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ARTICLE INFO ABSTRACT
Keywords: The escalating usage of paper cups and packaging materials with plastic coatings has evolved into
Microplastics a substantial environmental and health concern, evidenced by the report of microplastics in
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human blood. This research introduces an innovative laser-assisted thermal lens (TL) technique
for the precise detection and measurement of microplastics, specifically those leaching from the
inner plastic coatings of paper cups. Employing a multipronged approach encompassing scanning
electron microscopy, optical microscopy, atomic force microscopy, Fourier transform infrared
spectroscopy, UV-visible, and Raman spectroscopy, a comprehensive investigation is conducted
into the leaching of microplastics into hot water from paper cups. The thermal diffusivity (D) of
water samples containing microplastics is determined using the TL technique based on 120 ob-
servations for each temperature conducted using paper cups from three distinct manufacturers.
The observation of a strong correlation between the number of microplastic particles (N) and D of
the water sample enabled the setting of a linear empirical relation that can be used for computing
the microplastics in water at a particular temperature. The study thus proposes a surrogate
method for quantifying microplastics in water using the sensitive and non-destructive TL
technique.

1. Introduction

Though the discovery of plastic in the twentieth century revolutionized our day-to-day life because of its low weight, good me-
chanical strength, and thermal and electrical insulations, its excessive use started posing a threat to the ecosystem due to its nonde-
gradable nature. Today, the production of plastic waste has crossed 400 million tonnes, of which about 19-23 million tonnes enter into
the aquatic ecosystem a year, according to the United Nations Environmental Programme. The study also estimates about 75-199
million tonnes of plastic accumulation in oceans [1]. It has many adverse effects on marine life and land-based organisms. The
degradation process of plastic debris involves the formation of smaller particles known as microplastics (<5 mm in size) and even
smaller nanoplastics (<100 nm in size) [2,3].

The prevalence of microplastics in the food and beverage supply chain is a growing concern with significant implications. Extensive
research has documented the presence of microplastics in various food sources, including freshwater, salt, milk, fish, tea, and paper-
based food packaging [4-9]. The small size of these particles facilitates their easy penetration of biological barriers, raising concerns
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about ingestion, inhalation, and dermal exposure [10]. Studies indicate that individuals may unwittingly consume an average of 0.1-5
g of microplastic particles through various routes [11]. Alarmingly, recent investigations have revealed that microplastics smaller than
10 pm can breach cell membranes and enter the circulatory system, with detections in the human placenta, breast milk, lung tissue, and
sputum further underscoring the extent of plastic exposure [12-15]. Particularly worrisome is the contribution of single-use plastic
materials, such as polyethylene (PE) lined paper cups, to environmental microplastic pollution. Though these cups favor convenience
and hygiene benefits, they consist of a paperboard substrate (150-350 g/m?) and a plastic liner (approximately 50 pm thick) that can
release high levels of tiny particles and harmful chemicals, including phthalates, antioxidants, perfluoroalkyl substances, and heavy
metals, into the food, posing severe health risks [16-20]. Hence, urgent measures are needed to mitigate this escalating threat to food
safety and human health.

Given the extensive range of challenges stemming from microplastic contamination, it is crucial to develop accurate quantification
and assessment techniques. Various commonly used methods include microscopy, Fourier-transform infrared spectroscopy (FTIR), and
Raman spectroscopy [21]. When Raman spectroscopy exhibits difficulty in detecting highly fluorescent, opaque, and indistinguishable
polymers, FTIR’s sensitivity decreases with particle size, making it less effective for detecting nano plastics [22,23]. This necessitates
the development of laser-assisted sensitive, non-destructive evaluation techniques.

The thermal lens (TL) technique, renowned for its exceptional sensitivity at the nanoscale, has emerged as a powerful solution that
can address the limitations of existing methods. Here, the localized heating, as a result of the pump beam absorption, results in a
refractive index change in the medium, generating a lens-like effect that affects the path of the probe beam [24-26]. The TL technique
enables the precise measurement of optical absorbance, surpassing the capabilities of conventional transmission spectrometry. The
extraordinary signal-to-noise ratio and sensitivity allow the detection of a temperature variation of 107 to 10™* °C, making it a
valuable tool in various scientific disciplines [27]. Today, TL spectrometry, a non-destructive evaluation technique, finds applications
in diversified fields like trace detection, foodstuff analysis, chemistry, environmental science, and biomedicine [27-30]. The present
work comprehensively analyses the microplastics leaching into the hot water from paper cups through the multipronged approach
using optical microscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM), FTIR, UV-visible, and Raman
spectroscopy. The paper also proposes a surrogate thermal lens-based technique for detecting and quantifying microplastics in water.

