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Synthetic microplastics in hot and cold beverages from the UK market: iz
Comprehensive assessment of human exposure via total beverage intake
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HIGHLIGHTS GRAPHICAL ABSTRACT

e High temperatures enhanced micro-
plastics release from packaging to
beverages

e Plastic packaging contributed to micro-
plastics contamination in beverages

e Average daily intake from all beverages
was 1.65 MPs/kg BW/day

e Assessing microplastics exposure from
water only underestimates total daily
intake

ARTICLE INFO ABSTRACT
Keywords: Although few studies have assessed human exposure to microplastics (MPs) via drinking, almost all have
Microplastics considered human daily fluid intake as composed solely of water. This study aims to comprehensively assess

Hot beverages
Cold beverages
Human exposure
Risk assessment

human exposure to MPs via total fluid intake, including beverages (hot and/or cold), as well as water (tap and/or
bottled). To achieve this aim, we used a tiered approach that combined laboratory analysis to quantify synthetic
microplastics in 155 cold and hot common beverages sold on the UK market, with a public online survey to assess
the average consumption of these beverages on a daily basis.

MPs were detected in all analysed samples. The average concentration in hot coffee was 43 + 14 MPs/1 (n =
45, 1 standard deviation (SD)), while iced coffee averaged 37 + 6 MPs/l (n = 10, 1SD). Notably, hot tea
demonstrated the highest abundance of microplastics, with an average of 60 + 21 MPs/l1 (n = 30, 1SD),
compared to iced tea which had 31 + 7 MPs/1 (n = 10, 1 SD). Hot beverages had higher concentrations of MPs
than cold beverages (P < 0.05), indicating the role of temperature in enhancing MPs leaching from packaging
material to the beverage. Juices contained an average of 30 + 11 MPs/l (n = 20, 1SD), and energy drinks
averaged 25 + 11 MPs/l (n = 25, 1SD). In contrast, soft drinks exhibited the lowest concentration, with an
average 17 + 4 MPs/1 (n = 15, 1SD). The detected MPs in all beverages ranged in size from 10 to 157 pm.
Fragments were the most abundant shape followed by fibres. Polypropylene (PP) was the most abundant polymer
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type followed by Polystyrene (PS), Polyethylene terephthalate (PET) and Polyethylene (PE). Plastic packaging
materials (e.g., PET, PP, PE and PS) contributed substantially to the measured MPs contamination in respective
beverages. Estimated daily average exposure from all beverages was calculated at 1.7 MPs/kg body weight/day
for females and 1.6 MPs/kg body weight/day for males, which is higher than estimated microplastic exposure via
drinking water only (1 MPs/Kg body weight/day).

These findings underscore the potential risk associated with MPs contamination in daily beverages. Continued
exposure to MPs through commonly consumed beverages may contribute substantially to daily intakes of MPs,
leading to potential adverse implications for human health.

1. Introduction

Microplastics (MPs) are defined as synthetic solid particles or poly-
meric matrices with regular or irregular shapes and with sizes ranging
from 1 pm to 5 mm (Frias and Nash, 2019). MPs are an emerging class of
contaminants characterised by ubiquitous environmental occurrence,
persistence in ecosystems, and potential risks to human and environ-
mental health (Pereira et al., 2015). They are highly mobile and
consistently accumulating in marine, freshwater, and terrestrial envi-
ronments, where they can biomagnify and act as carriers of toxic
chemicals (Wang et al., 2020). Humans are exposed to MPs in food,
water, consumer products and air, raising concern over long-term health
impacts (Yuan et al., 2022; Guo et al., 2024).

Numerous studies have been conducted on MPs abundance and
distribution in marine, and freshwater environments (Zhang et al.,
2021). Traditional wastewater treatment processes are inefficient in
removing MPs from wastewater, making them difficult to control (Liu
et al., 2021). There is also evidence that MPs are widely present in air
(Ageel et al., 2022; Sridharan et al., 2021). Several studies have detected
and characterised MPs in drinking water. A recent review article sum-
marised existing knowledge on the concentrations and characteristics of
MPs in drinking water from different countries, with MPs widely
detected at varying concentrations (0 to 460 MPs/1) for tap water and (0
to 1400 MPs/1) for bottled water (Yusuf et al., 2022). More recently, our
research group reported average concentrations of 40 + 16 and 37 + 11
MPs/1 in 177 tap water and 85 bottled water samples from the UK (Al-
Mansoori et al., 2024).

