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Abstract: Microplastic (MP) water pollution is a major problem that the world is currently facing,
and wastewater treatment plants (WWTPs) represent one of the main alternatives to reduce the MP
release to the environment. Several studies have analysed punctual samples taken throughout the
wastewater treatment line. However, there are few long-term studies on the evolution of MPs over
time in WWTPs. This work analyses the performance of a WWTP sited in Southwest Europe in
relation with annual occurrence and fate of MPs. Samples were monthly taken at different points
of the facility (influent, secondary effluent, final effluent, and sludge) and MPs were quantified and
characterised by means of stereomicroscopy and FTIR spectrophotometry. The majority of MPs found
in wastewater and sludge samples were fragments and fibres. Regarding to the chemical composition,
in the water samples, polyethylene (PE), polyethylene terephthalate (PET) and polypropylene (PP)
stood out, whereas, in the sludge samples, the main polymers were PET, polyamide (PA) and
polystyrene (PS). The MPs more easily removed during the wastewater treatment processes were
those with sizes greater than 500 µm. Results showed that the MPs removal was very high during
all the period analysed with removal efficiencies between 89% and 95%, so no great variations were
found between months. MP concentrations in dry sludge samples ranged between 12 and 39 MPs/g,
which represented around 79% of the total MPs removed during the wastewater treatment processes.
It is noticeable that a trend between temperature and MPs entrapped in sewage sludge was observed,
i.e., higher temperatures entailed higher percentage of retention.

Keywords: microplastics; sludge; WWTP; removal efficiency; secondary treatment

1. Introduction

WWTPs are a major indirect source of MP emissions into the environment, due to the
daily discharge of large quantities of MPs, from agricultural, industrial or urban activities,
to the sewage system [1–3]. At the household level, this pollution mainly comes from
the use of products that containing MPs, namely cosmetic and personal care products,
and also fibres generated during laundry [4–6]. In addition, MPs can be originated from
the weathering and fragmentation of plastics due to disposal mismanagement or by the
wear and tear of plastic items [7–9]. These microplastics can enter to the sewage system by
surface runoff or stormwater, either because they are on the ground surface or deposited
from the atmosphere [10–12]; therefore, wastewater could contain a high number of MPs,
specifically, the MP concentration reported in WWTPs ranged between 0.28 and 3.14·104

particles/L [13]. Although WWTPs can frequently achieve removal efficiencies of MPs up
to 90%, this is insufficient because large quantities of microplastics are still being released
into rivers and oceans [13–15].

It has been reported that most MPs removed during the wastewater treatment are
accumulated in sludge [16]. So far, the reported ranges of MP concentration in wet and
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dry mixed sludge were 400–7000 and 1500–170,000 particles/kg, respectively [17–20].
Furthermore, the repeated application of sludge in agriculture as soil amendment is a
potential problem, as it favours the excessive and unavoidable accumulation of MPs in
the farmlands. It is estimated that the use of sludge as fertilizer releases in European
agricultural lands between 63,000 and 430,000 tons of MPs per year [21,22]. MPs not
removed from the wastewater during the treatment processes are finally released into the
aquatic environment; in particular, the abundance of MPs in the effluent of urban WWTPs
ranges between 0.01 and 297 particles/L [13]. MPs emitted to the environment become
a potential risk, not only to the ecosystems, but also to human health, since they can be
bioaccumulated through the trophic chain [23–26].

Several chemical, physical and biological processes take place in WWTPs to achieve
high-quality effluent water. Each treatment plant uses its own technologies depending on
different factors (the subsequent reuse of water, the characteristics of wastewater, the place
where the effluent is discharged, etc.) [3]. When the wastewater treatment includes dynamic
membranes (DMs) or membrane bioreactor (MBR), MP removals of 99% or even higher
have been reported [18,27–30]. The major drawback is the high cost of implementing and
maintaining these technologies. Surprisingly, there are some works that reported similar
removal efficiencies employing lower cost technologies, such as conventional activated
sludge (CAS) and sequencing batch reactor (SBR) [18,31]. In fact, removal efficiencies in the
range between 96–98% have been reported from WWTPs that used that kind of technolo-
gies. It is necessary to point out that most works have calculated the removal efficiencies
just by analysing a few samples, which can contribute to the dispersion of efficiencies.
Analysing the WWTPs performance for extended periods would be necessary to stablish
accurate conclusions. Therefore, in this work, the performance of wastewater treatment
processes was evaluated in a WWTP sited in Southwest Europe over a 12-month period.
The aim of the study is increasing the knowledge on the behaviour, fate and elimination of
microplastics in the different stages of treatment throughout the year. Furthermore, as far
as we know, it is the first study to analyse the effect of a double consecutive decantation
(secondary treatment), as well as the use of a lamellar settler in the tertiary treatment.