2. Materials and methods

To investigate the presence of microplastics leaching into the water from the paper cup, hot distilled water at different temper-
atures, 25 °C, 40 °C, 60 °C, 80 °C, and 95 °C is poured into the paper cups of three different manufacturing companies. The water in the
cups is allowed to cool down to room temperature for 1 h. These water samples are labeled as S25, S40, S60, S80, and S95. The
experiment is repeated with five sets of paper cups from three different manufacturing companies. The samples are subjected to
morphological, structural, optical, and thermal characterizations.

The morphological characterization of the samples is carried out using (i) an optical microscope (Olympus CX31) at 40x
magnification, (ii) a scanning electron microscope (Carl Zeiss EVO 18 Research), and (iii) atomic force microscopy (AFM-BRUKER
Dimension Edge SPM) in contact mode. The energy dispersive spectroscopic (EDS) technique using Amtech Energy Dispersive X-ray
analyzer explains the sample’s elemental composition. When hot water is taken in the paper cup with plastic coatings, the plastic melts
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Fig. 1. Schematic representation of mode mismatched dual beam thermal lens setup.
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and leaches into the water, which changes the roughness of the inner surface of the paper cup. To analyze the change in surface
roughness, the hydrophobic plastic film from the inner surface is carefully peeled off to record the AFM images. To understand the
structure of leached particles, the FTIR spectrum of the plastic film with S25 — S95 samples and the plastic particles collected by
concentrating the sampleS95 is recorded in the attenuated total reflectance mode range of 4000 cm " to 400 cm ™! using a PerkinElmer
FTIR spectrophotometer. The Raman spectrum of the sample is recorded using a Horiba Lab RAM Micro-Raman Spectrometer with an
argon ion laser source at 532 nm, which also helps to confirm the molecular structure. The UV-visible absorption spectrum, recorded
in the range 200 nm - 800 nm using a Jasco V550 UV-visible spectrophotometer, helps in understanding the optical characteristics of
the samples.

To understand and quantify the leaching of microplastics from the paper cups Neubauer counting chamber of dimension 3 mm x 3
mm x 0.1 mm, comprising nine grids of 1 mm? is employed. The particles in the grids of the Neubauer chamber are counted by keeping
the chamber under an optical microscope (Olympus CX31). From the average number of particles per grid of volume 1077 L (1 mm? x
0.1 mm), the total number of particles per liter in the water sample is estimated [31].

The thermal parameter - thermal diffusivity - of the samples is determined using the mode mismatched dual beam thermal lens
(MMDBTL) setup shown in Fig. 1. An average of 120 TL signals collected from five sets of paper cups from each company have been
analyzed for the TL study at each temperature. In the arrangement, a TEMyy mode Kimmon IK series Helium-Cadmium laser
(wavelength A = 442 nm, power = 80 mW) and a Helium-Neon laser (wavelength A, = 632.8 nm, power = 2 mW) are used to set up a
collinear MMDBTL configuration. The 442 nm laser is the pump beam, while the 632.8 nm laser is the probe beam for the MMDBTL
setup. The pump beam intensity is reduced to get a blooming-free TL formation inside the sample using a neutral density filter. In-
tensity modulation of the pump beam at 1 Hz is achieved using an electromechanical chopper (SRS — 540). The focused pump beam is
directed onto a 10 mm glass cuvette (sample cell length, 1) containing the sample by a convex lens of focal length 40 cm. Simulta-
neously, the low-intensity probe beam is directed onto the sample centre collinearly with the pump beam through a dichroic mirror.
The TL formation due to the probe beam is neglected, as the nanofluid shows poor absorption at the A;. The degree of mode mis-

2
matching (m = (Z—‘:) ) is determined by the ratio of the squares of the probe beam (w, = 1.4 mm) and pump beam (w = 0.236 mm)

radii at the sample centre calculated by using the Nano Scan 2S commercial slit beam profiler. The variations in the central beam
intensity of the probe beam are analyzed using a photodetector. The resulting TL signals from the photodetector are displayed on a
digital storage oscilloscope, Teledyne Wave Surfer (DSO, 500 MHz).