Currently, little is known about occurrence, characteristics, and po-
tential risk of human exposure to MPs via hot and cold beverages on the
global scale (table SI-1). Water is an essential component of these bev-
erages; thus the presence of MPs in beverages may originate from the
water used in their preparation (Li et al., 2020). Other potential sources
for MPs in our daily beverages include packaging and container mate-
rials, contamination during manufacture, transport or end-user prepa-
ration processes (Socas-Hernandez et al., 2024). For example, MPs were
detected in 24 German beer brands with concentrations ranging from 2
to 79 fibres/l, 12-109 fragments/1 and 2-66 granules/l (Liebezeit and
Liebezeit, 2014). Few studies reported on the concentrations and char-
acteristics of MPs in hot beverages from various countries (table SI-1). In
China, 94 % of 36 tea bags from 12 popular brands released MPs with
concentrations ranging from 15 to 34 MPs/30 ml (Afrin et al., 2022; Mei
et al., 2022), while Wang et al. (2023) reported the release of up to
10,000 MPs into a cup of coffee following analysis of eight popular
brands of coffee bags (Wang et al., 2023). Another study from Italy re-
ported an average of 7.11 MPs per cup of iced tea (Crosta et al., 2023),
while MPs were detected in all samples of 10 brands of popular soft
drinks from the Turkish market with an average of 8.9 MPs per bottle
(Altunisik, 2023a). While these studies provide important information
on the abundance and characteristics of MPs in different beverages from
different countries, there exists no comprehensive study on MPs
contamination on a broad range of cold and hot beverages from the same
country. Moreover, there is lack of knowledge on real-life human
exposure to MPs via total beverage intake on a daily basis. This is caused
by most existing studies assessing human exposure to MPs solely via
drinking water (tap and/or bottled) (Zhu et al., 2024). However, a

person’s daily fluid intake is not only water, but also different beverages
contributing to the total fluid intake (Zuri et al., 2023). To fill this
substantial research gap, the current study aims to provide first
comprehensive assessment of human exposure to MPs via total fluid
intake, including daily beverages, in addition to water (tap and/or
bottled). To achieve this aim, the following objectives were addressed:
(i) establish baseline data on MPs contamination in the widely consumed
beverages on the UK market; (ii) investigate daily consumption rates of
different common beverages by surveying a subset of the UK population;
and (iii) combine the survey data with the concentrations of MPs in
different beverages and water to assess daily exposure to MPs via total
fluid intake in the studied population for the first time. This study
highlights the crucial need for accurate, comprehensive, and realistic
exposure studies for better risk assessment of MPs, and their potential
adverse effects on human health.

2. Materials and methods
2.1. Sample collection

In this study, 31 distinct samples, each with 5 replicates, totalling
155 measurements in hot and cold beverages from popular UK brands
were purchased from different supermarkets between August and
December 2024 (Table 1). Five replicates were collected and processed
for each sample, with results provided as average + standard deviation
of the 5 replicates.

2.2. Sample preparation and analysis

All cold and hot beverages were treated using the same protocol to
extract MPs particles by vacuum filtration. Non plastic materials were
used in all steps. The outside of the closed sample cans and bottles was
wiped (Kimtech™ non-plastic wipes, Fisher Scientific®, UK) with

Table 1
Sample description including beverage types, sources and number of samples
analysed form each beverage type in the current study.

Beverage Type Source/Brand number
Four brands of hot coffee, sold in disposable Four popular coffee 20
cups” shop brands
Two brands of coffee sachets, prepared in glass ~ Online, Supermarket1 10
cups

Three brands of coffee (capsules) from 3
different machines, prepared in glass cups
Two brands of iced coffee

Supermarkets 3 and 4 15

Two popular coffee 10
shop brands

Supermarkets 2 and 3 15
Supermarkets 2 and 3 15

Three brands of tea, sold in disposable cups
Three brands of tea, low, medium, and high
price, prepared in glass cups

Two brands of iced tea in PET packaging Online, Supermarket1 10

Five brands of Energy drinks 5 popular commercial 25
brands

Four brands of fruit juices Supermarkets 1-4 20

Three brands of soft drink 3 popular commercial 15
brands

" Polymer types of all packaging material for the studied samples (e.g., disposable
cups, caps, sachets...etc) are provided in Table SI-3.



M. Al-Mansoori et al.

ethanol (HPLC grade, Merck™, Dorset, UK) five times before opening
the samples. The confined workspace was cleaned with ethanol every
day and was kept covered with clean aluminium foil overnight. Filtra-
tion equipment was cleaned before and after sample filtration with soap
solution in Milli-Q water (18 MQ.cm (megaohms-centimetres) — Milli-
Q® EQ. 7000 Ultrapure Water Purification System, Merck™, Dorset,
UK), followed by ethanol then thoroughly rinsed with Milli-Q water,
before drying in a plastic-free oven at 100 °C. All sample preparation
steps, were performed in a clean room with separate ventilation and
under a clean laminar flow fume hood (Air Science® Technologies Ltd.
Merseyside, UK), used only for MPs analysis during the period of this
study.

Juices, soft drinks, and energy drinks were directly filtered after
being brought to the lab. Hot coffee and tea underwent direct filtration
after 30-min cooling interval. Soaking time for hot coffee and tea pre-
pared from sachets was 5 min, aligning with the most typical brewing
time (Maille et al., 2021).

MPs extraction from liquid samples was conducted according to a
standard protocol adopted from the method reported by Mukotaka et al.
(2021) and following the guidelines recommended in a recent critical
review (Sol et al., 2023). Briefly, five replicates of each sample were
analysed together with one blank containing Milli-Q water (18 MQ.cm)
treated as a sample. Sample extraction was performed under the laminar
flow fume hood via vacuum filtration (Rocker® 300 vacuum pump,
Thames Restek™, High Wycombe, UK).

The hot and cold beverages samples were filtered through a silver
membrane filter (Sterlitech® 13 mm diameter, 0.45 pm pore size)
housed in a 100 % borosilicate glass filter holder kit (Millipore® All-
Glass filter holder kit, Merck™, Dorset, UK). Sample bottles, cans and
caps were rinsed thrice (10 mL Milli-Q water each) with the washing
water passed through the same filter. The filter was then carefully placed
on a glass petri dish (Fisher Scientific®, UK), containing 200 pL of
hydrogen peroxide (30 % w/v, Merck™, Dorset, UK) to digest any nat-
ural organic matter on the filter. The digestion step was performed at
60 °C for 24 h.

