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Abstract: The pollution of the environment with microplastics in general, and in particular, the
contamination of our drinking water and other food items, has increasingly become the focus of
public attention in recent years. In order to better understand the entry pathways into the human
food chain and thus prevent them if possible, a precise characterization of the particles concerning
their size and material is indispensable. Particularly small plastic particles pose a special challenge
since their material can only be determined by means of large experimental effort. In this work, we
present a proof of principle experiment that allows the precise determination of the plastic type and
the particle size in a single step. The experiment combines elastic light scattering (Mie scattering)
with inelastic light scattering (Raman scattering), the latter being used to determine the plastic type.
We conducted Monte Carlo simluations for the elastically scattered light for different kinds of plastics
in a microfluidic cuvette which we could reproduce in the experiment. We were able to measure the
Raman signals for different microplastics in the same measurement as the elastically scattered light
and thereby determine their material. This information was used to select the appropriate Monte
Carlo simulation data and to assign the correct particle size to different materials with only one
calibration measurement.
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1. Introduction

Despite the undeniably serious impact of microplastics on the environment [1,2],
especially with regard to marine life [3–5], it is difficult to make a clear assessment of
the extent to which humans are already affected. The best researched effects of plastics
of all kinds are mainly of a physical nature, such as strangulation or the ingestion of
larger quantities, which are, nevertheless, of no less importance [6]. However, small
particles, i.e., particles smaller than 5 mm [7,8], account for the largest amount of plastic [6]
unintentionally released into the environment. Although a connection between some
diseases, e.g., fibrosis [9], and microplastic exposure has already been shown, a final
assessment of the hazard potential of microplastics is difficult due to their rather low
toxicity and large inertness. Particles smaller than 100 µm pose a particular challenge here.
Not only do they account for a large part of the contamination of water resources used by
civilization according to certain studies [10–13], but they are also particularly challenging
in terms of their detection and correct identification.

A microplastic analysis is usually conducted by sampling and processing a certain
volume of water [14] for an experiment. Many studies have been conducted in which
water samples were sieved and filtered prior to the analysis of the particles contained
therein. Here, only working under clean room conditions was shown to be an adequate
experimental environment, because even in control samples a large number of fibers were
found [15], which could be attributed to the contamination of the samples via airborne
particles [16].

In the past, studies for the identification of plastic particles often used stereomicro-
scopic methods [17,18], but in recent times, it has been shown that these are extremely
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susceptible to a false positive assignment for microplastic fibers. For example, the differ-
entiation of microplastics and sand does also not work reliably since it is only performed
subjectively by the experimenter [18,19]. In addition, scanning electron microscopy [20]
and X-ray spectroscopy [21] were used for the investigation, which allows a reliable dif-
ferentiation from organic material and also provide information about the chemical com-
position and thus the plastic type but are only suitable for the investigation of a few
individual particles due to the enormous experimental effort. For larger sample quantities,
Raman microscopy [22,23] and Fourier transform infrared (FTIR) spectroscopy [24,25] have
been proven to be reliable methods for the correct identification of microplastic particles.
Likewise, more destructive thermoanalytical methods [26] as well as methods for direct
staining [27] of the polymers have been successfully applied.

While FTIR spectroscopy is the most used spectroscopic method for the determination
of microplastic materials [28], its application which yields the most stable spectra, the atten-
uated total reflection FTIR, still requires filtering and drying of the sample and is therefore
susceptible to errors during the preparation process. However, Raman spectroscopy can
readily be used on water samples directly [29,30]. Thus, avoiding many of the challenges
which occur when measuring on dried filters. Apart from classic microscopic techniques
on static samples, it is also possible to measure Raman spectra in a flow system, thus
allowing the continuous measurement of particles without the need of removing a sample
from the investigated liquid and therefore consequently avoiding the associated risks of
contamination. For rather clean water with low biological load, such as tap water or process
water in the food industry, Raman spectroscopy in flow systems can be a reliable method
to monitor the microplastic load.

In this work, we present a setup that enables the detection and identification of
microplastics. To determine the type of plastic, we use Raman spectroscopy in a flow
system. We combine the knowledge about the particle material with our previous work [31],
where we accurately sized particles with elastic light scattering and the a priori information
about their refractive index. We show that material specific simulations allow the precise
sizing of microplastic particles with only one calibration measurement.