2. Materials and Methods
2.1. WWTP Characteristics

The WWTP is located in the Southwest of Spain, specifically in Caravaca de la Cruz
(Murcia). It was designed to treat an average daily flow of 8000 m3, serving 85,000 pop-
ulation equivalent (p.e.). Firstly, as can be seen in Figure 1, the raw water is pre-treated
by means of a screening system (pore size of 10 mm and 3 mm) and an aerated grit and
grease removal system. The secondary treatment consists of an anoxic tank with a capacity
of 950 m3 with two agitators, two carousel-type aeration tanks with a total volume of
19,000 m3 and two secondary decanters placed in series. Finally, the tertiary treatment
consists of coagulation-flocculation tank, lamellar decanter, rapid sand filter (RSF) and UV
disinfection system.
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The sludge recovered from the secondary and tertiary treatment is mixed, thickened
by settling, and finally, dewatered by means of centrifugation, up to 78–86% moisture
content (w/w).

2.2. Sampling Points

To obtain representative and homogeneous samples, the water was collected in tur-
bulent areas to prevent the heavier MPs to sediment. Sampling points are indicated by
an asterisk in Figure 1, i.e., after the screening systems (influent), effluent from secondary
treatment, effluent from tertiary treatment and dehydrated sludge. To collect the water,
it was pumped through a sieve module assembled in a specific sampling device (Figure S1).
This device is made up of four mesh stainless steel filters (CISA Sieving Technologies) of
150 mm of diameter and the following slot sizes: 500, 250, 100 and 20 µm (placed from
the largest to the smallest one). Thus, MPs contained in the sampled water were classified
by size and retained in the corresponding sieve. The flow rate chosen for sampling was
10 L/min which was maintained during approximately 30 min (or until the solids clog the
sieves) at each collection point. MPs collected were dragged with distilled water and stored
under refrigeration until further processing. The volumes of wastewater sampled at each
sampling point each month are detailed in Table S1.

Dewatered sludge samples were also stored under refrigeration. In order to express
MP concentration on dry weight basis (w/w), a gravimetric method was used to determine
the moisture content of each sample of sludge by triplicate.

2.3. Pre-Treatment of Samples

Water samples were stored in an oven at 90 ◦C to dryness. After that, the organic
matter was degraded by treating the samples with Fenton’s reagent (20 mL of solution
of Fe(II) at pH 3 with 20 mL of H2O2 50%) at room temperature, during 30 min. Once
digested, samples were left at room temperature for 24 h to allow the residual hydrogen
peroxide to evaporate and, then, they were stored in an oven at 90 ◦C to dryness (10 h).
MPs were isolated from the remaining inorganic impurities by density using a solution of
ZnCl2 (d = 1.6 g/mL) (97% purity, VWR), so that supernatant was filtered under vacuum
using a glass microfiber filter (Whatman, diameter 47 mm, pore size of 0.7 µm).

Sludge samples (5 g) were oxidised during 24 h with 30 mL of hydrogen peroxide
(H2O2, 50%). This process was carried out twice. The rest of the procedure was the same as
that employed for water samples.

Distilled water and zinc chloride solution employed in the pre-treatment samples
were previously filtered using a glass microfiber filter (Whatman, diameter 47 mm, pore
size of 0.7 µm) to avoid MP contamination.

2.4. Microplastic Analysis

Filters with MPs were examined under a semiautomatic stereomicroscope (Leica
M205FA) with a high-resolution colour digital camera attached (Leica DFC310FX) to process
images with a maximum resolution of 1392 × 1040 pixels (1.4 Mpixels CCD). It is used for
the quantification of MPs and the analysis of colour and shape of microparticles [28,32–34].