Microplastics analysis was conducted using a Perkin Elmer Spot-
light™ 400 Fourier-Transform InfraRed micro-spectroscopy (p-FTIR)
imaging system with remote-controlled stage, coupled to a Spectrum-
3™ FT-IR Spectrometer. The system is equipped with Spectrum-
IMAGE™ and Spectrum MultiSearch™ software. The whole filter was
imaged and mapped in reflectance mode (fig. SI-1). Spectra produced
were compared to those from the Perkin Elmer Microplastics library
and/or the independent software tool (siMPle®), using a 70 % match
threshold (Harley-Nyang et al., 2022; Markic et al., 2023; Rede et al.,
2025) and visual peak diagnostics to ensure ‘best fit’ (fig. SI-2). Spectra
were acquired in the wavenumber range: 4000-600 cm — 1 with a
resolution of 8 cm — 1 and accumulation of 16 scans through an aperture
size of 20 x 20 pm. If the absorption spectra from 2850 to 3000 cm %,
which derives from C—H vibrational stretching, did not appear, the
particle was not an organic compound, i.e., non-plastic, when verified
against the library spectrum, and excluded from the MPs count (Harley-
Nyang et al., 2022; Mukotaka et al., 2021). The number, shape, and size
of the MPs on each filter were determined using microscope images
taken by the p-FTIR microscope in imaging mode, with point mode used
for verification of MPs at or near the LOD of 10 pm in size.

2.3. Daily fluid intake for UK adults

While the UK food standards agency (FSA) conducts extensive sur-
veys on dietary intake of the UK population, there exists no official data
on the average daily intakes of different beverages and how they
contribute to the overall fluid intake of different age groups (Guelinckx
et al., 2015). Although such data exist in other countries (e.g., USA), the
variation among countries can be large due to different cultures and
social habits (e.g., consumption of more tea in the UK and more coffee in
USA) (Drewnowski et al., 2013). Therefore, we conducted an online
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questionnaire to assess average daily intake of different non-alcoholic
beverages among UK adults. Data were collected from 201 UK adults,
comprising 123 females and 78 males (details provided in the supple-
mentary information section). The resulting data were combined with
the measured MPs concentrations in different beverages and applied to
provide a comprehensive estimate of UK adults’ exposure to MPs via
total fluid intake.

2.4. Estimating human exposure to MPs via total fluid intake

Estimating human exposure to MPs through daily consumption of
hot and cold beverages, along with water (tap and/or bottled), involves
combination of the concentrations of MPs in these beverages and the
average daily intake of each beverage. The average daily consumption of
each beverage category (estimated in L/day) was obtained from the
questionnaire results by multiplying the consumption frequency by the
serving size. Average concentrations of MPs in different beverages
(MPs/1) were estimated from the results of the current study (Table 2),
while average MPs concentrations in UK tap and bottled water samples
were obtained from a recent study by our research group study (Al-
Mansoori et al., 2024). The estimated daily intake (EDIt) of the surveyed
UK adults to MPs via total beverage consumption was calculated using
the following equation (Lam et al., 2024):

S (Cix Vi)

EDIr- ="

Where:
C;i: Concentration of microplastics in each beverage type (MPs/1)
V;: Daily consumption volume of each beverage type (1/day)
BW: Body weight (average adult male = 80.2 Kg, average adult fe-
male = 67.3 Kg)

2.5. Quality assurance and quality control

To avoid/minimise background contamination by MPs in the labo-
ratory, only pure cotton lab coats and nitrile gloves were worn during
the whole experiment process. All sample processing was carried out
under laminar flow hood, which was cleaned regularly and wiped down
with 90 % ethanol. Prior to use, all laboratory equipment/consumables
were rinsed thoroughly with Milli-Q water.

All samples were analysed in batches of 5, one blank sample (Milli-Q
water in glass bottle and metal cap) was analysed alongside each batch.
Moreover, one recovery sample (comprising Milli-Q water spiked with
25 PE MPs, in the size range 20-125 pm, in a glass bottle and metal cap,
then treated as a sample) was analysed alongside each 20 samples to test
MPs recovery and potential interference/loss during sample preparation
steps. Results of the blanks and recovery samples, alongside the method
for preparation of recovery samples, are provided in the supplementary
information section. In summary, none of the blank concentrations
exceeded 5 % of the average MPs concentrations in the respective batch.
Therefore, no blank correction was required. The recoveries of MPs in
the recovery samples ranged between (80-108 %) indicating good
performance of the analytical method (table SI-2).

2.6. Statistical analysis

Statistical analysis was carried out using Excel for Windows
(Microsoft 360 package) and SPSS 29.0.1.0 (IBM SPSS Statistics for
Windows). The statistical significance threshold was set at 0.05. The
microplastic abundance and sizes in the samples were expressed as the
mean + SD of five replicates. Shapiro-Wilk tests were performed to
investigate the distribution within the generated datasets. Results
revealed the data to be normally distributed. Comparison of means be-
tween two data sets was conducted using student t-test, while compar-
ison of means among more than two data sets was conducted using
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Table 2

Science of the Total Environment 996 (2025) 180188

Statistical summary of concentrations (MPs/1) and characteristics of MPs in the studied beverages.

