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ABSTRACT: Microplastics are particulate water contaminants
that are raising concerns regarding their environmental and health

impacts. Optical spectroscopy is the gold standard for their

detection; however, it has severe limitations such as tens of hours
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comparison purposes. We used monodisperse polystyrene and

poly(methyl methacrylate) microplastic spheres of sizes ranging between 6 and 20 ym, also measured collectively using a bench-top
FTIR spectrometer in ATR mode. The ATR-FTIR technique appears to be more sensitive for the smallest particles of 6 ym, while
the opposite trend is observed using Raman spectroscopy. We use theoretical modeling to simulate and explain the ripples observed
in the measured spectra at the shortest wavelength (higher wavenumber) region, which appears as an indicator of the microparticle
dimension. The latter finding opens new perspectives for ATR-FTIR for the identification and classification of populations of nearly
identical micro-scale bodies, such as bacteria and other micro-organisms, where the same measured spectrum embeds dual
information about the chemical nature and the size.

1. INTRODUCTION thermo§ravimetric analysis,”® and nuclear magnetic reso-

nance.”” However, most of these techniques require heavy
sample preparation and/or are time-consuming,”””" especially
those techniques that rely on scanning over the sample surface
to produce a detailed mapping of the microplastic particles.
Some techniques based on the fabrication of microfluidic chips
were also developed,”"*” where the chips were used for size
sorting of the microplastics and their staining with a
fluorescent material.

Many efforts were done for the purpose of comparison
between these different techniques,”* " especially comparing
the Raman and FTIR techniques for measuring of micro-
plastics in water.*>*” However, most of these comparisons
compare Raman to FTIR microscopy (or micro-FTIR), which
cannot be used for the detection of particles smaller than 10

Microplastic particles of various sizes and materials are known
to cause pollution in aquatic and marine environments' ~* and
even in drinking water.’ These particles could be made of
polypropylene, polystyrene (PS), polyethylene, nylon, poly-
(methyl methacrylate) (PMMA), or poly(ethylene terephtha-
late),”” with a size of less than 5 mm down to 1 ym® and many
shapes such as fibers, foams, films, foils, fragments, pellets, and
spheres.””"? Their sources in fresh water include degraded
plastic waste, industrial effluents, and wastewater efflu-
ents,"*™'° while in marine environments, they arise from
sources including plastic production or recycling, sandblasting,
fishing gear, synthetic clothing, and packaging materials.
Moreover, spherical microbeads are intentionally added to
some daily consumed products including exfoliants,'” liquid
soup,'® and toothpaste,'” where they contribute to the
microplastics found in aquatic environments.”

Many techniques exist in literature for the characterization of
aquatic microplastics including micro-Fourier transform infra-
red (micro-FTIR),”" micro-Raman,”” attenuated total reflec-
tion FTIR (ATR-FTIR),”** surface-enhanced Raman spec-
troscopy,”® fluorescent material tagging,”® flow cytometry,”’
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Figure 1. (a) Measured ATR transmittance spectrum for microplastic spheres using a bench-top FTIR spectrometer device. Dashed lines show the
absorption peak positions for PMMA and PS. (b) PMMA 6 ym microspheres on a diamond ATR crystal, (c) PMMA 10 gm microspheres on a
diamond ATR crystal, and (d) PS 20 gm microspheres on a diamond ATR crystal.

um™® due to the limited spatial resolution in infrared imaging.
Both scanning techniques are also time-consuming, especially
Raman imaging, which can accommodate much smaller spatial
resolution in the order of 1 ym.

In this work, we propose a collective measurement instead of
bulky and expensive spectroscopic microscopy systems, where
our aim is to use compact and low-cost spectrometers for the
purpose of analyzing the whole population of microplastics. Of
course, by doing so we are not capturing the spatially resolved
information. However, we aim to get information about both
the size and material of the sample from a single spectrum.
More importantly, our study revealed that through the
comparison between Raman and ATR-FTIR, they could be
complementary when considering different particle size ranges,
where our findings show that for ATR-FTIR, smaller particles
give rise to a stronger signal, which is in contrast with the
Raman case where smaller particles give rise to a weaker signal.

For demonstrating the concept, we apply the technique for
the identification of monodisperse PMMA and PS microplastic
spheres of sizes 6, 10, and 20 ym using a bench-top FTIR-ATR
spectrometer, and we simulate their FTIR-ATR spectrum in
the short-wavelength (higher wavenumber) region. We also
introduce a portable setup developed for measuring the
microspheres using different miniaturized spectrometers and
comparing their respective responses.