To determine the chemical composition of microplastics, an FTIR spectrophotome-
ter coupled to a microscope with an imaging system (Varian 620-IR and Varian 670-IR)
with three detection systems is used [35]. Samples were analysed in the mid-infrared
of 4000–400 cm−1, a range in which the most typical bands of plastic materials are iden-
tified. The identification of functional groups and molecular composition of polymeric
surfaces was carried out using the list of absorption bands of sixteen polymers described
by Jung et al. (2018) [36].
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3. Results and Discussion
3.1. Occurrence and Evolution of MPs

Nowadays, most of the studies dealing with the occurrence of MPs in WWTPs have
been focused on wastewater and sludge samples collected over short periods, i.e., days or
weeks [16,32,37]. In this work, the occurrence and evolution of microplastics in a WWTP
have been examined, over a 12-month period (Figure 2). Figure 2a summarised the MP
concentration in the different sampling points in the WWTP analysed during the study.
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Figure 2. (a) Microplastic concentration (MPs/L) in the WWTP at the four sampling points and overall
removal efficiency for one year (May 2020–April 2021), (b) rainfall (L/m2) and temperature (◦C)
recorded in Caravaca de la Cruz over the sampling period (Source: State Meteorological Agency [38]),
(c) Microplastic concentration in sludge expressed per dry weight (MPs/g) and percentages of MPs
retained in the sludge with respect to the MPs removed during the treatment in the WWTP during
the period studied.
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The WWTP receives in the influent, after screening systems, a mean concentration
of 16.1 ± 3.3 MPs/L. This value is in accordance with other studies reporting similar MP
concentrations in the influent of urban WWTP, for example, between 12–16 MPs/L in
China [39–41], 12.2 MPs/L in Thailand [42], 15.1 MPs/L in Sweden [43] and 15.7 MPs/L in
Scotland [44]. Nevertheless, it should be noted that other works reported MP concentration
in influent samples much higher [45] or slightly lower [46] than those found in this work.
This can be since the number of MPs in wastewater can be affected by different factors such
as population served, lifestyle, climate and seasonal conditions [47].

Considering Figure 2, it can be observed that during the warmest months, from April
to September, the MP concentration in influents is, in general, slightly higher compared to
the coldest, i.e., January to March. This is probably due to the higher evaporation of water
that concentrates microplastics in the aqueous stream. This is in agreement with previous
studies, carried out in Spain [10]. It may be due to the fragmentation of (micro)plastics by
greater solar irradiation and, to the increase of MP concentration by evaporation of water.
On the contrary, Ben-David et al. [48] studied a WWTP in a city located in the north of
Israel that reported higher values of MP concentration in the rainy winter season, which
was associated with a greater use of washing machines or a greater contribution from
land runoff. In this case, there is not any clear correlation between rainfall and the MP
concentrations found in influent.

After pre-treatment, the secondary treatment consists of a biological reactor together
with a double settling tank. So far, there is no literature data reported on the effect of
a double decanter for MP elimination. In general, secondary effluent shows a notable
decrease in MP concentration in comparison with those in influent (an average value of
1.90 ± 0.38 MPs/L), which means a removal efficiency (grit and grease removal + biological
treatment) higher than of 88%. Hidayaturrahman and Lee [49] analysed the influence of grit
and grease and secondary treatment in three WWTPs with MP removals between 75–93%.
Similar results were obtained by Ruan et al. [50], who found elimination efficiencies of 87%,
whereas Yang et al. [41], after secondary treatment, obtained a removal efficiency of 72%.

It is clear that WWTPs with tertiary treatments have been reported to be more efficient
in eliminating MPs than systems that present only a secondary treatment [51]. For example,
Magni et al. [19] found a removal efficiency of 64% after the secondary treatment and 84%
after the tertiary. In addition, Ziajahromi et al. [52] indicated that, after the secondary treat-
ment, the removal efficiency of MPs was 66%, whereas, after a tertiary treatment, was 87%.
Regarding the tertiary treatment applied in this WWTP, that consists of a coagulation-
flocculation, a lamellar settler, a RSF and an UV disinfection, the removal efficiency of MPs
of around 41% was achieved, which increased the overall removal efficiency until values of
around 93% and entails an emission of 1.13 MPs/L in the effluent. In those effluent samples,
during the warmest months (April to September) the MP concentration was higher com-
pared to the coldest ones (January to March) with ranges of 0.77–1.58 MPs/L (1.21 ± 0.31)
and 0.59–1.31 MPs/L (0.87 ± 0.38), respectively. These results are in accordance with those
reported by Jiang et al. [53].

