applied to the sample. This simple method can provide sensitive
and quantitative detections of Nile Red-stained MPs suspended in liquid samples. We
derived this method from recent studies that were carried out by some members of our
group to investigate bacterial concentrations in biological samples [65–67]. Here, we
report the results obtained for both laboratory-created test suspensions containing MPs
of known composition and dimension, and also for particles obtained from wastewater
samples collected from different units of a WWTP plant, in order to provide a preliminary
assessment on the applicability of employing this new portable prototype for rapid analyses
of MPs from multiple types of water samples. In order to reduce the possible interference
of other organic matter present in real wastewater samples, such as biofilm and cellulose,
pre-treatment processes based on digestion with hydrogen peroxide were applied prior to
particle resuspension for fluorescence analyses.

2. Materials and Methods
2.1. Chemicals

Analytical reagent (AR) grade calcium chloride (CaCl2) and ethanol were purchased
from Merck Sigma Aldrich (Merck Life Science S.r.l., Milano, Italy) and used as received
without any purification. For instrument calibration, polyvinyl chloride (PVC) microparti-
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cles with an average grain size of 250 µm and high-density polyethylene (HDPE) micropar-
ticles with an average grain size of 150 were used as received (GoodFellow, Huntingdon,
UK). Nile Red (Enzo life Science, New York, USA, ENZ-52551) was used as a hydrophobic
fluorescent probe, with an excitation wavelength of 552 nm and an emission wavelength of
636 nm for microparticle staining. A 30% H2O2 stabilized solution, reagent grade (Merck
Life Science S.r.l., Milano, Italy), was employed to pre-treat the WWTP samples in order to
oxidize biodegradable matter. All solutions and suspensions were prepared with Milli-Q
water (resistivity 18.2 MΩ cm).

2.2. Experimental Setup

Figure 1 displays a schematic of the portable instrument used for the tests, which was
designed and manufactured by ASI srl (Milan, Italy). The instrument is primarily made
up of a fluorescence confocal microscope specifically developed to detect labelled plastic
microparticles in liquid samples. The liquid sample is held in a cylindrical cuvette with
a diameter of 1 cm and a height of 7 cm. Excitation light is generated by a 532 nm diode
laser (Apinex, Montreal, QU, Canada, AGLM2-05) with an optical power of 3 mW and is
focused by a lens (f = 4.03 mm) into the cuvette at about 200 µm from the entrance wall.
The laser spot defines both the excitation and observation volume, as described below.
Two motors simultaneously make the cuvette spin around its axis (at about 4 rev/s) and
oscillate vertically (about 2.5 cm/s) relative to the laser spot. This allows the excitation spot
to scan a significant portion of the cuvette volume. Slower vertical scanning is applied to
ensure statistical independence of the observation volume explored in subsequent vertical
sweeps. It should be specified that the acceleration of this motion is not high enough to
move the particles relative to their initial positions in the sample due to inertial forces as
happens during centrifugation. In other words, the situation is virtually identical to that
of a laser beam moving through and scanning a fixed sample. The plastic microparticles
crossing the observation volume emit fluorescence pulses that are collected by the same
lens that provides the excitation and sent to a photodetector (PMT Hamamatsu H10721-110)
through a dichroic mirror in a confocal microscope configuration. The combination of a
confocal microscope and sample motion provides an effective way to transport the fluid
sample through the observation area without requiring a flowing system. The confocal
configuration used in the present setup, with a pinhole as spatial filter on the optical
detector and a focused excitation beam, ensures that only the fluorescence pulses coming
from particles in a certain volume of the sample, illuminated by the laser, are detected. This
volume is estimated to be 0.5 × 10−5 mL, which is small enough, at the particle number
concentrations investigated here, to reduce to a negligible value the probability of detecting
more than one particle at the same time. This was confirmed by the inspection of several
recorded data files where pulses showing overlapping were not found.

The photodetector transforms the fluorescence pulses into time-depending electrical
signals which are digitally converted with a 40 kHz sample rate and transmitted to a PC
for subsequent software processing.