2. Materials and Methods
2.1. Raman Scattering Detection

The optomechanical setup, as shown in Figure 1, was built on a 600 × 800 mm2

baseplate, which was completely enclosed in a cardboard box for protection against stray
light from the laser during operation. The laser that was used to excite the Raman scattering
(RLTMLL-532-5W-5, Roithner Lasertechnik GmbH, Vienna, Austria) has a nominal power
of 5.66 W at 532.163 nm with a line width of 88.5 pm. The laser operates in continuous-wave
mode with a near TEM00 mode has a polarization ratio greater than 100:1 and a horizontal
beam width (1/e2) of 2.512 mm and a vertical height of 3.357 mm. Two lenses ( f1 = 100 mm
and f2 = 10 mm) were used as a telescope to uniformly illuminate a quadratic fused silica
cuvette with an outer dimension of 5 mm and a quadratic channel with a side length of
250 µm. After passing through the cuvette, the laser beam is then blocked by a beam stop. To
collect the scattered light, a long-distance objective (LD-EC Epiplan-Neofluar 50×/0.55 HD
DIC M27 air, Carl Zeiss AG, Oberkochen, Germany) with a numerical aperture (NA) of
0.55 was used perpendicularly to the illumination. The refraction at the fused silica–air
boundary, which is a refraction away from the normal of the cuvette, effectively reduces the
angular aperture of the used objective. Therefore, we designed a lens with a commercial
optic design software (OpticStudio 22.2, Zemax LCC, Kirkland, WA, USA) to compensate
the refraction at the boundary for the design wavelength of 630 nm. We chose the design
wavelength of 630 nm due to the fact that when exciting plastics at 532 nm, the relevant
Raman lines between 2800 cm−1 and 3200 cm−1 are located between 625 nm and 640 nm.
The optical design assumed an object height of 100 µm and resulted in a plano-convex
hyperbolic lens with a vertex radius of curvature of 3.010 mm and a conic constant of
−1.292, which was realized as a Fresnel lens in order to save material and time during
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the manufacturing process. The resulting lens has a step height of 30 µm and an initial
diameter of 2.151 mm which was enlarged by continuing the Fresnel pattern to 5 mm in
order to cover the whole cuvette for easier positioning. For the manufacturing process,
we used a two-photon polymerization printer (Photonic Professional GT+, Nanoscribe
GmbH, Eggenstein-Leopoldshafen, Germany) and the commercially available resin IP-S
(Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany). The lens was printed with
a 5 × 5 mm base plate of 10 µm thickness to compensate eventual tilt of the printing
substrate and for later handling. After the printing process, the lens was removed from
the substrate and glued to the cuvette using a drop of IP-S, which was subsequently flood-
cured. Figure 2 shows the model of the Fresnel lens on the base plate depicted with the
preprint tool DeScribe (Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany), which is
used to prepare models for printing. As printing parameters, we chose a (vertical) slicing
and (horizontal) hatching distance of 0.3 µm and a writing speed of 100,000 µm/s.

spectrometer

long pass filter

cuvette with
particle

beam dump

f=100 mm f=10 mm

objective 50x/0.55

f=25 mm

fiber

Fresnel lens

Figure 1. Arrangement to measure the Raman scattering.

Figure 2. The printed Fresnel lens depicted with the preprint tool DeScribe.

The setup is completed by a long pass filter (cutoff 550 nm, FELH0550, Thorlabs,
Newton, NJ, USA), which blocks the elastically scattered light. The inelastically scattered
light, i.e., the Raman scattering, is then focused with a biconvex lens (f = 25 mm) into a fiber
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(NA = 0.22, core diameter = 1 mm) which is connected to a spectrometer (QE Pro-Raman-
532-PLUS, Ocean Optics, Largo, FL, USA) with a 25 µm slit and a 1200 lines/mm grating
which allows measurements up to 4500 cm−1 Raman shift.