Although coagulation-flocculation is a typical process found in drinking water treat-
ment plants (DWTPs) [54,55], it is also commonly employed in WWTPs. For example,
Hidayaturrahman and Lee [49] reported removal efficiencies of MPs between 50–82% by
means of a coagulation-flocculation process.

The effect of RSF in the MP elimination has been analysed in previous works with a
wide variety of results. For example, in a WWTP located in Finland, MPs were reduced
from 0.7 to 0.02 MPs/L, which means an efficiency of 97% [30]. In another study carried out
in two German WWTPs, the use of a sand filter achieved a noteworthy MP removal (above
99%) [56], whereas Magni et al. [19] described a MP elimination by a RSF of only 50%.

The overall MP removal efficiency of the WWTP analysed in this work was between
89% and 95%, with an average value of 92.9 ± 2.1% and it is remarkable that no noticeable
variation between months was detected, so rainfall and temperature does not seem to
affect MP elimination. The removal efficiencies found in the facility analysed in the present
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work were within the range reported in different European WWTPs (72–98%) [3,57–60].
A wide variation can be found depending on the treatment technology used and the
operating conditions in the WWTP [61], the origin and type of wastewater [20], as well
as the sampling and identification methods used in the process, population density and
regional development [40].

3.2. Characterization of MPs by Size, Shape and Colour

As explained before, the sampling procedure allowed the MP classification by size.
According to Figure 3, on average, in influent samples MP ≥ 500 µm only accounted around
30% of total MPs, whereas 56% and 80% represented MPs higher than 250 µm and 100 µm,
respectively. This indicates a major percentage of small MPs than usual in the influent since
most WWTPs it has been reported MPs abundance with a size greater than 500 µm above
70% [18,45,46,61–63]. The variations in the percentages of MPs found in each range of size
are noticeable thorough the treatment processes, i.e., the percentage of those MPs with a size
greater than 500 µm decreased from 30% in the influent to 24% in the secondary effluent.
At the same time, the percentage of the smallest particles (20–100 µm) increased from 20%
in the influent to 23% in the secondary effluent. It should be noted that, after pre-treatment
and secondary treatment, the MPs most easily eliminated were those larger than 500 µm
(57%) and those with a size between 250–500 µm (52%), as can be seen in Table S2. This
means that the grit and grease system and the secondary treatment removed the bigger
MPs with higher efficiency than the smaller ones. Important variations in the percentages
of the middle sizes were not detected and the sizes distribution in the final effluent is
similar to the secondary one. In the final effluent samples, the vast majority of MPs were
smaller than 500 µm, around 76%, whereas a quarter of the microplastics were smaller than
100 µm (Table S2). These results agree with other previous studies, which reported that
most of the MPs in the final effluent were smaller than 500 µm. However, the percentage of
MPs smaller than 100 µm in the effluents is usually over 60%, percentage higher than those
found in this work [19,31,33,34,52,64–67]. Table S2 shows that, after tertiary treatment,
the most easily eliminated MPs were, both, those larger than 500 µm and those with a
size between 100–250 µm (approximately 30%). In addition, considering the temperature,
it can be observed that in the warmest months (May–September) the MPs with a size
higher of 250 µm presented abundances of 60–70%, while during those months with lower
temperature (November, February–April), it is observed that the MPs with sizes less than
250 µm presented abundances of 60%. It has been reported that MP degradation are deter-
mined by the combined effect of different parameters, including temperature. Specifically,
Ariza-Tarazona et al. [68] concluded that photolysis combined to low temperatures leads
to plastic brittleness, which is in accordance with results commented above, since the
coldest months showed a greater proportion of MPs smaller than 250 µm. Finally, it can be
observed that the overall microplastic removal efficiency was higher in MPs larger than
500 µm (70%) compared to the rest of the sizes.

The morphological characteristics of MPs found in wastewater samples can be classi-
fied into five different types: fragments, fibres, microspheres or pellets, films and foams,
as can be observed in Figure 4. Fragments exhibit irregular and opaque shapes, whereas
fibres show a high length-width ratio. Pellets have spherical form, foams are fluffy particles
and, finally, films have a relatively flat surface.
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colour. (1): Green and yellow fibres, (2,3): Yellow and transparent fragments, (4): Grey film, (5): Black
pellet, (6): Transparent foam.