Beverage type Average + SD Median 5th %ile 95th%ile Size (pm) Shape* (%) Polymer types*
Fragment 77 % PP, PE, PET, PI, ABS, PLA, PS, PVC
Hot coffee 43 £ 14 42 21 63 40.0 £ 15.5 Fiber 23 %
(n=45)
Iced coffee (n = 10) Fragment 75 % PE, PET,
37+6 37 28 45 23.1 +£14.1 Fiber 25 % PP
Fragment 72 % PE, PP, PS, PET, PA
Hot tea 60 + 21 60 28 94 50.7 + 41.5 Fiber 28 %
(n = 30)
Fragment 90 % PE, PET, PP
Iced tea 31+7 30 22 41 13.3 +8.7 Fiber 10 %
(n =10)
Fruit Fragment 76 % PE, PP, PS, PET
Juices 30+ 11 26 20 48 33.1 +21.9 Fiber 24 %
(n = 20)
Fragment 77 % PE, PP, PS, PET
Energy drinks (n = 25) 25+ 11 20 12 41 419 £ 21.9 Fiber 23 %
Fragment 93 % PE, PP, PA, PET
Soft drinks (n = 15) 17+ 4 18 10 22 31.0 £ 128 Fiber 7 %

PP: polypropylene; PE: polyethylene; PVC: polyvinyl chloride; PS: polystyrene; PLA: polylactic acid; PA: Poly amide; PET: polyethylene terephthalate; ABS: Acrylo-

nitrile butadiene styrene.

* These categories are morphology-based (fig. SI-3) as reported by (Baldwin et al., 2016).

analysis of variance (ANOVA) followed by the appropriate post-hoc test.
3. Results and discussion
3.1. Concentration of MPs in beverages

MPs were detected in all the analysed samples of different beverages.
A statistical summary of results is provided in Table 2.

3.2. Hot and iced coffee

In hot coffee purchased in paper cups from 4 popular UK Coffee shop
chains, MP were detected at an average concentration of 16 MPs/cup.
This is much lower than previous reports of MPs released from dispos-
able paper cups into hot water. For example, Ranjan et al. (2021) re-
ported a disposable paper cup can release up to 25,000 MPs following
soaking in hot water (85-90 °C) for 15 min. Similarly, coffee prepared
from sachets in glass cups in our study contained an average of 10 + 1
MPs per cup, which is markedly lower than the levels reported in a study
conducted in China, where over 10,000 MPs were found per cup (Wang
et al., 2023). The main cause of such discrepancy may be attributed to
the inclusion of cellulose-based MPs in the count. While previous studies
reporting thousands of MPs per cup were mainly counting cellulose MPs,
in the current study we focus only on synthetic plastic polymers with the
ultimate aim of assessing human exposure and risk arising from these
synthetic MPs. As a natural polymer, cellulose does not pose the same
persistence, health risk or environmental threat as synthetic polymers,
given its natural occurrence and biodegradability in the environment
(Matei et al., 2022; Scott, 2010). This particular point has been previ-
ously documented in literature (e.g.,(Busse et al., 2020)) in response to
papers reporting large numbers of MPs particles, mainly cellulose, in hot
beverages. Another source of discrepancy in results among studies of
MPs in hot beverages is the size range reported. Both Ranjan et al.
(2021) and Chen et al. (2023) reported the majority of counted particles
in the size range < 10 pm. In the present study, we report MPs sizes >10
pm due to the limitation of the p-FTIR technique applied to identify MPs
polymer types and exclude non-plastic and cellulose particles (Busse
et al., 2020).

The reduced MP abundance in glass cups may be attributed to the
lack of plastic source in the container and the minimal interaction be-
tween the beverage and the packaging during preparation. This high-
lights the significant role of packaging materials in MP contamination,
where the use of plastic-lined paper cups may substantially increase the

release of MPs into hot liquids (Akbulut et al., 2024).

Hot coffee prepared in 3 domestic machines (Table SI-3) showed
considerable variation in MP levels, with the oldest model (8 years old
with water tank made of PET) releasing higher MPs concentrations (17
=+ 2 MPs per cup) compared to newer machines (1 and 0.5 years old with
ABS water tank releasing 10 + 2 MPs per cup and 7 + 2 MPs per cup,
respectively). This is consistent with existing research indicating that
material degradation over time leads to increased MP shedding (Luo
et al., 2022). The higher MP concentrations in coffee prepared using the
older coffee machine may be due to wear and tear of the plastic water
tank and other materials, a trend also observed in other products like
water bottles (Schymanski et al., 2018).

In iced coffee samples purchased in PET cups with PET caps, the
average concentration of MPs was 11 4+ 2 MPs per cup, with a majority
(>50 %) of PET MPs (table SI-3). Lam et al. (2024) suggested the pro-
cesses of transportation and shaking may contribute to the diffusion of
MP particles from container to the drink, particularly in cold coffee
served in polyethylene terephthalate (PET) packages. Additionally, ice
was identified as another potential source of MPs in iced coffee. A recent
study in Mexico reported MP concentrations in ice samples ranging from
9 + 4 to 178 + 78 MPs/1 (Shruti et al., 2023).