The processor uses a specific pattern recognition algorithm to analyze the signal
and discriminates which variations, out of the noise fluctuations, can be attributed to the
particles in the sample. In particular, the algorithm matches specific features of the temporal
profile to predetermined patterns, within a certain adjustable range of variation, that
correspond to the fluorescence pulses coming from the particles excited by the laser spot.
The concentration of particles is evaluated by calculating the number of predetermined
patterns matched to the features in the temporal profile for a given scanning period.
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Figure 1. Schematic of the proposed MP detection instrument.

2.3. Instrument Calibration

Instrument calibration was carried out by using the PVC and HDPE microparticles
described in Section 2.1. To avoid precipitation, the microparticles were dispersed in dif-
ferent solvents to match the respective plastic density values. Specifically, a CaCl2 water
solution with a density of ρ = 1.52 g/mL and a 1:1 water/ethanol mixture were used to
create the PVC and HDPE suspensions, respectively. The particle number density in the
suspension, n/mL, was estimated by measuring the mass concentration and assuming
spherical particles of known density and diameter, as declared by the manufacturer (namely
150 µm and 250 µm for the PVC and HDPE, respectively). Starting from a mass concentra-
tion of 1.33 mg/mL for both PVC and HDPE suspensions, a two-fold serial dilution was
made down to a concentration of 0.04 mg/mL. Each sample was measured in triplicate,
and the average values of the counts registered were plotted as a function of the particle
number density (n/mL). Linear regression was applied to both graphs in order to obtain
the calibration curves for both solvents.

2.4. Particle Staining

Microplastic labeling was achieved by adding the fluorescent probe (Nile Red, Enzo
life Science, New York, NY, USA, ENZ-52551) to the sample at a final concentration of
0.07 µg/mL. This concentration was determined experimentally to maximize the signal–
noise ratio.

2.5. Sampling and Pre-Treatment of Real Samples from a WWTP

In this preliminary study, we sought to test the possibility of detecting particles
obtained from real samples using the calibration curves derived from MP particles of
known size and composition. For this reason, the real samples were first filtered, and the
material deposited on the filter was resuspended in different types of solvents. In this case,
CaCl2 and ethanol solutions were used since they match the density of PVC and HDPE,
respectively, which were employed for the calibration.

Water and wastewater samples were collected from a WWTP that is authorized to
treat 4.1 m3/s of urban wastewater, serving a population of 780,000 inhabitants, and
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that during rain events can also receive a maximum flow rate equal to three times the
average wastewater flow. The water treatment line includes coarse particle removal through
mechanical screening, sand removal through settling, primary settling, biological activated
sludge treatment with nitrification followed by secondary settling and chemical disinfection.
The effluent is then discharged into a major river (average flow rate of 80–150 m3/s) near
the plant. The primary and secondary sludge is sent to a separate treatment line that
includes pre-thickening, stabilization, chemical conditioning and dehydration. Sampling
was performed on the same day as testing. Figure 2 reports the types and volumes of
each collected sample. Seven samples were taken, i.e., four of the wastewater before and
after specific treatments, one of the river upstream of the discharge of the treated WWTP
effluent and two of sludge samples, directly at the outlet of the primary and secondary
settling tanks. It should be noted that the objective of this study was not to carry out a full
characterization and mass balance of the MP particles in the different units of the WWTP,
as this would have required the sampling of larger volumes of samples at different times
during the year; rather, we sought only to test the prototype analyzer with real wastewater
and sludge-derived liquid samples. The selection of the volumes of samples to collect was
related to the expected MP concentrations; lower volumes were collected for samples that
were expected to contain a higher concentration of MPs, i.e., the inlet wastewater and the
two sludge samples.
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Figure 2. Schematic representation of the types and volumes of samples collected from the WWTP
and the river upstream the plant.

Prior to MP analysis, the samples were pre-treated by manual screening with ASTM
sieves to remove the coarser particles (above 250 µm). Then, the sieved suspensions were
digested with H2O2 to remove degradable organic matter, filtered and concentrated by
centrifugation. The obtained pellets were re-suspended in the same types of solutions
employed for the calibration experiments. The pre-treatment method was chosen on the
basis of an analysis of the methods employed in previous studies, in particular [54,68,69],
and also on preliminary lab testing of the different methodologies.