Figure 5 shows the percentages of MP classified by shape found in the different points
of sampling: influent, secondary effluent and final effluent. It can be observed that, in all
samples, fibres and fragments constitute practically the totality of MPs (above 98%). According
to the literature, fibres and fragments are the most predominant particle found in wastewater
with a mean percentage of 56% and 34%, respectively [18,41,52,57,69–71]. Previous studies
reported that fragments are the vast majority MPs [17,34,72,73], in concordance with the results
obtained in this case study. Following the evolution of MPs through the wastewater
treatment process (Figure 5), in influent samples the concentration of fragments and fibres
ranged between 44.8–77.6% (with an average value of 64.9 ± 9.5%) and 20.0–55.2% (with an
average value of 34.2 ± 10.2%), respectively. These percentages remained constant after the
secondary treatment. However, in the final effluent samples, the concentration of fragments
and fibres ranged between 46.1–81.4% and 18.6–61.0%, respectively, which shows a certain
decrease in the abundance of fragments (with an average value of 57.3 ± 10.9%) and an
increase in the percentage of fibres (with an average value of 40.3 ± 10.8%). This means
that the tertiary treatment allowed a better removal of fragments (38%) than fibres (24%),
as can be seen in Table S2. It has been reported that the high length-width ratio allows
fibres to remain in water masses for more time than particles with other morphologies [2].
In addition, the overall removal efficiency shows a better elimination of fragments in
comparison with fibres (67% vs. 56%). Finally, it is noteworthy that films, pellets and foams
only account for 1–2%.

Respect to the MPs colour, white and black microparticles were the most common
MPs at every sampling point, which means 81% of total MPs. The remaining percentage
corresponds to red, blue, green, yellow and purple. This is agreement with previous studies
that analyse MPs in WWTPs where higher abundances of white and black MPs were also
detected [40,48,74].
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Figure 5. Shape variation of microplastics in influent, secondary effluent and final effluent samples
during the period studied.

3.3. Chemical Composition of MPs

The chemical composition is a relevant characteristic that determines the MP density
and therefore, directly influences over the removal efficiency. Over 30 kinds of polymers
have been described in wastewater samples of different WWTPs [51]. In this study PE,
PP, PS, PA, PET and polyvinyl chloride (PVC) were detected in the wastewater samples
(Figure 6). In the influent, on average, PP is the polymer most frequently detected with an
abundance of 24.9 ± 5.5% (ranges between 15.8–37.4%), followed by PET with 23.2 ± 2.9%
(27.8–18.1%), PE with 17.3 ± 4.2% (13.0–26.0%), PS with 14.5 ± 2.7% (10.4–17.3%), PA with
3.9 ± 3.4% (9.3–22.4%) and PVC with 6.2 ± 3.1% (1.5–10.7%). Different studies reported that
most frequent polymers in urban wastewaters are PS (20–90%), PE (5–60%), PP (2–40%),
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PET (3–38%), PA (2–35%) [2,3,75] and PVC in low abundances [61]. These data are in
agreement with those found here, excepting for PS that was detected in percentages lower
than values described in previous works. These variations in the abundance of different
type of polymers in the influent are determined by the origin of wastewater that arrives
to the WWTP (urban, industrial, agricultural) [74]. As the wastewater stream progresses
through the different stages of WWTP, polymers less dense than wastewater, such as PP and
PE, increased their proportion, being in the final effluent in percentages around 47.4 ± 3.6%
and 29.6 ± 5.0%, respectively. On the contrary, polymers denser than wastewater, such as
PS, PA, PET and PVC, decreased in abundance during the treatment processes due to their
facility of settling, so they represented in the final effluent around 21%, whereas in the
influent their proportion was notably higher (58%). An example of the FTIR spectra for
each polymer are shown in Figure S2.
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In addition, it has been analysed the relation between the chemical composition and
the shape and colour of MPs during the different treatments in WWTP. Linking chemical
composition with colour (Table S3), it is noticeable that, more than 90% of PVC microparti-
cles were purple and yellow. Linking chemical composition with shape (Table S4), in the
influent samples it has been found that PVC, PP, PET and PE have percentages of fragments
of 98%, 77%, 74% and 67%, respectively. Moreover, 90% of the particles that corresponded
to PA were fibres. Foams, pellets and films did not represent an abundance higher than
10% for any polymer.