2.2. Elastic Scattering Detection

While the inelastically scattered light, i.e., the Raman scattering, is used for the de-
termination of the material type, the elastic scattering is used to determine the size of the
particle. While the type of material is determined via a spectrum, the form of which does
ideally not change with the position of the particle inside the cuvette, the size is connected
to the height of the elastic scattering signal, which can change with the particle’s position
inside the cuvette. To investigate the influence of the position inside the cuvette on the
signal strength, we conducted GPU–accelerated Monte Carlo (MC) simulations following
the principles of Alerstam et al. [32,33]. We investigated 9 different positions inside the
cuvette, one being the center, while the other 8 were located 75 µm away from the center
in one or two lateral directions. These positions were chosen according to the results of
Segré and Silberberg [34,35] that a rigid sphere that is transported in a Poiseuille flow
reaches an equilibrium position at ≈0.6 · r from the axis of a tube, where r is the tube
radius. The simulation was performed by placing a point source, which emitted “photons”
according to a scattering phase function calculated with the Mie theory [36,37], inside the
cuvette on the respective positions. The detectors were modeled as fiber detectors with a
diameter of 1 mm and NA = 0.22. The output of the simulation is the number of detected
“photons” divided by the total number of “photons” and the sensor area. This number is
then multiplied with the scattering cross section of the simulated particle to factor in the
varying magnitude of the scattering itself, which yields a dimensionless number that can
be correlated to the detected intensity. We simulated spheres with a diameter from 1 µm
up to 199 µm in 2 µm steps at the 9 positions. For the simulations that are described in the
following paragraph, we considered the particles to be polystyrene spheres. We note that
larger particles can no longer occupy these positions and are located closer to the center of
the cuvette.

Due to the quadratic shape of the cuvette, it is evident that some positions for the
detector sensor are less favorable than others. In the search for a suitable sensor position
we considered three different geometries that are depicted in Figure 3. The most obvious
case is shown in Figure 3a where the sensors are located in the plane perpendicular to the
axis of the channel. The channel of the cuvette is the axis of rotation and the angle x in
respect to the direction of the illumination.

x

a) b) c)

Figure 3. (a) Sensor rotated radially and (b) vertically and also with (c) consideration of the refraction
at the interfaces. All given angles are with respect to the direction of illumination.

Placing a sensor at x = 45◦ in said plane would obviously result in adverse effects on
the detected signal due to the effects of the corner of the cuvette on the light propagation.
Figure 4 shows a simulation where sensors were placed at 5 mm distance to the cuvette at
different angles. While the signals for a sensor positioned at 30◦, as shown in Figure 4a,
exhibit a strong dependence of the signal strength on the particle’s position, they are also
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rather smooth and do not show pronounced Mie oscillations. Figure 4b shows results
for a sensor position at x = 90◦. Although the signal does not vary much between the
positions, it shows strong Mie oscillations in its course, making this sensor position also
rather unsuitable for precise particle sizing.
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Figure 4. MC simulation of a fiber detector positioned in 5 mm distance to the cuvette at (a) 30◦ and
(b) 90◦. Each color corresponds to a different particle position.

Due to the less prominent Mie oscillations and the larger scattering signals, we fo-
cused on finding a suitable sensor position in forward scattering direction. Therefore, we
investigated detector positions in a plane spanned by the illumination and the channel axis
of the cuvette. In a further step, we also considered the refraction of the scattered light at
the surface boundaries. Figure 5a shows the detected intensities of a sensor detecting light
at 45◦ as depicted in Figure 3b. While the signal shows a strong dependence on the particle
position as well as prominent Mie oscillations, it also shows that, due to the symmetry of
the detection arrangement, 3 of the 9 positions each produce an almost identical signal.
Figure 5b shows the results for a sensor that is rotated in such a way that the refraction at
the different boundaries (water–fused silica, fused silica–air) is taken into account, which
is sketched in Figure 3c. The light that is originally scattered at an angle of 45◦ leaves the
cuvette with ≈70◦. Rotating the sensor toward this angle and positioning it accordingly
yields a signal that is not only smooth in terms of the Mie oscillations but also shows almost
no dependency on the position inside the cuvette. This effect was observed for several
angles. However, for the scattering at originally 45◦, the effects of the particle position were
the smallest and all later measurements were performed this way.
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Figure 5. MC simulation of fiber detectors at (a) 45◦ and (b) ≈70◦. The latter angle is obtained due
to the refraction of the light that was originally originating at 45◦ from the scatterer. Each color
represents a different particle position.