2. RESULTS AND DISCUSSION

2.1. Bench-Top FTIR Measurements. The transmittance
spectra obtained using a bench-top FTIR setup are shown in
Figure 1 for the three types of microspheres, along with the
expected locations of the characteristic absorption peaks for
PMMA and PS in dashed lines.> The measured absorbance
peak wavenumbers for all spheres are shown to be in good
agreement with the corresponding expected peak locations
(dashed lines). Additional ripples are also found in the
spectrum especially in the short-wavelength (larger wave-
number) spectral region, which can be attributed to
Whispering Gallery Modes (WGM) excited inside the
microspheres, which can be explained by the Mie scattering
theory,”* ™% which is also known to depend on the particle
dimensions.

An important observation is that the absorbance peaks of
FTIR-ATR become stronger with decreasing sphere diameter,
as it can be clearly seen that the PMMA 6 pm spheres have a
significantly stronger absorption compared to PMMA 10 pm
and the PS 20 ym showing the weakest absorption peaks. This
trend can be attributed to the fact that the material fills a larger
fraction of the volume containing most of the evanescent field
(active region), which has an exponentially decaying optical
intensity and is determined by the ATR penetration depth (d,)
above the crystal/air interface, as shown in Figure 2. The figure

DDA Simulation Setup

i Active Region
|
~exp(-h/dp) ] rz/

1(h)

\ Substrate

IncidentReflected
Wave  Wave

Figure 2. Illustration for the increase of the sphere fill factor for the
active region in case of a small sphere compared to the case of a large
sphere. The simulation setup used for DDA simulations is also shown,
with arrows showing the WGM rays inside the sphere.

shows that the smaller particle size results in the spheres filling
a larger fraction of the active region compared to the larger
particle size, eventually resulting in a stronger absorption peak.
This implies that smaller particles are easier to detect using
FTIR-ATR and require a lower signal-to-noise ratio (SNR) of
the spectrometer to enable easier detection and identification
of the smallest particles, compared to larger particles.

It is worth mentioning at this stage that this observation
suggests new perspectives for ATR-FTIR for the identification
and classification of populations of identical micro-scale
bodies, such as bacteria and other micro-organisms, whose
dimensions are below 10 ym, where the same measured
spectrum is embedding dual information about the chemical
nature and the size, that is a combined bio-chemical and
biophysical signature embedded in the same spectrum. For

https://doi.org/10.1021/acsomega.2c07998
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Figure 3. (a) Measured and simulated FTIR-ATR transmittance spectrum for 10 and 6 #m microplastic PMMA spheres using the DDA technique.
The right part of the spectrum contains the specific absorption peak of PMMA. The central shaded region shows the region masked by CO, and
diamond high absorption. (b) Measured FTIR-ATR transmittance spectrum for 10 and 6 ym microplastic PMMA spheres and the calculated

transmittance of a single PMMA sphere using the Mie theory.
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Figure 4. (a) Measured ATR transmittance spectrum for microplastic spheres using the MEMS-based miniaturized FTIR spectrometer device.
Dashed lines show the absorption peak positions for PMMA and PS, with an inset showing a zoom-in view and (b) measured Raman spectrum for

microplastic spheres using the miniaturized Raman spectrometer.

instance, Liu et al.’” showed that the combination of length,
diameter, and refractive index could act as a biophysical
signature to identify the bacteria species. While many prior
works reported on the measurement of bacteria using ATR-
FTIR absorption spectra,”>” we propose using the ATR-FTIR
spectra to retrieve their characteristic dimension embedded in
the scattering ripples in order to assist, together with the
absorption spectra, in identifying the bacteria species.

2.2. Microsphere ATR Simulation. In order to better
explain and understand the measured spectra obtained using
the FTIR-ATR spectrometer, a simulation model was
developed for the different microplastic spheres under
consideration in this study. The measured and simulated
spectra for PMMA 10 ym and PMMA 6 um spheres are
superimposed in Figure 3a, where the simulation with non-
absorbing PMMA 10 pm microspheres was also plotted for
comparison. The figure shows a good agreement between the
measured and simulated spectra and shows that the spectral
ripples, specific to the particles dimensions, in the larger
wavenumber region can be adequately explained by
simulations, as shown in Figure 3a. The two absorption
peaks at 2940 and 2666 cm™" are also shown to be due to the
specific absorption of PMMA. Some discrepancy from the
simulation can be observed in the middle part of the figure

10337

(gray zone) due to the atmospheric carbon dioxide absorption
present in the surrounding air, in addition to the high diamond
absorption. Overall, the spectrum is showing two distinct
pieces of information: (i) about the specific chemical nature of
PMMA on the lower wavenumber range and (ii) about the
specific size of 10 ym of those PMMA particles, in the higher
wavenumber range.

