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Identification and characterization of microplastics
released during the actual use of disposable cups
using laser direct infrared imaging+

Shanshan Du, ‘2 * Ziyan Liu, Lei Wu and Fangbiao Tao

Disposable plastic cups are commonly used as beverage containers. This study investigated the character-
istics of microplastics (MPs) released from plastic cups under everyday conditions and assessed the emis-
sion of MPs from disposable cups, including polypropylene (PP) and polystyrene (PS). We systematically
examined the impact of material, temperature, and liquid type on the release of MPs using laser direct
infrared (LDIR) spectroscopy. The findings indicated that all cups released irregularly shaped MPs smaller
than 50 pm. When filled with water at 95 °C for 15 min, the average MP concentrations in the PP and PS
cups were 1340 and 980 particles per L, respectively. The disposable plastic cups exhibited higher
average MP concentrations at elevated temperatures. Similar profiles were observed for both types of
cups, with the MP release capacity at 95 °C being 1.5 times higher than that at 50 °C. Low temperatures
facilitated the self-release of MPs from disposable cups. Furthermore, reusable cups released fewer MPs
than single-use cups. The study estimated that regular use of a cup three times a day could lead to the
unintentional ingestion of 294-402 MPs per day. These results provide a basis for evaluating possible
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Introduction

Microplastics (MPs), a new recognized type of contaminant in
food and supply chains, have garnered widespread global
attention." Comprehensive evidence indicates that MPs can be
ingested intentionally or unintentionally via respiration, skin
contact, or dietary routes. Traces of MPs have been detected in
water® and various foods, including seafood,® fruits and
vegetables.”” Furthermore, MPs have been identified in
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health hazards associated with human exposure to MPs.

human fluids and® feces’” and even in lungs,® gallstones,’
kidneys,"® and stomach," indicating potential human
exposure through dietary intake. Studies have demonstrated
that MPs exhibit cytotoxicity towards various human cell lines,
including liver and kidney cells,">"® gastrointestinal cells,"*
spermatogenic epithelial cells,"®> myocardial cells,’® lung
cells,’” and nerve cells.'® Recent research has further con-
firmed that the accumulation of MPs in multiple mouse
organs poses potential health risks, including liver damage,"’
pulmonary fibrosis,>® gastrointestinal toxicity,”" oxidative
stress,”” and inflammatory injury.>*

As common containers for cold drinks or tea, disposable
plastic cups are primarily categorized into polypropylene (PP),
polyethylene (PE), polystyrene (PS), and other materials. The
demand from the takeaway catering industry has significantly
contributed to their widespread use. Numerous studies have
concentrated on the quantity of MP released from PE paper
cups under diverse service conditions, such as temperature,
exposure time, and liquid composition.>*>” High temperature,
vigorous shaking, and prolonged exposure can induce MP
release owing to the fragmentation of the PE film. This is a
serious concern, as a significant amount of MP can be directly
ingested by humans. PP and PS are also extensively utilized in
catering and takeout domains. However, only two studies have
reported the MPs released from PP and PS cups, neither of
which performed component identification or analyzed par-
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ticle size. Zhang et al.*® found that the MP quantity released
ranged from 1000 to 5000 particles per L when soaked at 95 °C
for 20 min, while Yetim et al?° identified a similar level.
These findings provide valuable insights into MP release from
plastic cups; however, there remains a paucity of studies on
MP release from PP and PS cups. To date, the amount of MPs
released from PP and PS cups during the use or reuse of cold
beverages, among other conditions, remains unclear.
Additionally, the characteristics (size, type, etc.) of MPs
released from PP and PS cups have not been thoroughly inves-
tigated. Understanding the MP characteristics ingested by
humans through plastic cups is crucial for assessing potential
health risks.