3.4. Microplastics Entrapped in Sewage Sludge

It has been found that during the warmest months (May-September) the MP con-
centrations in dry sludge (28–39 MPs/g) were higher than those detected the rest of the
months (12–22 MPs/g) (Figure 2c). These values are expressed by dry weight considering
the sludge moisture of the different samples analysed (78–86% w/w). In the sludge samples
there was a mean concentration of 24.0 ± 8.6 MPs/g dry sludge, value similar to those
reported in literature for urban WWTPs [31,64,67,70,72]. According to Figure 2c, it can be
observed that MP percentage retained in sludge varies between 47% and 100% with a mean
value of 79%. These percentages are in agreement with those reported by different authors
(8–92%) [16,28,32,76]. The removal of MPs in previous stages, i.e., during pre-treatment
processes, can achieve notable values of elimination, for example, Murphy et al. [44] found
that 45% of MPs that arrive at WWTP can be removed in grit and grease system. These
percentages have been calculated based on the number of microplastics detected in the
influent and the final effluent of the WWTP taking into account the daily flow (Table S5)
in each sampling point. In addition, a trend between temperature and MPs retained in
sewage sludge was observed, i.e., temperatures seem to favour the entrapping of MPs.

Physical and chemical properties of MPs retained in sludge samples were also analysed
and results are summarised in Figure 7. Most MPs found in sludge are fragments and fibres
(57 ± 18% and 33 ± 11%, respectively). Foams represent the 9%, but it should be noted that
this specific shape was only detected in three samples (September, October and November)
with percentages of 2%, 26% and 81%, respectively. The majority of the published works
reported a higher abundance of fibres than fragments, with higher percentages than those
found here (50–84%) [16,17,28,33,40,44,70,72,76]. However, it is remarkable that other
works are in accordance with the results obtained in this case study, i.e., reported a higher
proportion of fragments with respect to fibres [19,34,77].

As can be seen in Figure 7, no notable differences in abundance of MPs regarding
chemical composition were found. The most predominant polymers in sludge samples were
PET (36 ± 4%), followed by PS (25 ± 4%), PA (20 ± 4%) and PVC (9 ± 3%), in accordance
with other studies, i.e., Kazour et al. [72] reported relative abundances of PS (25%), PET
(20%), PA (10%) and PVC (5%) of the same order of magnitude than those found here.
This agrees with the fact that the abundances of these polymers decreased throughout
the wastewater treatment processes, as above commented. The high density of these
polymers favours their sedimentation, being more easily entrapped in sludge. Regarding
colour, around 82% of MPs found in sludge were white and black, as occurred in the
wastewater samples.
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3.5. Release of MPs to the Environment

Several studies reported the environmental incidence of MPs emitted to the environ-
ment by WWTPs. As far as we know, until now, there have been seven works published
that analysed the incidence of MPs in Spanish WWTPs [10,17,45,66,78–80]. The values
found in the present work (average values of 16.1 ± 3.3 MPs/L and 1.1 ± 0.3 MPs/L in
influent and effluent, respectively) were within the ranges reported by the previous works
(between 2.7 MPs/L and 645 MPs/L in influent and 0.31 MPs/L and 16 MPs/L in effluent).

Considering the MP concentration detected in the influents (between 11.4 and 23.8 MPs/L)
and the volume of wastewater that arrives at the WWTP (an average value between
4089 m3/day and 5570 m3/day) (Table S5), it can be estimated that between 5.57·107 and
1.27·108 microplastics enter into the facility each day. Since the removal efficiency of the
studied facility is 92.9 ± 2.1%, approximately between 2.50·106 and 6.98·106 microplastics
per day are emitted to the environment. For example, Edo et al. (2020) [17], who analysed a
WWTP five times larger than that studied here, estimated that around 3·108 microplastics
per day are release into the Henares River (Madrid), even though the WWTP reduce the
MP concentration by 93%. This highlights the importance of WWTPs as source of MPs
released into the environment.

In dry sludge samples, an average value of 24.0 ± 8.6 MPs/g is found, value lower
than those values reported by other authors that analysed sewage sludge samples in
the same country (Spain) (between 50 and 165 MPs/g) [17,22,78]. Considering that the
MP concentration detected in the sludge (between 12.0 and 39.4 MPs per gram of dry
sludge) and the kg of sludge generated in the WWTP (values between 1764 kg and 3976 kg)
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(Table S6), it can be estimated that around between and 4.23·107 and 9.54·107 microplastics
are entrapped in sludge. Thus, the subsequent management of the sludge is a determinant
step to avoid the release of these MPs to the environment.