When comparing hot and iced coffee from the same coffeeshop, hot
coffee showed significantly higher MP concentrations, averaging 16 MPs
per cup compared to 11 MPs per cup in iced coffee (P < 0.01). This
supports previous studies indicating that heat increases MP release from
packaging materials; thereby suggesting that hot beverages pose a
greater risk of microplastic exposure than cold beverages (Zhou et al.,
2023).

3.3. Hot and iced tea

MPs concentrations in hot tea demonstrated significant variability
depending on container type and brand. Tea samples purchased in
disposable paper cups contained MPs in the range from 10 to 30 parti-
cles, with an average of 22 MPs/cup. Tea prepared in glass cups
exhibited lower concentrations, ranging from 7 to 22 MPs, with an
average of 14 MPs/cup. It is worth noting that all tea bags in the current
study were made of cellulose (Table SI-3).

Interestingly, the most expensive tea bag brand showed the highest
MP concentrations, averaging 27 + 3 MPs/cup, significantly exceeding
those observed in low-priced tea bags (9 & 2 MPs/cup; P < 0.001). These
findings contradict the common assumption that higher price correlates
with more healthy products (Shirai, 2015).
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Iced tea samples purchased in PET bottles with PE caps (table SI-3)
exhibited lower MP concentrations than purchased hot tea in paper
cups, with an average of 16 + 4 MPs/bottle. This underscores the role of
temperature in promoting MPs release from tea bags and container
materials, likely due to thermal degradation and diffusion processes, as
reported in earlier studies (Chen et al., 2023).

Previous studies on MPs in tea samples from different countries
showed substantial variation in reported concentrations, ranging from
an average of 11 MPs/cup in Mexico, to 147 MPs/cup in Germany, to
412 MPs/cup in Persia and up to 11.6 billion MPs/cup in Canada (Shruti
et al., 2020; Kashfi et al., 2023; Hernandez et al., 2019). The reasons for
such large variation include the material of tea bags sampled, the tea
preparation process and temperature, the MPs measurement techniques
and polymer types investigated, as well as the MPs particle size reported.
For example, Hernandez et al., did not investigate the polymer type of
particles and reported sub 10 pm particles, ending up with counting
billions of particles in one teacup (Busse et al., 2020), while Kashfi et al.
(2023) only reported MPs > 20 pm, and only selected 29 random par-
ticles for polymer-type analysis. Overall, it is difficult to perform direct
comparison among studies reporting MPs in beverages due to variation
in sample preparation methods, analytical techniques and reporting
preferences. Nonetheless, our findings highlight the potential health risk
associated with MP contamination in tea, especially given the high tea
consumption in the UK, with ~100 million cups consumed per day (UK
Tea and Infusions Association, 2024).

3.4. Fruit juices

Juices packaged in PET bottles contained significantly higher MP
concentrations, averaging 42 + 4 MPs/], compared to those in paper-
based packaging (table SI-3), which averaged 23 + 3 MPs/l (P <
0.01). This is in agreement with findings of (Lam et al., 2024) who re-
ported an average MP abundance of 30.0 + 28.5 MPs/1 in packaged fruit
juices from Hong Kong. The higher MP levels in PET bottled juices may
be attributed to the release of MPs from the packaging material, which
may also be exacerbated by the physico-chemical properties (e.g., pH,
ionic strength) of the juice (Lam et al., 2024).

3.5. Energy drinks

The studied energy drinks from UK market contained an average of
25 £ 11 MPs/1. Packaging type significantly influenced MP levels (p <
0.01), with plastic-packaged drinks (table SI-3) exhibiting higher MPs
concentrations (40 + 7 MPs/1) compared to Aluminium canned (metal
packaging) drinks (18 + 3 MPs/1). Our results for canned energy drinks
align with a pertinent study conducted in Mexico, which reported an
average MP concentration of 14 + 6 MPs/1 in five samples (Shruti et al.,
2020) and a Hong Kong study reporting MPs abundance of 32.4 + 17.6
MPs/1 in 3 aluminium canned energy drinks (Lam et al., 2024).

3.6. Soft drinks

MPs were detected in 3 common brands of plastic-packaged soft
drinks (table SI-3), with an average of 17 + 4 MPs/1. These findings are
generally in same order of magnitude with other studies that reported
levels of MPs in soft drinks from various countries. For example, a study
in Mexico reported a higher average of 40 + 24 MPs/1 (Shruti et al.,
2020), while an Ecuadorian study reported a median of 32 MPs/1 (Diaz-
Basantes et al., 2020) in bottled soft drinks. Conversely, an Italian study
revealed lower contamination levels, with an average of 9.9 + 0.3 MPs/1
across 14 brands of soft drinks (Crosta et al., 2023), and a Turkish study
reported an average of 8.9 + 2.9 MPs/] from 30 soft drink samples
(Altunisik, 2023b). Potential sources of microplastic contamination in
soft drinks include degradation of packaging materials, especially under
conditions of heat or physical stress (Taheri et al., 2023). The generation
of stress waves from the bubbles in carbonated drinks can also
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contribute to MP release from containers (Haosheng and Shihan, 2009).
Microplastics in the air can settle into beverages during manufacturing
and bottling (Nizamali et al., 2023). Additionally, water used in soft
drink production can be a source of microplastics (Gambino et al.,
2022).