Several techniques have been devised for MP detection.
Pyrolysis-gas chromatography/mass spectrometry (Pyr-GC/
MS),** can provide detailed information on the chemical com-
position, but does not yield data on particle count or size. The
intricate preparation and time-consuming further constrain its
applications. Raman and Fourier transform infrared spec-
troscopy (FTIR) have also been extensively employed in MP
analysis.>® Raman can offer distinctive fingerprints with high
sensitivity; yet, it is less efficient in detecting complex samples
and failing to comprehensively capture the MP contami-
nation. FTIR utilizes the IR absorption of polymers to deter-
mine the chemical composition, particularly combined with
an in-built polymer spectral library but is limited by its
sluggish detection speed and low spatial resolution. Notably,
the methods mentioned above typically rely on a stereomi-
croscope for quantitative analysis, with a false positive rate
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Fig. 1 LDIR-based MP sample preparation, detection, and classification.
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of 37% for <50 pm MPs. To surmount these challenges,
innovative technologies such as laser direct infrared (LDIR)
imaging have been developed.*’ LDIR system employs a fast-
tunable quantum cascade laser as the light source, linked to
a high-speed scanning imaging system, that is capable of
simultaneously scanning multiple particles, providing infor-
mation on chemical composition and spatial distribution. It
can generate reflection spectra within merely 1 s, presenting
the advantages of high speed and resolution, far surpassing
Pyr-GC/MS or Raman. Compared with FTIR, LDIR can not
only identify polymer types but also determine the number,
size, and morphology of particles, significantly enhancing
the detection throughput. Additionally, the automated LDIR
system mitigates the demand for cumbersome sample prep-
arations, rendering it an effective alternative to FTIR. Hence,
in contrast to traditional techniques, LDIR exhibits immense
potential for MP detection.

This study evaluated the MP release characteristics of dispo-
sable plastic cups used daily (Fig. 1). We used six batches of
commercial disposable plastic cups, including PP and PS cups,
to characterize the size, number, and composition of MPs and
other particulate fragments released during simulated use. We
first accurately assessed potential MP contamination in this
experiment using LDIR imaging. Then, we systematically
studied, temperature, usage frequency, and liquid composition
(e.g., pure water or tea) on MP release from disposable plastic
cups. Our preliminary research results provide reference data
for further assessment of the risk of children and adults
ingesting pollutants in their diet.
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Materials and methods
Chemicals and materials

Six sets of transparent disposable plastic cups (PP and PS)
were purchased from supermarkets. The selected cups had a
volume of 200 mL; the tea was purchased online; ethanol was
purchased from Sigma Aldrich; water was generated by a Milli-
Q system; stainless-steel filters (SSF, pore size 5 um), and glass
syringes were purchased from De filter company. PS-MPs
(50 pm) were provided by Yiyuan Biotechnology Co, Ltd.

MPs release experiment

To investigate the effect of temperature on MP release, the
experimental procedure was repeated using water at 50 and
95 °C. Ice packs were placed in a water bath to cool the water
to 4 °C, simulating cold beverages; to explore the effect of
usage frequency on MP release, the experiment was repeated
thrice at 95 °C. A certain number of tea leaves were added to
the cups, followed by adding 95 °C water and conducting the
aforementioned experiments.

Before use, the plastic cups were rinsed with deionized
water and then filled with 50 mL at 95 °C. Cups were sealed
with aluminum foil to prevent contamination with MPs.
Plastic cups were placed on a horizontal rotary shaker and
shaken at 100 rpm for 5 min, followed by incubation at 45 °C
for 15 min.

MPs collection

An SSF was used to filter MPs from the samples. Before fil-
tration, the SSF was washed thrice with filtered ethanol.
Subsequently, the SSF membrane was held using a pair of
tweezers, and the particles gathered on the SSF membrane
were eluted with ethanol. The sample solution was then col-
lected in a glass vial. The collected sample solution was dis-
pensed onto a low-E glass slide, and placed on an LDIR instru-
ment for detection.

LDIR imaging

Agilent 8700 LDIR imaging was suitable for sample analysis on
Mirr-IR slides. Disperse particles in ethanol were dropped
onto a Mirr-IR slide. First, the instrument obtains a clear
image using a large-field camera (optical resolution of approxi-
mately 24 pm). Next, the system boasts single-wavelength pre-
cision (spectral resolution of 8 cm™") for measuring, counting,
locating, and analyzing particles in the image. Subsequently,
the IR spectrum of each particle was measured in reflection
mode. Finally, the obtained IR spectra were automatically com-
pared with the reference library using Clarity software (version
1.5.58) to identify the chemical composition. Particles were
considered acceptable when the IR spectral match with the
standard exceeded 70%. The reference spectrum library
includes polymers and other materials such as chitin, coal,
and natural polyamides (PA). In addition, a selected visible
light image of the target particle can be obtained under the
objective, with a visible light resolution of 1 pm.