4. Conclusions

In this work the annual occurrence and fate of microplastics have been evaluated in a
WWTP site in Southwest Europe employed as a case study. Results showed that this WWTP
has a high removal efficiency (89–95%) all along the period studied, reducing considerably
the number of MPs in treated water in comparison to influent values. Specifically, most
microplastics (88%) were eliminated in the secondary treatment stage, being entrapped
into the sludge. It was also found that the concentration of MPs in the influent was slightly
higher during the warmer months (April–September) (17.1–23.8 MPs/L) compared to the
colder ones (October–March) (11.4–15.6 MPs/L). MPs more easily eliminated from the
wastewater samples were those with sizes greater than 500 µm and fragments and fibres
were the shapes most frequently detected in wastewater and sludge samples. In addition,
it was found that PP and PE were the commonest polymers in wastewater samples, whereas
in sludge samples the majority were PET, PS and PA, which is due to the fact that denser
polymers tend to settle more easily during the treatment processes. Furthermore, the tem-
perature seems to favour the retention of MP in sludge. Future works should be focus on
improving the removal of MPs from wastewater and, especially, from sewage sludge in
order to reduce the release of these MPs to the environment.
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analysis of a black fibre recovered from the secondary effluent sample of July; (b): Example of FTIR
spectra registered for polypropylene (PP) obtained from the analysis of a white fragment recovered
from influent sample of August; (c): Example of FTIR spectra registered for polystyrene (PS) obtained
from the analysis of a red fibre recovered from the influent sample of September; (d): Example of FTIR
spectra registered for polyamide (PA) obtained from the analysis of a white foam recovered from
the secondary effluent sample of October; (e): Example of FTIR spectra registered for polyethylene
terephthalate (PET) obtained from the analysis of a white fragment recovered from the final effluent
sample of March; (f): Example of FTIR spectra registered for polyvinyl chloride (PVC) obtained from
the analysis of a black fragment recovered from the sludge sample of October, Table S1: Volumes of
wastewater (L) and amount of sludge (g) sampled during the period of the study, Table S2: Size and
shape evolution of microplastics after each treatment (influent, secondary effluent and final effluent)
and the overall removal efficiency of each type of microplastic, Table S3: Relationship between the
colours and chemical composition found for each sampling point expressed in percentage, Table S4:
Relationship between the shapes and chemical composition found for each sampling point expressed
in percentage, Table S5: Summary of the concentrations of microplastics (MPs/L) in the influent,
secondary treatment and final effluent during the period of study. Influent and effluent average
flow values are also indicated, Table S6: Summary of the concentrations of microplastics (MPs/g) in
dehydrated sludge during the period of study. Average mass flow values are also indicated.

Author Contributions: Conceptualization, A.M.-M. and D.S.; methodology, A.M.-M., R.M.-D. and
D.S.; validation, A.L. (Amanda Laca), A.L. (Adriana Laca) and M.D.; formal analysis, A.M.-M., D.S.
and A.L. (Amanda Laca); investigation, A.M.-M., R.M.-D. and D.S.; resources, A.M.-M., D.S., A.M.-M.
and M.D.; data curation, D.S., A.L. (Amanda Laca) and A.L. (Adriana Laca); writing—original draft
preparation, A.M.-M. and D.S.; writing—review and editing, A.M.-M. and D.S.; visualization, A.L.
(Amanda Laca) and A.L. (Adriana Laca); supervision, A.L. (Amanda Laca), A.L. (Adriana Laca) and
M.D.; project administration, M.D. and A.R.; funding acquisition, A.R. All authors have read and
agreed to the published version of the manuscript.

Funding: Foundation University of Oviedo, with Project FUO-395-19, has financed this work.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/app12042133/s1
https://www.mdpi.com/article/10.3390/app12042133/s1


Appl. Sci. 2022, 12, 2133 14 of 17

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Authors gratefully acknowledge the cooperation of ACCIONA Agua and
ESAMUR (Regional Entity for Sanitation and Wastewater Treatment of the Region of Murcia) with
wastewater samples collection, especially to the workers of the WWTP of Caravaca de la Cruz.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CAS Conventional activated sludge
DM Dynamic membranes
MBR Membrane bioreactor
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