Specifically, for the testing of the prototype with real water/wastewater samples, it
was decided to analyze only the suspensions of particles presenting a size below 250 µm in
order to better match the sizes of the PVC and HDPE particles employed for the calibration
of the instrument. The water or wastewater samples were sieved to recover particles in
a size range between 250 µm and 6 mm (large microplastics). Note that for both the final
effluent and river sample, no particles were collected during the sieving process, i.e., no
particles above 250 µm were retrieved. For the other three samples (inlet and outlet of
the primary and secondary settling tanks), a few particles above 250 µm were collected
(see Figures S1–S3 of the Supporting Information Section). These were digested with a
H2O2 solution in order to remove biodegradable matter, dried and analyzed by FTIR. The
results of these analyses are not reported in this paper, which is focused on the testing of
the fluorescence-based analysis prototype.
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The volume of the sieved sample was then treated if necessary, as described below,
by adding selected amounts of a 30% H2O2 solution and stirring magnetically at ambient
temperature for 48–72 h. The suspension was then filtered with fiber glass filters with
1.2 µm pores, and the obtained pellets were re-suspended in a CaCl2 solution or a 1:1
ethanol:water solution, using the same procedure as that employed for the PVC and HDPE
lab tests. After the pre-treatment, for each water/wastewater sample, particles within the
1.2 to 250 µm particle size range were collected.

Since the various samples selected present different characteristics, the pre-treatment
procedure was tailored for each sample. In particular, for the inlet sample, around 8% by
vol. of the H2O2 solution was added, while for the effluent of the primary settling tank, 5%
by vol. of the solution was added. For the final effluent, no H2O2 addition was necessary,
while for the sample taken from the effluent of the secondary settling tank and from the
river, a small addition of the H2O2 solution was used (10 mL in over 5 l of sample), notably
to treat the particles deposited on the bottom of the tank.

The sludge samples were treated similarly to the other samples, although they were
first digested by slowly adding aliquots of the 30% H2O2 solution, adding around 30% by
vol. of this solution, in order to make the suspension easier to sieve. Also in this case, the
suspension was stirred magnetically at ambient temperature for 48–72 h. It was then sieved
to recover particles in a size range between 38 µm and 6 mm, since suspensions presenting
particles with size above 38 µm could not be directly filtered. The volume of the sieved
suspension was treated by adding around 8% by vol. of a 30% H2O2 solution at ambient
temperature overnight. The suspension was then filtered with fiber glass filters with
1.2 µm pores, and the obtained pellets were dried overnight at 105 ◦C and re-suspended in
the CaCl2 or ethanol–water solutions. Similar to the wastewater samples, for the sludge
samples, we report in this paper only the results of the analysis carried out on the particles
obtained after the filtration of the suspensions.

2.6. FTIR Analysis

For the infrared measurements, drops of 1 µL were withdrawn from the vials contain-
ing the resuspensions of the pellets obtained after filtration of the different types of WWTP
samples. These drops were dried on a polished CaF2 substrate to obtain thin films of the
samples. The infrared radiation transmitted by the film and the substrate was collected
with an infrared microscope (Hyperion2000, Bruker, Milano, Italy) equipped with a single
point nitrogen cooled MCT detector. The transmission spectra of the bare CaF2 substrate
were then collected and used as references. Data were acquired by coadding 256 interfero-
grams with a spectral resolution of 2 cm−1; since the light spot of the microscope was about
200 µm in size (NA = 0.3), we averaged several spectra collected at different positions of
the film to account for inhomogeneities and particle thickness. The measurements were
repeated at least three times for each film. The absorbance spectra were obtained according
to common a procedure:

A(ω) = log(1/T(ω)) (1)

where T(ω) is the average transmission of the wastewater films. The spectra were fur-
ther baselined through rubberband subtraction using the algorithm of the OPUS soft-
ware (Bruker).

3. Results and Discussion
3.1. Instrument Calibration

Figure 3 shows the typical time-dependent electrical signal corresponding to the
fluorescence emission of stained particles. Light pulses of different heights can easily be
observed; these were attributed to particles crossing different sections of the laser spot.
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Figure 4 shows the fluorescence counts recorded for each dilution of the test samples
as a function of the particle number density n/mL. The linear fit of the data allowed
us to obtain a calibration curve with which to derive the particle concentrations in real
water samples.