This journal is © The Royal Society of Chemistry 2025
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Quality assurance and quality control

Potential contamination. Plastic cups at the centre of each
pile were used in the study. During sample preparation and
experimentation, we wore pure cotton laboratory coats and
single-use nitrile gloves, with the cuffs of the laboratory coat
secured inside the gloves. All glassware was rinsed thrice with
filtered water and ethanol, and the MP in ethanol and Mirr IR
low radiation glass was negligible (Fig. S11). Each experiment
was repeated thrice, and the data was taken as the average of
the three repetitions.

Selective capabilities of LDIR imaging. The polymer type
identification via LDIR imaging was validated using PS refer-
ence materials (Fig. S27).

Recovery assessment. By adding PS standard samples of
known concentration and size to blank samples, the LDIR
detection method was adopted for analysis. The recovery test
results revealed that for microplastics within a specific size
range, the recovery rate reached 85%, indicating the relatively
good accuracy of this method (Table S1t). Furthermore, due to
the pre-filtered Milli-Q water and the strengthened procedural
blank, the significance of quality control measures in MP
experiments was accentuated.

Statistical analysis. One-way ANOVA was used to analyze the
statistical differences in the MP released under different con-
ditions, with statistical significance set at p < 0.05 (F value > F
critical value). The relevant analysis was completed using Excel
ANOVA 2016. Sankey and Chord diagrams were used to
compare and analyze the relationships between different vari-
ables, and the correlation analysis was completed using Origin
2021.

Determination of daily intake quantities. The daily con-
sumption of MPs released from single-use plastic cups was
determined by using the estimated dietary intake (EDI) data
obtained from previous research studies:*®

MPs (CxR)
EDI (Dle) = Ew (1)

where, C: median value of the concentrations of MPs in food
matrix (w g7'), R: rate of intake (g day™'), BW: average body
weight (kg).

According to the equation provided, the daily MP exposure
from single-use cups was determined as follows:

Daily exposure = MPs
yexp " (100 mL of liquid in a cup) )
" (number of cups used) )
day
Results

Identification of MPs during the experimental process

To minimize the pollution of disposable plastic cup samples
in each step, multiple filtration procedures were conducted on
water, followed by LDIR detection for the presence of MPs
(Fig. 2a; Fig. S3t). Unfiltered water contains polyamide (PA),
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(a) Schematic diagram of the filtration process; (b) MP types in unfiltered water samples; (c—f) Representative IR imaging (c), quantity (d),

polymer type (e), and size distribution (f) of MPs in water samples after varying filtration durations.

polyvinyl chloride (PVC), vinyl chloride (VC), and non-MP,
natural PA, chitin, etc. (Fig. 2b and c), indicating the necessity
of pre-filtered water for quality control and reflecting that
LDIR imaging can effectively distinguish non-plastic polymers.
A significant reduction in MP abundance was observed after
each round of filtration (Fig. 2d). After six rounds of filtration,
only five particles, mainly composed of PA, PVC, and VC
(Fig. 2e), remain in the water sample. This process effectively
removed particulate matter with a diameter exceeding 30 pm
(Fig. 2f).

MPs released from plastic cups

Capacity of the released MPs. Six batches of disposable
plastic cups, including PP and PS cups, were meticulously
examined at 95 °C to investigate the release of MPs in water.
As shown in Fig. 3a, the MP released in each test cup was sig-
nificantly higher than that in the control sample (p < 0.05),
which clearly showed that disposable plastic cups had a high
risk of MP release under specific conditions. It is worth noting
that the release of MPs from PS and PP cups fell within the
ranges of 920-2220 and 480-1440 particles per L, respectively,
reflecting the difference in MP release quantity between
different materials or brands of cups.

