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Raman spectroscopy was applied to quantitatively and qualitatively characterize microplastics (MPs) in

bottled water packaged in three different materials: polyethylene terephthalate (PET), recycled PET (rPET)

and glass. The results showed a low mean concentration of MPs in all samples, with higher values in glass

bottles (8.65 ± 5.39 p L−1) than in PET (5.09 ± 3.28 p L−1) or rPET (3.33 ± 1.34 p L−1) bottles. Through the

use of a method capable of detecting smaller particles, MPs of 20–100 μm were dominant and fragments

were the most abundant particle shape. PET was the prevalent polymer in PET bottles underlying the

possible contribution of packaging in MP contamination, while polyethylene (PE) with additives prevailed in

rPET and glass bottles, suggesting a contribution from the cap. A standardized protocol would allow

comparable data to be obtained and allow an objective assessment of exposure, in view of plans to

monitor contaminants of emerging concern (including MPs) under recent European legislation.

Introduction

Plastic has become the most widely used material ever and
its production amounts to 8.3 million metric tonnes since
1950.1 Its properties (i.e., low cost, durability, light weight,
etc.) made plastic a suitable material for many applications.
These traits make plastics popular and render them
ubiquitous in the environment. In 2015, 66–99 million
tonnes of plastics ended up in the environment.2 Once in the
environment, due to degradation processes larger particles
can be fragmented into smaller particles commonly called
microplastics (MPs).3 MPs are generally classified as particles
smaller than 5 mm. The lower boundary size of microplastics

is still not fixed, but fragments smaller than 1 μm are usually
called nanoplastics (NPs).4 In addition, a further definition
classifies them into primary microplastics, or “microplastics
by design”, utilized in cosmetics (i.e., scrubs) or in abrasive
pastes, and secondary microplastics. The latter arise from the
fragmentation of larger items and represent the dominant
source of plastic in the environment.5 Their shapes include
beads, fragments, fibers, and films.6

A great number of studies concerning the presence of MPs
are available for marine7 and terrestrial ecosystems.8

Recently, studies also reported MPs in natural water sources,
such as surface water9 and groundwater,10 drawing attention
to the presence of MPs in drinking water. Studies on drinking
water have grown significantly over the last decade.11

Moreover, MPs have been reported in food, such as milk,12

table salt,13 honey,12 and seafood,14 and some authors have
demonstrated that MPs can be transported through the food
chain even at the top trophic level, including humans.15–19

However, it is not known whether human exposure to MPs
can lead to adverse effects and, if so, under what conditions
(concentrations level, shapes, etc.) Studies on animal models
and on human cell lines in vitro have reported cellular uptake
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Water impact

Microplastics are present in natural water sources and food. Ingestion of contaminated drinking water is one of the main methods of exposure for
humans. A sensitive and shared analytical protocol is required to detect microplastics in water, also in light of recent European legislation that indicates
microplastics as contaminants of emerging concern should be monitored for protecting human health.
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of MPs and found that cellular toxicity depends on the
concentration, shape, size and chemical composition of the
particles.20,21 Humans are exposed daily to a wide range of
sources of MPs, and ingestion of contaminated food is one of
the main ones.14,19,22 MP ingestion through drinking water
could represent a cause of concern, considering the direct
and long-term exposure of the entire population and the
increase in consumption of bottled water, especially in PET
packaging.23,24 Only a limited number of studies about MPs
in bottled water is available in the literature.11 To date the
main analytical techniques used for the analysis of MPs in
bottled water are spectroscopic ones, such as Raman
spectroscopy, FTIR (Fourier transformation-infrared), and
SEM/EDS (scanning electron microscopy).11 Among them,
Raman spectroscopy allows the identification of particles
down to 1 μm in size.25 This is of paramount importance
given that small particles can be internalized and absorbed
in organisms.26 The presence of MPs in bottled water needs
to be investigated in depth in order to increase and improve
data on the occurrence of MPs and to gather information on
human exposure through food.27 The aim of this research
was to apply Raman spectroscopy to qualitatively and
quantitatively investigate the presence of MPs in water
bottled in packaging made of three different materials:
polyethylene terephthalate (PET), recycled PET (rPET), and
glass.