In order to show that the ripples in the higher wavenumber
range are caused by Mie scattering, we plot in Figure 3b the
measured spectra for PMMA 10 gm and PMMA 6 um spheres
in addition to the calculated transmittance due to a single
isolated sphere in space of the corresponding diameter
according to Mie theory. The transmittance of the sphere T
is calculated as T = 100(1 — QmASP/Ad),60 where Q,, is the
extinction coeflicient of a sphere using the calculated using the
Mie coefficients®’ (see Supporting Information), A, is the
cross-sectional area of the sphere, and Ay is the detector area,
where the detector area is assumed to be 30 times the sphere
area. The plot shows that the measured ripples have a similar
periodicity as those resulting from the Mie theory. The Mie
plots do not coincide exactly with the measurements because
the experimental data are for spheres measured in ATR mode
as opposed to transmission as assumed by the Mie equations.

https://doi.org/10.1021/acsomega.2c07998
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Figure S. (a) Schematic for the miniaturized measurement setup for simultaneous measurement of microplastic spheres using ATR-FTIR and
Raman spectroscopy. (b) Picture of the built setup with the inset showing a zoomed-in image of the ATR crystal with the Raman spectrometer

aligned and the Si slab placed.

2.3. Miniaturized FTIR and Raman Measurements.
Since ATR-FTIR appears as a suitable technique for analysis
for analyzing sub-20 pum scale particles, without stringent
requirements regarding the SNR, we extended our study,
further considering low-cost spectrometers. To this end, we
built a setup suitable for comparing two different spectrom-
eters, whose common feature is their compactness and low
cost. Both FTIR-ATR spectroscopy based on micro-electro-
mechanical systems (MEMS) and a compact miniaturized
Raman spectrometer were mounted together and used for the
analysis of microplastic spheres. This setup has the advantages
of enabling the measurement of the microplastic spheres using
the FTIR and Raman spectrometers simultaneously and
comparing their respective responses.

Figure 4b shows measured spectra using this setup for the
different types of microspheres, where the absorption peaks
can be identified, but with some difficulty due to the large Mie
scattering ripples in this wavenumber range. Measured Raman
spectra for different types of spheres, as well as the PMMA and
PS Raman peak locations from literature,”>®* are shown in
Figure 4a, where PMMA and PS peaks can be clearly identified
despite some extra peaks existing due to the silicon substrate,
with good agreement with the expected peak locations. The
Raman spectra were also acquired inside the water droplet
before drying, with nearly the same result.

It can be clearly observed from Figure 4a that the Raman
signal increases for larger particle sizes, making them easier to
detect in the case of Raman spectroscopy, which is a
completely opposite trend compared to FTIR-ATR spectra.
This can be attributed to the small beam size of the Raman
spectrometer, which detects one particle at a time. This makes

the laser spectrometer beam contain more of the analyte
material for larger particles, compared to smaller particles, and
hence results in a larger Raman signal.

3. MATERIALS AND METHODS
3.1. Microplastic Spheres. Three types of spherical

microparticles were used in the experiments, namely, PMMA
microspheres of a 6 ym diameter (PMMA 6 pm), PMMA
microspheres of a 10 ym diameter (PMMA 10 ym), and PS
microspheres of a 20 ym diameter (PS 20 ym). The spheres
were obtained from Microbeads AS, Norway.

3.2. Sample Preparation. The measurements were done
on a colloidal solution of model spherical microplastic
particles, of known size and chemical nature, suspended in
deionized water and dispensing 50 uL of the solution using a
micropipette on the top of the diamond crystal. The water was
left to dry on the top of the crystal at room temperature, and
the spectrum was measured after the water dried completely.

3.3. Bench-Top FTIR Measurements. The microplastic
spheres were measured in ATR mode using a bench-top FTIR
spectrometer (PerkinElmer Spectrum II) at a resolution of 64
cm™" and a single scan with a scan time of 28 s, with a strong
apodization. The spectrometer was fitted with a 3-reflection
diamond ATR crystal (PIKE Miracle), which has an angle of
incidence of 45° inside the diamond crystal, where the whole
sample (all spheres) is measured in bulk without scanning. The
spectrum of each reading was divided by a background
spectrum, which is taken with the same setup but with no
sample on the top of the diamond crystal. No correction was
applied to the obtained spectra.

https://doi.org/10.1021/acsomega.2c07998
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3.4. Microsphere ATR Simulation. The simulations were
carried out using the discrete dipole approximation (DDA)
method,”” which approximates the scattering particle as a finite
array of small polarizable dipoles and solves for the electric
field in their presence, where the ADDA implementation of
DDA was used.”” This technique was chosen for its easier
simulation setup compared to full electromagnetic simulation
methods such as the finite-difference time domain method.
The simulated setup is a wave propagating in a diamond
medium and reflected at the bottom of a plastic microsphere,
as shown in Figure 2, where the complex refractive index of
both diamond and the plastic as functions of wavelength were
taken from literature’"*” (diamond imaginary index is
neglected). The simulated spectrum was convoluted with the
instrument function of the spectrometer to consider the
limited spectral resolution used in the lab measurements.