Specifically, the average release of the PS cup is higher
than that of the PP cup,’® which is closely related to the
physical and chemical properties of the two materials.”>® PS
typically exhibits high brittleness and low crystallinity, which
may readily facilitate the MP release under elevated tempera-
tures.”® Nevertheless, the observation does not imply that
the PP cup is a safe alternative; though it demonstrates a
comparatively low release level under the experimental con-
dition. Compared with the reported MP abundance in drink-

992 | Analyst, 2025, 150, 989-997

ing water (107> to 10> particles per L), a worrying situation is
that the MPs released from plastic cups used in daily life
may significantly increase human exposure to MPs.** This
means that even if people only drink water with disposable
plastic cups, they may unconsciously ingest a large number
of MPs.

Identification of the released MPs. Visible in the membrane
were particles of diverse shapes and sizes, including granular,
sheet-like, and filamentous forms (Fig. S471). Simultaneously,
LDIR automatically obtained the IR spectra of the particles
and matched them against the “microplastics library” to deter-
mine the chemical composition of the particles released in
this study. The IR spectra of some particles resembled those of
the corresponding polymer materials in disposable cups, exhi-
biting similar characteristic peaks (Fig. S5t). The IR spectra of
the particles released from the PP and PS cups within the
1200-1800 cm™" region exhibited typical adsorption bands,
namely those for PP and PS, thereby explicitly confirming the
possibility of MP particles leaching from disposable cups into
the beverages.

The types of MPs released from plastic cups produced by
different manufacturers are different (Fig. 3b). The MPs
released from the PS cup were mainly composed of PA, PVC,
and VC, and also contained a small number of PS, calcium
stearate (CS), polymethylmethacrylate (PMMA), and acryloni-
trile butadiene (AB). This ingredient diversity indicated the
complexity of raw materials and the possible introduction of a
variety of impurities in the production process of plastic
cups.®® For example, PA can be derived from the need to
enhance the strength of plastics; PVC and VC may be related
to the basic composition or additives of plastics.>® A small
number of PS, CS, PMMA, and AB may be additives added in

This journal is © The Royal Society of Chemistry 2025
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the production process to improve the specific properties of
plastic cups.’’*®* MPs released from the PP plastic cup are
mainly composed of PA and PVC and also contain a small
amount of PP, AB, alkyd varnish (AV), chlorinated polyisoprene
(CPI), etc. The difference in MP composition, on the one hand,
reflects the difference in the characteristics of PP and PS
plastic materials, on the other hand, it also reflects the
different treatment of additives and other aspects.

Based on the above results, it can be clearly seen that in the
process of processing, production and packaging of plastic
cups, in addition to the particles from the plastic material of
the cup itself, the presence of other particles also shows
additional MP exposure risk.>’ This means that we should not
only focus on the main materials of plastic cups but also pay

This journal is © The Royal Society of Chemistry 2025

enough attention to various impurities and additives that may
be introduced in the production process. These extra MP par-
ticles may come from impure raw materials, the wear and tear
of production equipment, the residue of processing aids, or
the pollution of packaging materials.

Features of the released MPs. The size distribution of the
MPs released from disposable cups is shown in Fig. 3c. For
both types of cups, the size distribution of the released MP
particles was within the range of 0-30 pm (PS: 69.86%, 78.7%,
and 44.9%; PP: 27.7%, 67.6%, and 61.8%).

Ranjan et al. employed fluorescence microscopy to charac-
terize the size range of MPs released from PE paper cups,
which ranged from 26 to 765 pm.>® In this study, MPs with
sizes <30 pm predominated, whereas MPs with sizes >50 pm

Analyst, 2025, 150, 989-997 | 993
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were relatively scarce. It is noteworthy that previous studies
have shown that the gastrointestinal tract can absorb MPs with
particle size <10 pm and MPs with particle size >130 pm can
even enter the circulatory system.>® It can be seen that the MPs
released from disposable cups, in this study, are almost all
within the particle size range that can be absorbed by the
human body, which undoubtedly poses a considerable threat
to human health. This means that when using disposable
plastic cups, the MPs released are likely to be ingested by the
human body and accumulated in the body, which may lead to
a series of health problems.

Effects of the use conditions on MP release

Temperature. This study focused on the effect of tempera-
ture, a key factor, on MP release. Different from the common
studies focusing on MP release at high temperatures, this time
we comprehensively and deeply carried out MP release at low
temperatures (4 °C) and relatively high temperatures (50 °C).
As shown in Fig. 4a, the average number of MPS released at
4 °C was about 60 particles per cup, which was not signifi-
cantly different from that at 95 °C (p > 0.05). The number of
MPs released at 50 °C was significantly lower than that at
95 °C (p < 0.05).*® Compared with the temperature of 50 °C,
the low temperature of 4 °C may have a significant impact on
the stability of plastics.