4. Microplastics characteristics
4.1. Microplastics size

Microplastics are categorized into large microplastics (1-5 mm) and
small microplastics (1 pm-1 mm), with most particles found in bever-
ages ranging between 10 pm and 200 pm (Mason et al., 2018; Schy-
manski et al., 2018). Average MPs sizes in the studied beverages are
provided in Table 2, while average MPs size distribution (expressed as
percentage) is summarised in Fig. 1.

The smallest average particle size was detected in iced tea samples
(13.3 £ 8.7), which also displayed the highest average contribution (89
%) of the smallest particle size range in this study (10-25 pm). Inter-
estingly, the highest average particle size was recorded in hot tea sam-
ples (50.7 + 41.5), with the majority of particles (32 %) in the (50-100
pm) size range (Fig. 2). It’s well documented that smaller MPs particles
pose a higher health risk than larger ones due to their ability to penetrate
deeper into biological tissues and potentially accumulate in organs,
which have been linked to inflammation, oxidative stress and other
potential adverse health effects (Chartres et al., 2024). In our study, hot
tea samples contained higher concentrations of MPs than iced tea, while
the average particle size of MPs in iced tea was smaller than that in hot
tea (P < 0.05). Similar findings were observed for hot and iced coffee
samples studied (Table 2), although not statistically significant at the 95
% level. Therefore, more studies are required to further understand the
risk of MPs in hot and cold beverages, considering both particle size and
abundance. This is because the reported higher abundance of MPs in hot
beverages may be, at least partially, offset by larger particle size
distribution.

In the present study, hot coffee samples had an average MP size of
40.0 pm, which is similar to previous studies in India (53.7 pm) and
China (25.8 pm) (Ranjan et al., 2021; Wang et al., 2023).

The current study is one of a few that investigated MPs in multiple
non-alcoholic beverages worldwide. These few studies focused mainly
on MPs abundance and only provided upper/lower limit size ranges for
the detected MPs, without reporting an average or median size. The
variation in sample processing and analytical methods, as well as data
reporting methods, combined with the small number of studies preclude
meaningful comparison. For example, we found that fruit juice samples
in plastic packaging contained smaller MPs, averaging 19.9 pm,
compared to those in carton-packaged juices (average = 46.3 pm) (P <
0.01). Lam et al. (2024) reported MP sizes in fruit juices in different
packages from Hong Kong ranged from 30 to 5000 pm, without
reporting an average or range of MPs size in each type of packaging.
Similarly, Shruti et al. (2020) detected MPs in energy drinks from the
Mexican market in the range 100-3000 pm. A Turkish study reported
MP sizes ranging from 10 to 1000 pm in soft drinks (Altunisik, 2023b),
while MPs were detected at a broader size range (5.5-2224.3 pm) in soft
drink samples from Ecuador (Diaz-Basantes et al., 2020).

These variations underscore the diverse size distribution of MPs in
different beverages across different geographical regions. This may be
attributed to a combination of factors including the variable sources of
MPs (e.g., water, packaging material, manufacturing, packaging, and prep-
aration processes) and other physico-chemical factors (e.g., temperature,
PH, shaking) related to the beverage type (Lam et al., 2024).

4.2. Microplastics polymer types

Different polymer types were detected in our samples, indicating
potential variable sources of MPs to these beverages. The average
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Fig. 1. Average MPs size distribution (expressed as percentage) in the studied beverages.
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Fig. 2. Average distribution (expressed as percent) of MPs polymer types in the studied beverages.

distribution (expressed as percentage) of MPs polymer types in the
studied beverage categories is provided in Fig. 2, while the packaging
material for each beverage is provided in Table SI-3.

4.2.1. Hot and iced coffee

Hot coffee showed the largest variation in MPs among the beverages
studied with 9 polymer types detected (Fig. 2). Interestingly hot coffee
samples served in disposable paper cups with PP caps showed pre-
dominance of PP MPs in the beverage (Table SI-3). This strongly sug-
gests that the disposable cups material is a primary source of PP MPs in
our hot coffee samples and agrees with the findings of a previous study
on the release of MPs from PP cups into beverages sampled from China
(Zhou et al., 2023). This is also in agreement with previous studies that
reported high temperature to promote the release of MPs from plastic
packaging materials to hot beverages (Ranjan et al., 2021; Wang et al.,

2023).

Similarly, iced coffee samples in PET bottles demonstrated higher
prevalence (>50 %) of PET microplastics, which is also in agreement
with previous reports suggesting PET packaging as a major source of
MPs to beverages, particularly as a result of applied stress and shaking
during manufacture, transport, storage and use (Schymanski et al.,
2018; Sobhani et al., 2020).

The detection of PA and PLA in hot coffee and tea samples prepared
from sachets/teabags is not surprising. While the main packaging ma-
terial is cellulose, previous studies have reported the inclusion of small
percentages of PA and/or PLA to impart “silkiness” to the sachet/tea bag
product (Banaei et al., 2023).