Materials and methods
Samples

A total of 130 water bottles made of three different materials
(thirty-five 2-liter PET single-use bottles, thirty-five 2-liter
rPET bottles with 30% to 50% recycled PET, sixty 1-liter
returnable glass bottles) were purchased from Italian
commercial outlets on a single day for each type of
packaging. The contents of the bottles were unified,
according to brand and market, to make twenty ten-liter
samples, as recommended by Koelmans et al.5 Overall, 7
samples from PET bottles, 7 from rPET bottles, and 6 from
glass bottles were analyzed.

Quality assurance/quality control (QA/QC) procedures to
avoid air particle contamination

To avoid air particle contamination, all the processes were
carried out under a fume hood with a laminar air flow.
During sample processing, 100% cotton clothes and face
masks were worn. Before running the analyses, as reported
by Oßmann et al.,28 the labels were removed from the
external surface of the bottles and then they were washed
with detergent and rinsed with ultrapure water (Farmalabor
R2106274) and pre-filtrated on a white 0.45 μm mixed
cellulose ester (MCE) membrane (Membrane Solutions,
diameter Ø 47 mm, Lot. 280653820). The bottles were left to
dry under the laminar flow cabinet. Only glass or stainless
steel laboratory devices were used. They were thoroughly
washed before the processes. The washing procedures

consisted of different steps: after energic washing with water
and detergent, the devices were cleaned with 10% HCl
(hydrochloric acid 37%, Carlo Erba, Lot. V7N446017N), rinsed
with ultrapure water and finally with 50% ethanol (absolute
alcohol A15o1, Honeywell, Lot. K2160, Mat. No. 10641691).

Filtration

MP extraction was performed by filtering on a steel filtration
ramp apparatus connected to a vacuum pump. During the
filtration process, the funnel was covered with a glass Petri
dish and opened only for refilling since its filtration volume
was 500 ml. Bottled water samples were filtered through a 1.2
μm polycarbonate (PC) membrane (Merck Ref. RTTP04700,
Isopore membrane – diameter Ø 47 mm). Once the entire
volume of the samples (10 L) had been filtered, the filter was
gently removed with steel tweezers, placed in a glass Petri
dish, put in an oven for 1 hour at 50 °C and then stored for
the following analyses. Each bottled water sample was
associated with a negative control, run in parallel, in the
same filtration ramp apparatus in order to standardize the
final result.

10 L of ultrapure water pre-filtered on a 0.45 μm MCE
membrane was used as a negative control sample. At the end
of each cycle, the filtration apparatus was cleaned using the
procedures described above.

Counting and identification of microplastics

Particles were analyzed directly over the whole filter surface.
Particle counting was performed with an optical microscope
(Nikon Eclipse 80i Upright Microscope) equipped with two 5×
and 20× optical objectives and a Nikon camera (Digital Sight
series) using dark field illumination. Every detected particle
was tracked by taking a photograph using ACT-2U acquisition
software and analyzed by Raman spectroscopy to assess the
polymer identity. Raman analysis was performed with a
“Renishaw inVia instrument” with a Leica microscope with
50×/20×/5× objectives and a 785 nm diode laser. System
calibration was performed on the 520.7 cm−1 peak of a silicon
wafer (laser power of 100% and 1 s accumulation).

Transparent, white, green or blue particles were recorded
using a laser power of 5–10% (5–10 mW on sample), 10 s
exposure time and three accumulations in the 500–1800 cm−1

region. Black particles were recorded using a laser power of
1–2% (1–2 mW on sample) to avoid particle overheating or
burning. WiRE 3.4 software (Windows®-based Raman
Environment) was used to process the Raman data. The
obtained spectra were corrected by subtracting the
polynomial baseline and matched with an online library
(IRUG) and the literature.29 MPs were classified into five
groups depending on their size: <10 μm, 10–20 μm, 20–50
μm, 50–100 μm and >100 μm by ImageJ software. In order to
normalize the final count, MP concentration measured in the
control sample was subtracted from the MP concentration
measured in the corresponding sample according to the
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polymeric nature of the particles, as shown in the following
formula:

n. of MPs = n. of MPs (Sample) − n. of MPs (Control)

Finally, MPs were reported as the number of particles per
liter (p L−1).