3. Results
3.1. Raman Signals

Measurements were performed by preparing suspensions of microbeads (microParti-
cles GmbH, Berlin, Germany) with purified water (Ampuwa, Fresenius Kabi, Bad Homburg,
Germany). We used polystyrene (PS) and polymethyl methacrylate (PMMA) particles and
the sizes of the beads ranged from 4.21 µm to 101 µm in the case of PS while for PMMA
we examined beads with 101 µm diameter. The micro-fluidic system was driven by a
programmable peristaltic pump (iPump 2F, Landgraf Laborsysteme HLL GmbH, Langen-
hagen, Germany) with a flow of 30 mL/h. The full Raman spectrum of a single PS particle
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with a diameter of 101 µm is shown in Figure 6a. Distinguishing between different types
of plastic while exciting with 532 nm can be done by looking at the Raman lines between
2800 cm−1 and 3200 cm−1. Although these lines are overlapping with the broad water
peak, belonging to the OH-stretching, between 3000 cm−1 and 3600 cm−1, they are plainly
visible. Subtracting the background, which was obtained by measuring pure water without
particles, and smoothing the data using a Savitzky–Golay filter yields the data shown in
Figure 6b, which shows the Raman lines at 2855 cm−1, 2907 cm−1 and 3058 cm−1 that
are expected to be seen for PS. Using the described method, we were able to measure the
Raman spectra of PS spheres down to 26.15 µm diameter.
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Figure 6. (a) Raman spectrum of a single PS sphere with 101 µm diameter. The relevant lines for
the differentiation of different types of plastic are between 2800 cm−1 and 3200 cm−1 for 532 nm
excitation and partly hidden in the broad Raman response of water. (b) The same measurement
after subtracting the background and smoothing the data with a Savitzky–Golay filter. The relevant
Raman lines of PS at 2855 cm−1, 2907 cm−1 and 3058 cm−1 are visible.

Figure 7 shows the measurement on a sample that contains PMMA as well as PS
particles. The two types can be told apart in the raw data, shown in Figure 7a, and
smoothing the data and subtracting the background, as shown in Figure 7b, further clarifies
the differences.
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Figure 7. (a) Measurement of a sample containing PS as well as PMMA. For better visibility, the
measurements are stacked by adding an offset. Although both plastics have their relevant lines
in the area of the water response, they are already distinguishable in the raw data. (b) The same
measurement after subtracting the background and smoothing the data with a Savitzky–Golay filter
without the offset. The spectra are easily distinguished.

3.2. Size Determination

To determine the size of the particles we used the detection geometry, described in
Section 2.2, by bringing a bare fiber with the aforementioned angle close to the cuvette.
As in the simulation presumed, the fiber had a diameter of 1 mm and NA = 0.22 and was
connected to an amplified photodiode (OE-300-SI-10-FST, FEMTO Messtechnik GmbH,
Berlin, Germany) that was operated in alternating current mode and connected to a digital
oscilloscope (PicoScope 5444D, Pico Technology, Saint Neots, UK) to monitor the signals.
For the unambiguous determination of the size of a particle, we smoothed the MC simula-
tion data with a Savitzky–Golay filter to get a monotonous ascending curve. We performed
a calibration measurement with monodisperse PS spheres with a diameter of 50.7 µm di-
ameter and scaled the simulated curve according to this measurement. We then measured
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particles with different sizes (4.21 µm, 19.3 µm, 26.15 µm and 101 µm) and calculated their
sizes with the scaled calibration curve by interpolating the measured signal between the
nearest neighbours on the curve. Both the scaled initial simulation and the Savitzky–Golay
filtered curve, as well as the measurements with the standard deviation as the error bar, are
shown in Figure 8a in linear and in Figure 8b in double-logarithmic depiction. We assumed
the voltage measured by the diode to be linear to the intensity of the scattered light.
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Figure 8. The simulated curve depicted together with the Savitzky–Golay smoothed one and the
measurements in a (a) linear and a (b) double-logarithmic plot. Scaling the simulation to the mea-
surement was done by dividing every point of the simulated curve through the simulated value
at 50.7 µm and then multiplying it with the measured intensity for the sphere with a diameter of
50.7 µm.