4.2.2. Hot and iced tea
Hot tea samples purchased in cellulose cups with PS caps and made
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from cellulose tea bags showed major contribution of PS MPs (39 % - 65
%) in the beverage (Table SI-3). Iced tea samples purchased in PET
packaging showed PET as the major polymer type of MPs detected in the
beverage. Interestingly, similar to coffee, hot tea samples prepared from
tea bags in glass cups showed large variation of MPs polymer distribu-
tion (Table SI-3), which may indicate different secondary sources of MPs
to these beverages. Previous studies of MPs in hot and iced tea show
large variability in polymer composition. The most frequent polymers
found in hot tea samples from Bangladesh were polytetrafluoroethylene,
high-density polyethylene, polycarbonate, nylon, polyvinyl chloride,
polytetrafluoroethylene, cellulose acetate, ethylene vinyl acetate, and
acrylonitrile butadiene styrene (Afrin et al., 2022). In contrast, iced tea
samples from Mexico showed a different polymer composition, with
polyamide, butadiene and polyester-amide being the predominant types
(Shruti et al., 2020). Another study in Germany showed PE, and nylon
(PA) were the most common MP polymer types in hot tea samples
(Kashfi et al., 2023). These results highlight significant regional differ-
ences in polymer composition and indicate various secondary sources of
MPs to the beverage, other than the influence of packaging material.

4.2.3. Fruit juices

In the current study, we sampled fruit juices packaged in (a) PET
bottles with PE caps, and (b) carton lined with PE and PE caps. The MPs
polymer distributions identified in beverages were consistent with those
used in the packaging material, with the most common polymers being
PET and PE (Table SI-3). This also aligns with the observed relationship
between the packaging materials and the microplastics present in the
beverages, suggesting release from packages as a major source of MPs to
cold, as well as hot beverages.

4.2.4. Energy drinks and soft drinks

For sampled energy and soft drinks in plastic packaging, the pre-
dominant polymer contribution in the detected MPs, such as PET, PP,
and PE, matched the plastic packaging material (Table SI-3). Energy
drinks samples packaged in aluminium cans (non-plastic material)
showed variable distribution of MP polymers, suggesting secondary
sources.

While packaging material has been identified as a major source of
MPs to beverages, other secondary sources may also contribute to the
presence of MPs in various hot and cold drinks. Beverage production
relies mainly on water, which not only goes into the beverage itself, but
also used in the rinsing/cleaning of containers and production lines. The
presence of MPs in water is well documented globally, which constitutes
a substantial source of MPs to both hot and cold beverages (Ageel et al.,
2022). Other secondary sources of MPs to beverages include contami-
nation from atmospheric deposition (e.g., microfibres from synthetic
clothing or textiles) during production (Kameda et al., 2021; O’Brien
et al., 2023), and release of MPs from plastic materials/machinery parts
during various production processes (e.g., squeezing, mixing rinsing),
which is supported by the predominance of irregular MPs fragments and
fibres in the studied beverages (Shruti et al., 2020).

5. Human exposure to microplastics via beverages

Microplastic (MP) ingestion raises health concerns due to their po-
tential to cross biological barriers and accumulate in tissues. Studies
suggest that MPs can physically damage gut cells, alter the gut micro-
biota, and trigger inflammatory responses, which may lead to immune
dysregulation and metabolic disturbances (Cox et al., 2019; Deng et al.,
2017). MPs can also act as carriers for hazardous chemicals, including
heavy metals and endocrine-disrupting compounds such as bisphenol-A,
which may leach into the body upon ingestion and disrupt hormonal
functions, affecting processes like reproduction and metabolism (Gallo
et al., 2020; Hahladakis et al., 2018). The degree of impact is influenced
by MP size, shape, and polymer type, with evidence from studies con-
ducted on polystyrene, polyethylene, and polypropylene MPs suggesting
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that smaller particles and fragment-shaped MPs are more prone to tissue
penetration and chemical release upon ingestion (Banaei et al., 2023).
The cumulative effect of MPs and associated chemicals in human tissues
highlights the importance of establishing standards to limit MP exposure
in food and beverages, given the potential for long-term health risks
(Schwabl et al., 2019).

Our estimated daily intakes of MPs via total beverage consumption
for the surveyed UK population are summarised in Table 3.

On average, the estimated EDIy for females (1.7 MPs/kg BW/day)
was slightly higher than that of males (1.6 MPs/kg BW/day), with both
genders sharing a median exposure level of 1.6 /kg BW/day. When
examining the 5th and 95th percentiles (i.e., representing best- and
worst-case exposure scenarios among the surveyed population), the
differences expand slightly (Table 3), and females tend to have higher
exposure at both the lower and higher end of the scale. Overall, males’
and females’ daily exposure to MPs via total beverage intake appears to
be similar, suggesting that that gender differences in MPs intake from
beverages are minimal.

Few studies have reported on the Estimated Daily Intake (EDI) of
microplastics (MPs) from drinking water (tap and/or bottled), with
varying results across different geographical regions (Zhu et al., 2024).
In Hong Kong, the average EDI for adults was 1.2 MPs/kg BW/day from
tap water (Tse et al., 2022), while average adult EDI of MPs from con-
sumption of bottled water in Malaysia, was reported at 0.2 MPs/kg BW/
day (Praveena et al., 2022). Of particular relevance is the average EDI
for UK adults (males and females) reported recently by our research
group at 1 MP/kg BW/day (Al-Mansoori et al., 2024). This suggests that
when considering a broader range of beverages, including hot and cold
drinks, the overall MPs exposure is more realistically represented.
Focusing MPs exposure via drinking solely on water (tap and/or bottled)
may underestimate the full extent of human intake, because other bev-
erages may contribute additional sources of MPs.