Statistical analysis

All data were entered into a Microsoft Excel spreadsheet
(2010) and statistically processed using MedCalc Software
version 12.3 (MedCalc Software bvba, Ostend, Belgium). The
arithmetic mean, standard deviation, maximum and
minimum were calculated for each group of quantitative
variables. Chi-squared tests and one-way ANOVA were
performed for qualitative and quantitative variables,
respectively, to verify the differences among groups.

Results
MP concentration in the three different types of packaging

MP contamination was reported for all types of packaging.
Microscopic observation showed that fragments made up
90.8% of the total MPs while the remaining part were fibres.
In the controls, MPs were found with a mean of 0.94 ± 0.4 p
L−1. Fig. 1 shows the distribution of the total number of MPs
found in the whole set of samples analyzed for each
packaging type. On average, glass bottles showed the highest
particle concentration (p < 0.05) with a mean of 8.65 ± 5.39 p
L−1, followed by PET bottles with 5.09 ± 3.28 p L−1. rPET
bottles showed the lowest MP content with a mean of 3.31 ±
1.34 p L−1. The highest number of particles was found for
glass bottles with a minimum of 28 particles and a maximum
of 152 particles; for PET bottles the range was 18–114
particles; while rPET bottles showed a minimum of 20 and
maximum of 48 particles.

MP size

The analysis of the MPs showed that, overall, the most
representative size classes were 50–100 μm (35.05%) and 20–

50 μm (34.43%). Particles larger than 100 μm represented
25.98%, while the lowest percentage of particles was those
smaller than 20 μm, with 3.92% for particles of 10–20 μm
and 0.62% for particles <10 μm (Fig. 2). MPs showed a
different size distribution (p = 0.003) according to packaging
type (Table 1). Glass bottles showed the highest percentage of
smaller particles compared to the other types of packaging:
overall, 7.32% of them were <20 μm (0.49% < 10 μm, 6.83%
of 10–20 μm) while the most representative size class was 20–
50 μm (40.49%) followed by 50–100 μm (32.20%). Particles
>100 μm made up 20% of the total. Single-use PET bottles
showed 3.18% of smaller particles (0.53% < 10 μm, 2.65% of
10–20 μm). The size classes 20–50 μm and 50–100 μm were
33.86% and 34.92% of particles, respectively. Particles >100
μm represented 28.04% of the total. Improbably, rPET bottles
were characterized by larger size particles. In particular,
1.10% of particles were <10 μm, while no particles of 10–20
μm were detected. Particles of 20–50 μm represented 21.98%
of the total MPs, while particles of 50–100 μm were the most
abundant (41.76%). Finally, particles >100 μm made up
35.16% of the total.

Polymeric analysis of MPs

The polymer distribution according to packaging type is
reported in Fig. 3. Total PE particles were split into “PE” and
“PE + additives” in the obtained spectra. Overall, PE was the
most abundant polymer (74.5%), comprising 26.9% of
particles of common PE and 47.6% of PE + additives followed
by PET (21.7%), PS (2.9%), and PET + PS (0.9%). However,
differences among the types of packaging materials were
found. PET represented the most abundant polymer (53.4%)
in PET bottles followed by PE (42.7%) (11.2% of normal PE
and 31.5% of PE + additives), while PS represented 3.9% of
particles. rPET bottles showed a lower amount of PET
particles (20.7%) and a higher percentage (71.6%) of PE
(25.9% normal PE and 45.7% PE + additives) than PET
bottles. Moreover, 7.8% of PS particles were found. Glass
bottles showed the highest amount of PE particles with a
total of 97.7% (38.2% of normal PE and 59.5% PE +
additives). Whereas, very few PET (0.2%) and PET + PS (1.0%)

Fig. 1 Box plot indicating the distribution in quartiles of microplastic
concentration according to packaging.