A similar situation was observed in the two test cups. The
release of MP at 95 °C was two to four times that at 50 °C,
which further confirmed the key role of temperature in the
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release of MPs (Fig. S61). It can be seen that temperature is an
important variable that cannot be ignored when evaluating the
risk of MP release from plastic cups. In low or high-tempera-
ture environments, especially when it is close to or reaches the
performance change threshold of plastics, the risk of MP
release increases significantly.

Subsequently, the chemical composition of MPs released at
4 °C and 50 °C was analyzed. As shown in Fig. 4b, the primary
types of MPs released from the PP plastic cups were PA, PVC,
and PE, with small MPs (<30 um) being the dominant fraction
at 50 °C. Similar trends were observed for PS plastic cups
(Fig. S7t). Low temperature at 4 °C accelerated the release of a
variety of MPs including PA, PVC, VC, AV, PVA, PP, and CPI
(Fig. S87t), of which the first four types were the main com-
ponents, and the particle size was mainly concentrated in
<30 pm (Fig. 4c). Prolonged low-temperature exposure (4 °C,
48 h) resulted in the release of small PP particles (0-30 pm)
consistent with the plastic cup material. This finding aligns
with the study by Chai et al., which demonstrated that the MPs
in ice can undergo obvious oxidative degradation in a short
time (36 h).*°

To this end, AFM technology was employed to characterize
the micromorphology of the plastic cup before and after 48 h
treatment at 4 °C (Fig. S9t). The inner wall of the untreated
cup was relatively smooth and flat. Small protrusions appear
after treatment, which may indicate that low temperature
impacts the surface characteristics of the plastic cup, thereby
influencing MP release.”® Collectively, these results indicate
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Fig. 4 Quantity (a), chemical composition (b), and size distribution (c) of MPs released from PP plastic cups with different temperatures.
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that specific types of MPs are released from plastic cups under
different temperature conditions. In conclusion, temperature
not only affects the quantity of MPs released but also plays a
critical role in determining their chemical composition and
particle size distribution, providing an important basis for
understanding the mechanisms governing MP release.

Usage frequency. Fig. 5 summarizes the characteristics of
MPs released after one or thrice uses. At the third reuse, the
number of MPs released was approximately 43 particles per
cup, which was about half of that at the first use (Fig. 5a), with
a statistically significant difference (P < 0.05). This trend was
consistent with the release characteristics of MPs identified in
a 21-day study using PP feeding bottles reported in the litera-
ture,* further validating the general pattern of MP release
from plastic products during multiple uses.

Subsequent in-depth analysis of the chemical composition
and size distribution of MPs revealed additional critical infor-
mation. It was found that MPs released after repeated use were
predominantly small particles (0-30 pm) (Fig. 5b). The sub-
stantial release of such small particles may pose more far-
reaching potential hazards. Smaller particle sizes mean that
MPs can more easily penetrate biological tissues, potentially
leading to more complex and severe health issues.*” In
addition to the common PA and PVC, repeated use resulted in
high levels of VC release (Fig. 5¢). As a harmful substance, the
massive release of VC undoubtedly poses a continuous threat
to human health. Furthermore, the release of endocrine dis-
ruptors and stabilizers (CS) during use cannot be overlooked.?”
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Endocrine disruptors may interfere with the function of the
normal endocrine system, leading to hormonal imbalances
and subsequent physiological and metabolic disorders. The
release of stabilizers may also introduce potential risks due to
their unknown biological toxicity.

This research demonstrates that the release of MPs from
disposable cups is a continuous process. This process does not
simply follow a linear trend with increased use frequency but
involves complex changes in chemical composition and par-
ticle size distribution. Although the quantity of the MPs
released decreases with repeated use, the chemical compo-
sition of the released MPs becomes more complex, with an
increased proportion of small particles and harmful sub-
stances, thereby posing a continuous and evolving threat to
human health.