Table 3
Estimated daily intakes via total beverage consumption for the surveyed
population.

Adult Male EDI; (MPs/Kg BW/day)

Beverage % of daily Average  Median  5th 95th
intake Percentile Percentile
Coffee 12 % 0.20 0.20 0.10 0.30
Tea 13 % 0.30 0.30 0.20 0.50
Iced Coffee 3% 0.03 0.03 0.03 0.04
Iced Tea 3% 0.02 0.02 0.01 0.02
Energy 3% 0.02 0.01 0.01 0.03
Drinks
Soft Drinks 7 % 0.04 0.04 0.02 0.05
Fruit Juice 4% 0.03 0.03 0.02 0.05
Tap Water 34 % 0.60 0.60 0.20 1.00
Bottled 24 % 0.40 0.40 0.01 0.50
Water
Total 1.6 1.6 0.6 2.5
Adult Female EDIt (MPs/Kg BW/day)
Beverage % of daily Average  Median  5th 95th
intake Percentile Percentile
Coffee 11 % 0.2 0.2 0.1 0.3
Tea 16 % 0.4 0.4 0.2 0.6
Iced Coffee 4% 0.06 0.06 0.04 0.07
Iced Tea 1% 0.01 0.01 0.01 0.02
Energy 2% 0.02 0.02 0.01 0.03
Drinks
Soft Drinks 6 % 0.04 0.04 0.02 0.05
Fruit Juice 4% 0.05 0.04 0.03 0.08
Tap Water 42 % 0.70 0.60 0.30 1.20
Bottled 14 % 0.21 0.20 0.10 0.30
Water
Total 1.7 1.6 0.8 2.7
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Also pertinent is a recent study from Hong Kong, which estimated
human exposure to MPs via different beverage types (Lam et al., 2024).
The study reported average adult EDIs of 835, 1754 and 382 MPs/year
from consumption of juice drinks, soft drink and energy drinks,
respectively. Our average, EDIs for UK adults surveyed in the present
study from the consumption of fruit juices, soft drinks and energy drinks
are 1037, 1492 and 538 MPs/ year respectively. Notwithstanding the
socioeconomic factors contributing to different consumption of various
beverage types in different countries/cultures, it’s clear that human
exposure to MPs via consumption of different beverage types occurs on a
global scale; hence future risk assessment studies should focus on
comprehensive exposure via total beverage intake, rather than solely on
water.

5.1. Limitations

Due to the lack of national-level data, the beverage consumption data
used in this study originates from a random sample of 201 adult par-
ticipants from Birmingham, UK collected via online questionnaire.
Therefore, the obtained daily beverage consumption rates may not be
accurate at the national level.

While our sampling strategy spanned a large number of samples (n =
155) collected from different popular commercial brands and/or
sourced from major supermarkets, this may not accurately reflect the
MPs contamination of all beverages/products on the UK market.

Finally, it should be noted that our experimental approach reported
only MPs > 10 pm in size, defined mainly by the limit of detection for the
p-FTIR technique applied for detection/polymer type identification of
MPs in the current study. Therefore, smaller microplastics (or even
nano-plastics) may have been present in the studied samples. While
p-FTIR technique provides certain advantages in terms of speed of
analysis and ease of identification for environmentally aged/degraded
plastics, Raman spectroscopy can monitor smaller size ranges (down to
1 pm) and is less affected by moisture interferences. On the other hand,
Raman spectroscopy usually requires longer analysis times, more
extensive sampling preparation procedures and may suffer from fluo-
rescence background interferences (Cabernard et al., 2018; Xu et al.,
2019). Therefore, the method/technique of MPs detection is of partic-
ular importance for comparison purposes with existing or future studies.

6. Conclusion

This study confirms the widespread occurrence of MPs in a variety of
beverage types consumed commonly in the UK. To assess potential im-
plications for human exposure, we combined the results of MPs analysis
in 155 popular beverage samples from the UK market, with a local
survey on daily beverage consumption among a subpopulation (n = 201)
of UK adults. Results revealed average EDIT of MPs for the surveyed
population via total beverage consumption (1.6 MPs/Kg bw/day for
males and 1.7 MPs/Kg bw/day for females) to exceed previous average
EDIs for UK population via drinking water only (1 MPs/Kg BW/day for
both males and females). Our results also confirmed plastic packaging
material as a major source of MPs to the studied beverages. Higher
concentrations of MPs were detected in hot coffee and tea, compared to
the iced version of the same beverage, highlighting the role of temper-
ature in enhancing the release of MPs from packages to hot beverages.
The variety of polymer types detected in the studied samples suggest
that secondary sources (in addition to packaging material) may contribute
to presence of MPs in beverages, including contaminated water, atmo-
spheric fallout, contamination during production, transport and prepa-
ration (e.g., from plastic machinery parts or shaking/agitation in
containers).

Our study provides experimental evidence on the contribution of
different beverages to human intake of MPs via drinking and proves for
the first time that assessment of exposure via drinking water only may
substantially underestimate the risk. This serves as a critical step
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towards better understanding of the extent of MPs exposure under real-
life scenarios and advocates for more comprehensive studies for accu-
rate risk assessment of MPs intake via dietary sources to enable broader
environmental and public health interventions.
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