Let I be the intensity of the probe beam centre at a time (t) = 0, and I(t) be the intensity for a particular instant t. The central
intensity variation can be expressed as an equation (1) [32].

2

I(t) =T [1- tant 2mv
[(1 +2m)* +V2] (;) +1+2m+V?

2 (€9)]

here, t. stands for the characteristic time constant, and V represents the ratio of the separation between the sample cell and the probe
beam waist to the confocal distance of the probe beam. The parameter 6 depends on the quantities Py,- absorbed photothermal energy,
A - absorption coefficient of the sample, 42 - refractive index gradient with respect to the temperature, and K-thermal conductivity by
equation (2) [32,33].
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Fig. 2. (a) SEM image of the sample S95 (b) EDS spectrum of the sample S95 with atomic % of elements present.
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The experimental TL signal is subjected to curve fitting using equation (1). The sample’s thermal diffusivity (D) can be calculated
using equation (3) [32,33],

(3)

3. Results and discussion

The fact that paper cups have a fine coating of HDPE suggests the possibility of leaching microplastics into the hot liquid taken in
them. To verify the presence of any such particle in the liquid, here water, SEM, and optical microscopic analysis are carried out. The
study helps in understanding the morphology and number density of particles present. The SEM image shown in Fig. 2a reveals the
presence of spherical particles at the micron size along with an increased concentration of nanosized particles when hot water at a
temperature of 95 °C is poured into the paper cup. The quantification of microparticles in samples S40 to S95 is conducted using an
optical microscope, and the revealing number density of particles is 21.4 million/liter, 41.6 million/liter, 75.2 million/liter, and 109.4
million/liter, respectively. The observation reveals a positive correlation between the number of microparticles in the sample and the
initial temperature of water taken in the paper cup.

Having found micron and nano-sized particles in the samples, investigations are carried out to understand the nature and structure
of the particles by various techniques like UV-visible, FTIR, Raman, and EDS. Elemental analysis of the S95 by EDS confirms the
presence of carbon, oxygen, chlorine, magnesium, aluminum, sodium, potassium, and calcium, as shown in Fig. 2b. The presence of
carbon, constituting 41.97 % of the atomic weight, suggests that the particles in water leached from the paper cup could be micro-
plastics which should be confirmed through further spectroscopic analyses. Ranjan et al. [34], have reported that elements other than
carbon and oxygen in the samples can be attributed to the leaching of several additives used in the paper cups to enhance the plastic
coatings’ flexibility, colour, and durability. The literature on microplastics [34] supports the elements listed in Fig. 2b as the possible
constituents of the coating material in the paper cup.

The UV-visible absorption spectrum reveals electronic transitions from the ground to the excited state. The absorption spectrum of
samples S25, S40, S60, S80, and S95, shown in Fig. 3, exhibits a peak at 263 nm. This spectrum aligns with reported results, and the
263 nm peak is attributed to the © - n* transition, signifying electron delocalization in an aromatic ring [35]. The UV-visible absorption
spectrum (Fig. 3) agrees well with the literature reports of microplastics thereby suggesting the particles found in the samples to be
microplastics. The increase of the absorbance at 263 nm for the samples S25 — S95 indicates the increase of microplastic leaching into
the water.

Fourier-transform infrared spectroscopy is a non-destructive method that provides information about a sample’s chemical
composition, molecular structure, and functional groups. The representative FTIR spectrum of the high-density polyethylene(HDPE)
films peeled off from the paper cups with S25 — S95 is shown in Fig. 4a. Fig. 4b shows the FTIR spectrum of the HDPE particles collected
from the samples $95. The peaks at 2916 cm~! and 2848 cm™! can be allocated to the CH stretching of all hydrocarbon constituents in
polymers [36-38]. The peaks located at 1472 cm™' and 1462 cm™! correspond to CH, bending and C-H deformation, while those at
729 em™! and 718 em™! belong to CH, rocking vibrations [35,37]. Except for the peak at 2916 cm™, all other peaks found in the
hydrophobic film and $95, match the absorption peaks of HDPE reported in the literature. The cellulosic peak at 3381 cm™! in the
hydrophobic film and those in the range 1200 cm~'-800 cm! observed in the film and $95 indicate the possibility of the fraction of
paper adhered to the plastic film [39,40]. Thus, the FTIR spectrum showing the characteristic peaks of HDPE confirms the presence of
microplastics leaching from the paper cup. Table 1 presents the peak assignments of polymers identified in the hydrophobic film and
the sample S95.
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Fig. 3. UV-visible spectrum of the sample S25 — S95.
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Fig. 4. FTIR spectrum of the samples — (a) HDPE films peeled off from the paper cups with $25-S95 and (b) HDPE particles collected from the
sample S95.