Fig. 2 MP distribution (%) according to class size.
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particles were found in glass bottles. Consideration should
be given to PE. Characteristic spectra of PE + additives were
obtained on every measuring point from many samples. The
direct analysis of the corresponding bottle cap returned a
spectrum very similar to that obtained for fragments detected
in water. Two spectra of fragments from water samples and a
spectrum from a bottle cap are reported in Fig. 4.

Discussion

In this study, one hundred and thirty water bottles made of
three different materials were investigated. A total of 200
liters (70 for PET, 70 for rPET, 60 for glass) were analyzed for
their microplastic content. Raman spectroscopy was applied
for the research and analysis of MPs, as it was considered a
more sensitive and specific technique capable of detecting
particles down to 1 μm.25

Overall, our results highlighted a low concentration of
MPs in all samples, with a mean of 5.09 ± 3.28 p L−1 for PET
bottles, 3.31 ± 1.34 p L−1 for rPET bottles and 8.65 ± 5.39 p
L−1 for glass bottles, compared with other studies which used
the same analytical methods28–30 (Table 2). In general,
investigations which used different techniques, such as
Fourier-transform infra-red spectroscopy (FTIR) and scanning
electron microscopy/energy dispersive X-ray spectrometry
(SEM/EDS), found a lower concentration of MPs in bottled
water than Raman spectroscopy, mainly for smaller particles
(Table 3).

In addition, our study showed that glass bottles contained
more MPs than PET or rPET bottles. This finding is in line
with those of Oßmann et al.28 and Schymanski et al.29

(Table 2), who, using Raman spectroscopy, also found more

MPs in glass bottles than in plastic ones. Another recent
survey,35 performed by laser direct infrared spectroscopy (LD-
IR), confirmed this result, showing a greater content of MPs
in glass-bottled water (87.94 ± 46.38 p L−1) than PET-bottled
water (65.62 ± 44.65 p L−1) (Table 3). This suggested possible
contamination during water bottling or a contribution from
other plastic parts of the bottle (i.e., the bottle cap). In our
study, the spectral analysis highlighted the meaningful role
of bottle caps in MP contamination of glass bottles.

Our study also showed a lower MP mean concentration in
rPET-bottled water than in PET, unlike other studies which
used the same technique28,29 (Table 2). This aspect should be
clarified in further studies.

With respect to MP size, unlike other studies28,34,35 which
reported a higher content of smaller and potentially more
dangerous particles, we found that the most representative
particles in the analyzed water ranged from 20 to 100 μm,
while smaller particles were more abundant in glass bottles
than in the other packaging. The lower MP abundance
together with the presence of larger fragments could reflect
more recent contamination while smaller MPs generally
appeared to be abundant in remote contamination. With
regard to polymers, most particles were made of PE (74.5%)
or PET (21.7%). Only a small percentage was represented by
PS and PET + PS. Many PE particles, with particular reference
to “PE + additives”, in water samples returned a spectrum
that matches that obtained by the direct analysis of the bottle
cap and similar to the spectrum found by Schymanski et al.29

(“unknown spectrum”). Moreover, additional analysis by ATR-
FTIR on bottle caps revealed the presence of additives,
probably slip additives such as those reported by Dulal
et al.36 Regarding the presence of additives, as stated by Gall

Table 1 Size distribution (%) of the detected particles according to packaging type

Particle size PET (7 samples) rPET (7 samples) Glass (6 samples) Total (20 samples)

<10 μm (%) 0.53 1.10 0.49 0.62
10–20 μm (%) 2.65 0.00 6.83 3.92
20–50 μm (%) 33.86 21.98 40.49 34.43
50–100 μm (%) 34.92 41.76 32.20 35.05
>100 μm (%) 28.04 35.16 20.00 25.98

Fig. 3 Polymer distribution by packaging type. PET (polyethylene
terephthalate); PE (polyethylene); PS (polystyrene).

Fig. 4 Spectrum of a bottle cap (black line) and spectra of two
fragments found in water samples (blue and red lines).