3.5. Miniaturized FTIR Spectrometer. The MEMS-based
FTIR spectrometer (Neospectra, Si-Ware Systems), developed
by our group, uses a MEMS-based Michelson interferom-
eter”™** deeply etched on a silicon substrate using the deep
reactive ion etching technique,47 a long travel range actuator,*®
and a lead selenide (PbSe) detector. This enables it to acquire
spectra at a resolution of 66 cm™ in the wavelength range
1350—4500 nm (wavenumber range 2500—7400 cm™"), which
includes only the beginning of the mid-infrared range (larger
wavenumbers), in contrast to other techniques such as
quantum cascade laser-based systems®’ that measure in the
middle of the infrared region. A boxcar apodization function
and a single scan with a scan time of 28 s were used. No
correction was applied to the obtained spectra.

3.6. Miniaturized Raman Spectrometer. The Raman
spectrometer (Hamamatsu Photonics C13560) uses an
excitation laser at the wavelength of 785 nm with a power of
1S mW and was used to measure the microplastic spheres at a
resolution of 10 cm™!. The scan time was 1 s, and the number
of averaged spectra was 10 for the PS 20 ym measurements
and 50 for both the PMMA 6 pm and PMMA 10 pm
measurements. The baseline was corrected by subtracting a
linear fit from the Raman spectrum using the software
provided by the spectrometer manufacturer.

3.7. Miniaturized Simultaneous FTIR and Raman
Spectroscopy Setup. The same ATR accessory, as well as
the same sample preparation method, were used in this setup
as in the previous subsection related to the bench-top
experiment. The setup, as shown in Figure Sa, includes a
mid-infrared light source with a collimating lens, the ATR
accessory, and the spectrometers, where the spectrometer and
the light source are placed on micro-positioners to help in their
optical alignment. The Raman spectrometer is placed to
measure the Raman spectrum from the top, as shown in the
figure. This enables the simultaneous measurement of ATR
and Raman spectra. However, a problem arises in this case due
to the high photoluminescence signal generated from the
diamond crystal,”>" which saturates the Raman spectrometer.
The solution used in this case was to use the tip of a silicon
wafer to partially cover a small area near the diamond crystal
and act as a substrate for measuring the Raman spectrum, as
shown in Figure Sb, where the small silicon tip does not affect
the ATR spectrum, while allowing Raman measurements to be
made effectively. However, this solution is applicable for
measuring homogeneous samples only and not for environ-
mental samples that are never homogeneously distributed”” as

the ATR and the Raman spectrometers measure different parts
of the sample.

The specifications of the different spectrometers used in this
study are summarized in Table 1.

Table 1. Summary of the Specifications of Different
Spectrometers Used

miniaturized miniaturized
bench-top FTIR FTIR Raman

spectral range  8300—350 6000—2300 1850—400

(em™)
dimensions 46 X 30 X 23 9XSX4 75X 55X 13

(em)
resolution 66 (used for 66 10

(em™) comparison) 0.5

(best)

4. CONCLUSIONS

We propose the batch analysis of microplastics using a
miniaturized setup, as opposed to other time-consuming
methods, which depend on measuring individual particles.
Different types of plastic microparticles and sizes were
measured using FTIR-ATR spectroscopy first using a bench-
top FTIR spectrometer. In addition to the absorption peak that
is specific to the type of plastic under consideration, the
additional ripples observed in the spectrum at the lower
wavelength region were attributed to Mie scattering and could
serve as an indicator of the particle dimensions. The combined
chemical and physical spectral signatures are adequately
simulated using the DDA technique. A miniaturized portable
setup was also built to simultaneously measure and compare
the FTIR-ATR and the Raman spectra obtained from the
different microplastic particles, with good agreement with the
peaks reported in the literature. It was found that the
microspheres with a smaller size give rise to a stronger
FTIR-ATR signal than the larger microspheres. This is the
opposite trend to the Raman signal, which is stronger for larger
microspheres than smaller ones. The results of this study
suggest perspectives for ATR-FTIR, which appear promising
for the identification and classification of populations of
identical microparticles where the same measured spectrum
embeds dual information about the chemical nature and the
size. Typical applications include the identification of the
microbeads that are intentionally added to some daily
consumed products including exfoliants,” liquid soup,18 and
toothpaste.”” It can also be applied to the identification of
micro-scale bodies, such as bacteria and other micro-
organisms.
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