Raman spectroscopy deciphers the sample’s molecular vibrations, rotations, and other low-frequency modes. The Raman spectrum
of the sample S95 (Fig. 5) exhibits characteristic peaks at 2891 cm ™! and 2895 cm ™!, attributed to CH, stretching and CH symmetrical
stretching, respectively, signifying the presence of aliphatic hydrocarbon components [41]. Notably, the appearance of the peak at
1094 cm™! corresponds to the anti-symmetric stretching vibration of C-O-C bonds, suggesting the ether linkages within the micro-
plastic composition [41]. The 1052 cm™! peak denotes CH bending and C-C stretching modes, shedding light on the structural
characteristics of the microplastics. The spectrum further reveals peaksat 1118 cm™ 11604 cm™!, 1418 cm™!, 1449 cm ™1, 1599 cm ™Y,
990 cm ™}, and 906 cm ™}, corresponding to CH in-plane bending, C=C stretching, CH, wagging, CH, scissoring, C=C stretching, C-C,
C-OH, C-H vibrations, and C-H out-of-plane deformation, respectively [40,42,43]. These spectral signatures confirm the leaching of
microplastics from the paper cup into the water.

When water at different temperatures is taken in the paper cup, the microplastic particles leach into the water. This process alters
the surface morphology of the HDPE film coated inside the paper cup. The leaching-induced surface modifications are displayed in the
AFM images shown in Fig. 6. The AFM analysis reveals that root means square roughness varies from 138 nm to 270 nm for the fresh
film and that with S95, respectively reiterating the dilapidation of the film due to the leaching of microplastics into the water.

In the present work, for the first time, the TL technique is used as a valuable tool for investigating microplastic leaching from a
paper cup into water. The thermal diffusivity of the samples is studied to characterize the variation in the water due to the leaching of

Table 1

FTIR spectral peak assignments of fresh film and S95.
Wavenumber (cm~!) Fresh Film S95 Assignment References
3381 v X O-H stretching of carboxylic acids [39,40]
2916 v X CH stretching [36]
2848 v v CH stretching [38]
1747 X v C-O stretching [38]
1643 v X C-C stretching [36]
1580 X v C-C stretching [38]
1540 X v C-N stretching
1462 v v C-H deformation, [38]

C-H bending

1472 v v C-H deformation [38]
1376 v v CHsbending [36]
1048 v v C-O stretching [36,39]
1017 v v C-O stretching [36]
729 v v C-H rocking [36]
718 v v C-H rocking [36]
540 v v aromatic ring out of the plane bending [38]
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Fig. 5. Raman spectrum of S95.

Fig. 6. AFM 3-D image of the surface of the hydrophobic film (a) before taking hot water, (b) after taking hot water.

microplastics. The thermal diffusivity of a paper cup holding hot water at different temperatures is analyzed by the highly sensitive
MMDBTL technique. Initially, the TL setup is standardized by finding the D value of the water (S25), and its value is obtained as (1.43
+ 0.01) x 10”7 m?/s, which agrees well with literature reports [44].