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/1
7/

20
26

 2
:3

8:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ew00197k


Environ. Sci.: Water Res. Technol., 2023, 9, 3391–3397 | 3395This journal is © The Royal Society of Chemistry 2023

et al.,37 slip agents are very common additives that can be
found in caps and represent one of the main classes of
additives utilized as functional additives, after stabilizers.
They are not considered harmful to humans since they are
listed as authorized plastic additives and are not subject to
specific migration limits according to EU regulation (10/
2011)38 on plastic materials and articles intended to come
into contact with food. For these reasons, we hypothesized
that the MPs detected in water samples could originate from
the bottle caps, especially in glass bottles which showed a
higher abundance of “PE + additives” particles. The
contribution of bottle caps in MP contamination of bottled
water has been described by other authors.31,33 They found
that the cap is the main contributor to the release of MPs
into water and analysis of the MP content in the steps of
bottled water production highlighted a significant increase in
MP concentration after the filling and capping processes.
However, a full understanding of the dynamics involved in
the release of MPs from the cap requires further
investigation, which should consider caps of different types
and materials, which is beyond the scope of the present
work. Finally, different methodological approaches are
described in the literature11 that make data highly variable
and hard to compare. The choice of a suitable analytical
procedure is of primary importance for the reliability of

results and is necessary for developing a monitoring plan for
contaminants of emerging concern, which are receiving a
great deal of attention due to their widespread environmental
diffusion.39

Conclusions

This study found overall low MP contamination in bottled
water packaged in three different materials, with a prevalence
of larger particles, suggesting recent contamination, which
likely occurs not at source but during the bottling and
storage processes. Moreover, spectral analysis revealed that
the bottle cap played an important role in MP contamination,
especially for water in glass bottles.

Raman spectroscopy was confirmed to be a sensible and
tailored technique for MP detection. However, a standardized
and shared analytical protocol would be useful to harmonize
the results and make them comparable as well as to
objectively assess human exposure to MPs through drinking
water consumption, also in view of the monitoring plans for
contaminants of emerging concern, which include MPs.40

Although there is increasing public awareness, it is
important to highlight that the evidence of adverse human
effects related to MPs has not been well determined, as
reported by the WHO.41 In any case, monitoring of MPs in

Table 2 Abundance of MPs detected in the present and other studies which investigated water in different packaging types by Raman spectroscopy

References Packaging Particle size Abundance

Oßmann et al., 2018 (ref. 28) PET 1–10 μm 2649 p L−1

rPET 4805.9 p L−1

Glass 5864.1 p L−1

rPET >10 μm 83.1 p L−1

Glass 434.1 p L−1

Schymanski et al., 2018 (ref. 29) PET 5–1359 μm 14 ± 14 p L−1

rPET 118 ± 88 p L−1

Glass 50 ± 52 p L−1

Kankanige et al., 2020 (ref. 30) PET 6.5–50 μm 125.8 p L−1

Glass 47.6 p L−1

Our study PET >1 μm 5.09 ± 3.28 p L−1

rPET 3.31 ± 1.34 p L−1

Glass 8.65 ± 5.39 p L−1

Table 3 Abundance of MPs detected in other studies which investigated water in different packaging types by different techniques

Reference Method Packaging Particle size Abundance

Mason et al., 2018 (ref. 9) FTIR PET 6.5–100 μm 315 p L−1

Glass 195 p L−1

PET >100 μm 10.4 p L−1

Glass 8.96 p L−1

Weisser et al., 2021 (ref. 31) FTIR Glass 11–500 μm 317 ± 257 p L−1

Almaiman et al., 2021 (ref. 32) FTIR PET 25–500 μm 0.99–4.2 p L−1

Glass —
Winkler et al., 2019 (ref. 33) SEM/EDS PET ≥3 μm 148 ± 253 p L−1

Zuccarello et al., 2019 (ref. 34) SEM/EDS PET 0.5–10 μm 5.42 × 107 p L−1

Kankanige et al., 2020 (ref. 30) FTIR PET >50 μm 14.7 p L−1

Glass 4 p L−1

Li et al., 2023 (ref. 35) LD-IR PET >10 μm 65.62 ± 44.65 p L−1

Glass 87.94 ± 46.38 p L−1

Environmental Science: Water Research & Technology Paper
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drinking water could help to quantify the phenomenon and
limit human exposure.
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