Composition of the liquid. Disposable plastic cups are com-
monly used in daily life to hold a variety of beverages. To inves-
tigate the correlation between the characteristics of released
MPs and the liquid contained, a popular tea beverage (pH 5.5)
was selected to study the release of MPs. The results showed
that although there was no statistically significant difference
in MP release between the tea beverage and the control group,
the quantity increased,” reaching an average of 437 particles
per L (Fig. 5d). This phenomenon indicated that under specific
environmental conditions, the composition of the liquid can
influence the material properties of disposable cups. This
finding is consistent with previous research reports indicating
that PS plastic cups, due to their chemical and mechanical
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Fig. 5 Quantity, size distribution, and chemical composition of MPs released from disposable cups under different usage frequencies (a—c) or

liquids (d—f).
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stability, generally resist interactions with liquid components.
However, the results also suggest that the potential impact of
liquid composition cannot be ignored.

According to the analysis of the size and chemical compo-
sition of MPs (Fig. 5e and f), the PS plastic cup primarily
released MPs in the form of PA and PVC after adding the tea
beverage, with particle sizes ranging from 0-30 pm. Notably,
smaller MPs have a larger specific surface area, which means
they can have more extensive contact with the external environ-
ment, making it easier for them to enter organisms and pose a
potential health threat to humans.'>™* In conclusion, while
the liquid composition did not cause significant changes in
the MP release quantity, it did exert a certain influence on the
release characteristics. When evaluating the safety of plastic
cups, it is essential to consider not only the material character-
istics of the cups but also the potential effects of the liquid
composition. This comprehensive understanding is crucial for
reducing the potential risks of plastic products to human
health.

What number of MPs are used for single-use cups?. When
consuming 100 mL of hot water from a disposable cup, it is
estimated that 98-134 particles are ingested daily. The data
highlights that in seemingly routine drinking behavior, people
may unknowingly be exposed to a significant number of MPs.
It is worth noting that the intake amount is derived from
specific experimental conditions and calculation methods;
actual exposure may vary due to factors such as cup material,
temperature, and liquid type. Further analysis indicates that if
disposable cups are used three times a day, the daily intake
increases to 294-402 particles. This elevated intake serves as a
warning that frequent use of disposable cups may lead to a
substantial increase in MP exposure levels. This not only poses
potential health risks to individuals but also reflects the cumu-
lative environmental and health risks associated with the wide-
spread use of disposable cups on a macro scale. The results
obtained in this study (Table S37) align with previous studies
on MP abundance at the micron scale. On one hand, its con-
sistency verifies the reliability of this method. On the other
hand, it underscores the fact that despite differences in
research perspectives and methodologies, common issues
regarding MP release and exposure in disposable plastic cups
persist.

However, it is essential to acknowledge the limitations of
this study. Firstly, the experimental scenarios for disposable
cup usage were relatively limited, failing to fully capture the
diverse real-life usage situations. Secondly, while LDIR techno-
logy was employed to identify MPs within the 20-500 pm
range, the analysis of MPs smaller than 20 pm remains insuffi-
cient. A more comprehensive analysis, potentially incorporat-
ing techniques such as SEM, is required for a thorough under-
standing. In summary, this study has preliminarily revealed
the release of MP during the use of disposable cups, but there
are still many issues that need further in-depth research, to
provide a more comprehensive and scientific basis for redu-
cing the environmental and health risks caused by disposable
plastic products.
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Conclusions

This study used LDIR to automatically, qualitatively, and quan-
titatively discern the release of MPs from disposable plastic
cups during daily usage. MPs were detected in the water col-
lected from various plastic cups. The release of MPs from PS
and PP cups was 920-2220 and 480-1440 particles per L,
respectively. The size distribution of the released MP particles
was centered within the range of 0-30 pm, with fewer particles
exceeding 50 pm in size. Both high (95 °C) and low tempera-
tures (4 °C) expedited the release of MPs from disposable
plastic cups. The results revealed that the average MP concen-
tration released from disposable plastic cups used for the
third time was approximately half that of the first use, and tea
beverages had a higher propensity to promote MP release than
pure water. In this study, we discovered that MP fragments dis-
charged from cups are a matter of concern as a direct source
of human contact.
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PMMA Polyethylene methacrylate
PVA Polyvinyl alcohol

AV Alkyd varnish

vC Vinyl chloride

CS Calcium stearate
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