3.2. Measurements on Wastewater Samples

Figure 5 displays the MP particle number densities estimated for the real samples
collected at the inlet or outlet of specific units of the WWTP, on the basis of the fluorescence
measurements performed with the test samples. In particular, for the results of the measure-
ments performed with the pellets resuspended in the CaCl2 solution (see Figure 5a), the
PVC calibration curve (Figure 4a) was used, while for those obtained by resuspending the
pellets in the water/ethanol mixture (see Figure 5b), the HDPE calibration curve (Figure 4b)
was adopted. As can be noted, the particle number density found for PVC-like particles
was very low for all of the tested samples except for the inlet sample. In contrast, for the
HDPE samples, considerably higher number densities and more significant differences
were found among the types of samples analyzed. For both types of plastics, a general
decrease of the concentration through the plant was observed, with the lowest values being
retrieved for the samples from the final outlet of the plant and from the river. This is in good
agreement with recent studies [23,24,55]. The fact that the inlet showed a lower content
of particles compared to the outlet of the primary settling tank could be related to the low
volume of sample analyzed and to the fact that it presented a heterogeneous composition.
On the other hand, the lower concentration found for PVC could be due to the fact that the
exposition of PVC particles to different physical, biological and/or chemical conditions
can change the original polymer composition, especially at the surface [70]. Most studies
have reported PVC in low or negligible amounts in both WWTP inlet and outlet samples,
compared to other polymers [71].



Water 2022, 14, 3235 9 of 15Water 2022, 14, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 4. Fluorescence counts recorded versus the number density of added particles of (panel a) 
PVC and (panel b) HDPE test samples. 

3.2. Measurements on Wastewater Samples 
Figure 5 displays the MP particle number densities estimated for the real samples 

collected at the inlet or outlet of specific units of the WWTP, on the basis of the 
fluorescence measurements performed with the test samples. In particular, for the results 
of the measurements performed with the pellets resuspended in the CaCl2 solution (see 
Figure 5a), the PVC calibration curve (Figure 4a) was used, while for those obtained by 
resuspending the pellets in the water/ethanol mixture (see Figure 5b), the HDPE 
calibration curve (Figure 4b) was adopted. As can be noted, the particle number density 
found for PVC-like particles was very low for all of the tested samples except for the inlet 
sample. In contrast, for the HDPE samples, considerably higher number densities and 
more significant differences were found among the types of samples analyzed. For both 
types of plastics, a general decrease of the concentration through the plant was observed, 
with the lowest values being retrieved for the samples from the final outlet of the plant 
and from the river. This is in good agreement with recent studies [23,24,55]. The fact that 
the inlet showed a lower content of particles compared to the outlet of the primary settling 
tank could be related to the low volume of sample analyzed and to the fact that it 
presented a heterogeneous composition. On the other hand, the lower concentration 
found for PVC could be due to the fact that the exposition of PVC particles to different 

a 

 
b 

 

y = 49.706x
R² = 0.995

0

1000

2000

3000

4000

5000

6000

7000

0 20 40 60 80 100 120 140

Fl
uo

re
sc

en
ce

 co
un

ts
 (a

.u
)

PVC particles (n/ml)

y = 1.6411x
R² = 0.9579

0

200

400

600

800

1000

1200

1400

1600

0 100 200 300 400 500 600 700 800 900

Fl
uo

re
sc

en
ce

 co
un

ts
 (a

.u
.)

HDPE particles (n/ml)

Figure 4. Fluorescence counts recorded versus the number density of added particles of (panel a)
PVC and (panel b) HDPE test samples.

In the case of HDPE, particle concentrations were significantly higher in sludge sam-
ples (data 6 and 7) compared to water samples; note that the densities reported here should
be multiplied by 10. Sludge has been reported to contain more than 98% of the plastic
particles entering the plant [72,73].