For the thermal diffusivity study, a total of 480 signals are analyzed. The boxplot representation of 120 TL signals at each tem-
perature for five sets of paper cups (3 different manufacturing companies each) is shown in Fig. 7. After obtaining an average of 120
thermal lens signals, the values of D for the samples S25 — S95 are shown in Fig. 8a. It can be seen that the thermal diffusivity gradually
increases from S25 to S95. This rise in D primarily stems from the higher number density of leached microplastic particles at higher
temperatures due to intensified Brownian motion, better dispersion, increased interfacial interactions, and variations in particle size
[45-47]. Sankar-Swapna model explains the generalized theory of thermal conductivity for different media. The model explains the
effective thermal conduction of solids, different solid combinations, and, solid-fluid mixtures. As the volume of solid particles in the
liquid increases, the particle concentration along the direction of propagation of heat increases, leading to the enhancement of
effective conduction through the medium [48]. The thermal diffusivity enhancement of the samples observed in the study is due to the
increase in the number of micro/nano plastics and the consequent increase of solid volume fraction which is in good agreement with
the Sankar-Swapna model. The optical microscopic analysis, revealing the increase of the number of particles and the ensuing
increased optical absorbance reflected in the UV-visible absorption spectrum, also justifies the observed increase of D. The variation of
D of the water sample containing microplastics is found to follow the linear relation, given by equation (4), with the temperature T of
the water while pouring into the paper cup.

D=3x10""T+1x107 (m*/s) 4

The optical microscope analysis shows a quantification of the number of microplastics (N) in 1 L of water samples at different
temperatures T (S25 — S95). The degree of correlation of N with D can be understood by plotting the thermal diffusivity of the samples
against the number of microplastics in 1 L of water samples, as shown in Fig. 8b. From Fig. 8b, it is evident that D is strongly correlated
to N through the linear relation given by equation (5) with R? = 0.99.

N (million / litre) =5 x 10°D — 7 x 102 (5)

Equation (5) can be used for finding the number of microplastics (N) knowing the thermal diffusivity of the sample by TL technique.
Thus, the present work proposes a novel surrogate method for estimating the number of microplastics in water samples using the
sensitive, non-destructive TL technique.



P. Anju Abraham et al. Heliyon 10 (2024) e34532

-
(-]

-
~
1

Thermal diffusivity x10-7 (m2/s)

1.6 1
1.57
> A
1.51
1.5 1
1.46
1.4 -
40 60 80 28
Temperature (°C)

Fig. 7. Boxplot representation of thermal diffusivity of the sample S40-S95.

0 — 1207
T 1.5 (=) . - (b}
= g 100
© 1.60 <
= v 807
2 )
g 8
= 1.50 5 404
i '
T 1.45. o 201 b
= E
£ 140} . : : z 01 ° : . : .
20 40 60 80 100 145 150 155 1.60 165
0, - T
Temperature (°C) Thermal diffusivity x107 (m2/s)
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4. Conclusions

Plastic, a substance that has greatly enriched our daily lives and played a pivotal role in the evolution of urban living, has emerged
as both a beloved companion and a contentious adversary, as it encompasses a diverse array of modern polymers, requiring a
continuous assessment to safeguard our environment from its potential perils. The paper unveils the potential of the TL technique in
detecting and quantifying microplastics. The microplastic leaching into water from the inner HDPE coatings is systematically inves-
tigated by various techniques. The morphology of the microplastics is understood from optical microscope and SEM images. The SEM
images showcase the presence of spherical microparticles with the highest concentration at 95 °C. EDS analysis suggests the presence
of microplastic, with carbon constituting 41.97 % of the atomic weight. The UV-visible absorption spectrum exhibited a prominent
263 nm peak, linked to the 1-7* transition signifying electron delocalization in an aromatic ring, and its intensity increased with rising
temperatures, indicating a temperature-microplastic release correlation. The FTIR analysis identified HDPE-based microplastics and
cellulose-related peaks, supporting the likelihood of microplastic leaching from the cup. Raman spectroscopy unveiled microplastic
composition and structural insights, detecting distinctive peaks associated with aliphatic hydrocarbons, ether linkages, and structural
features. The analysis of microplastic particles reveals a direct relationship between water temperature and leaching, with 109.4
million particles per liter detected in S95. The AFM analysis of plastic film exposed to hot water demonstrates significant surface
roughness changes, signifying structural deterioration due to heat exposure. The thermal diffusivity of the water samples with
microplastics is determined from the 120 observations, performed with the paper cups of three different manufacturers, by the TL
technique. It is observed that the thermal diffusivity exhibits a linear correlation with the temperature of the water taken in the paper
cup. The number of microplastics leached into water samples also exhibited a linear correlation with thermal diffusivity. Thus, the
study proposes a surrogate sensitive, non-destructive TL -based technique for detecting and quantifying microplastics.
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