Figure 8 clearly shows that we could reproduce the conducted simulations and there-
fore achieve a correct sizing of the particles. However, the smoothing of the simulated
curve, which is necessary for an unambiguous assignment of the signals, introduces first
errors. Furthermore, at first glance, it seems that the precision decreases with increasing
particle size, a look at the double-logarithmic depiction and also the retrieved particle sizes,
which are depicted in Figure 9, shows that the relative error remains in the same order of
magnitude and a reasonable precise sizing is possible over the observed range.

a) b)

c) d)

Figure 9. Determined sizes of PS particles with a diameter of (a) 4.21 µm, (b) 19.3 µm, (c) 26.15 µm
and (d) 101 µm.

The observed deviations from the value given by the manufacturer can also be partially
attributed to the smoothing of the curve. The measurement of the 19.30 µm particles, for
example, lies almost exactly on the value of the simulation, but at this point, an oscillation
was smoothed, which is why the size is slightly overestimated. In the measurement of the
101 µm particles, where the central size was determined precisely, an oscillation would
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follow that was smoothed so that higher signals are assigned a larger size by the slower
rising curve.

Apart from the size, the intensity of the scattered light is also heavily dependent on
the refractive index of the investigated plastic particles. Figure 10 shows the curves for five
commonly found plastic materials (PS, polyethylene terephthalate (PET), polyethylene (PE),
PMMA, polylactic acid (PLA)) in water in linear (a) and double logarithmic (b) plots. It is
evident that for particles, such as PMMA, with a lower refractive index the sole comparison
of the signal strength with the PS calibration curve yields wrong results.
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Figure 10. Calibration for five typical microplastic materials in (a) linear and (b) double logarith-
mic plots. The signal course is comparable between all materials; however, the absolute values
differ largely.

Figure 11a shows the sizes we obtained from measured PMMA spheres with 101 µm
diameter using the original PS calibration curve. It is quite obvious that PMMA particles,
with their lower refractive index mismatch to water, are scattering the light much weaker
in comparison to PS. Thus, the same particle sizes yield different scattering signals leading
to the wrong assigned diameter as shown in Figure 11a. Using the knowledge about the
material type of the investigated particles (and therefore their refractive index), which can
be obtained from the Raman measurement we can, while still using only one PS calibration
measurement, correct the determined sizes. Figure 11b shows the sizes that were obtained
after smoothing the PMMA simulation curve with a Savitzky–Golay filter and scaling it
accordingly to the PS calibration measurement.

a) b)

Figure 11. Determined sizes of PMMA particles with a diameter of 101 µm with (a) the original PS
calibration curve and (b) with the PMMA curve that was corrected according to the simulation and
the single calibration point with the 50.7 µm PS sphere.

While it was not possible to reach the same precision as in the PS measurements, we
still managed to reduce the error for the size detection from over 40 % to around 10 %.

4. Conclusions

In this work, we presented a setup that served as a proof of principle that it is possi-
ble to detect and characterize microplastic particles using both elastic and inelastic light
scattering. We achieved a precise sizing of the particles that had the same material as the
calibration particle and managed to improve the determined sizes of particles made by
another material using the knowledge of its refractive index which can be obtained by
identifying them utilizing Raman measurements. The sizing is accurate enough to serve as
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a vital point of information in assessing the risks of ingestion. Placing additional sensors
at different angles could also give further information about the shape of the particle. We
plan to investigate this using custom microplastic particles printed with a two-photon
polymerization process.

Concerning the measurement speed, the Raman measurements were the limiting
factor in this experiment since the particles remained only for ≈3.5 ms in the laser beam
at a 30 mL/h flow rate. With this, we could measure Raman signals down to a particle
size of 26.15 µm and clearly distinguish between PS and PMMA particles. We think our
approach to size and characterize microplastics is vastly promising since there is still room
to improve the experiment, such as using an objective with higher NA or a larger slit at
the spectrometer and limiting the detection only to the relevant lines between 2800 cm−1

and 3200 cm−1. The largest effect on increasing the flow rate would be achieved by using
a larger cuvette. The greater distances between the particles would mostly affect the
determination of the size and not the material due to the different positions in the cuvette.
However, this problem can be overcome by increasing the sensor distances, which makes
the path length differences small again in relation. Additional optics in front of the sensors
can also increase the detected solid angle and thus dampen the Mie oscillations.
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