For each sampling point, two identical samples were prepared to be analyzed both
with the present instrument and by Fourier Transform Infrared spectroscopy (FTIR). FTIR is
used as the gold standard for plastic detection. Thin films of wastewater were obtained on a
CaF2 substrate, which is transparent in the 800–6000 cm−1 range [74]. The spectra obtained
for dried particles collected from selected samples are reported in Figure 6, specifically:
Sludge from secondary settling (magenta line), Effluent from primary settling (violet line),
Effluent from secondary settling (blue line) and Inlet (green line). The vertical lines indicate
the most important contributions at 1000–1150 cm−1 (CO stretching), 1458 cm−1 (C-H
bending), 1760 cm−1 (C=O stretching) 2160 cm−1 (nitrogen compounds vibrations) and
2850–3000 cm−1 (CH stretching). The most intense band observed at 1620–1680 cm−1 was
due to residual water. A comparison of our spectra with those provided in databases
suggests that these spectra are consistent with the presence of polyethylene, since the
CH bond frequencies (either stretching or scissoring modes) fit those reported in the
literature [75]. In addition, the spectra showed a scissoring vibration band at 1455 cm−1, a
frequency which is typical of the polypropylene molecule, a polymer which has a density
close to that of HDPE. The spectral regions of CH vibrations are highlighted in Figure 6b,c.
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The spectral features of the CH stretching and bending modes of the particles collected
from the Effluent from primary settling (violet), Effluent from secondary settling (blue)
and Inlet (green) samples are quite similar, while those of the Sludge from secondary
settling (magenta) sample differed both in the central frequency (CH bond stretching) and
in intensity. We also noted that the spectrum of the particles collected from the Sludge
from secondary settling (magenta line) sample varied at frequencies where absorption
from thiols (small band at about 2600 cm−1) and from compounds containing sulphur
(1200–1400 cm−1) were observed (see Figure 6a). Moreover, this sample showed frequency-
shifted CH bands and an overall different spectrum. Therefore, we suggest that the
absorption of CH modes was mainly due to the presence of alkenes and aldehyde, and thus,
to molecules of lower molecular weight than polymers. This evidence, together with the
detection of sulphur compounds, leads us to consider the presence of an appreciable amount
of organic material [76], confirming that this sludge sample, even after pre-treatment, still
presented a significant content of biomass (bio-sediment).
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4. Conclusions

In summary, we presented a new particle counter for the quantitative detection of
microplastics in water samples based on real-time analysis of fluorescence emissions from
stained particles. The instrument was calibrated with laboratory-prepared test samples
and then applied to particles obtained from real samples collected at the inlet and outlet of
specific units of a municipal wastewater treatment plant after the samples had been pre-
treated with oxidizing agents, filtration and resuspension in the same solutions employed
for the instrument’s calibration. The results were compared with FTIR measurements that
confirmed the presence of polyethylene and a negligible content of PVC in the same WWTP
samples. These preliminary findings indicate that the new particle counter could serve as a
useful tool for detecting microplastics in liquid media. The small size of the instrument
(length 25 cm, depth 19 cm, height 12 cm) also makes it suitable for in situ measurements.
The instrument could represent a valid method to quantitatively measure the concentration
of plastics with a potential reduction in time, workload and costs.

Moreover, these preliminary analyses, carried out on real wastewater samples, high-
lighted the presence of organic matter, especially in the particles collected from the sludge
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samples, even after pre-treatment with hydrogen peroxide; therefore, it is fundamental
to improve the pre-treatment strategies to effectively remove all substances that may
create interference.

Future investigations will hence be aimed both at this aspect and at testing different
types of plastic particles to obtain other specific calibration curves. Moreover, as the final
goal of our project is to develop a quantitative detection method that can be applied in-situ,
a simpler sample pre-treatment method that does not require filtration and resuspension
will be investigated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14203235/s1, Figure S1. Coarse particles (0.25–6 mm) collected
from the inlet of the WWTP after H2O2 digestion. Figure S2. Coarse particles (0.25–4.6 mm) collected
at the outlet of the primary settling tank of the WWTP after H2O2 digestion. Figure S3. Coarse
particles (0.25–1.18 mm) collected at the outlet of the secondary settling tank of the WWTP after
H2O2 digestion.
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