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Microplastics (MPs) have become the widespread contaminants, which raises concerns
on their ecological hazards. In-situ detection of MP in water bodies is essential for
clear assessment of the ecological risks of MPs. The present study proposes a method
based on polarized light scattering which measures the polarization parameters of the
scattered light at 120° to detect MP in water. This method takes the advantage of in-situ
measurement of the individual particles and the experimental setup in principle is used.
By use of the measured polarization parameters equipped by machine learning, the
standard polystyrene (PS) spheres, natural water sample, and lab-cultured microalgae
are explicitly discriminated, and MP with different physical and chemical properties can
be differentiated. It can also characterize the weathering of different MP and identify
the specific type from multiple types of MP. This study explores the capability of the
proposed method to detect the physical and chemical properties, weathering state and
concentration of MP in water which promises the future application in water quality
sensing and monitoring.

Keywords: in-situ detection, microplastics, polarization, scattering light, classification, machine learning

INTRODUCTION

Microplastics (MPs) are defined as plastic particles with size <5 mm (Amaral-Zettler et al., 2020),
widely distribute in water environments including oceans (Saeed et al., 2020), lakes (Yu et al., 2020),
and rivers (Auta et al., 2017). Once inside the body, microplastics can release toxins, additives,
and monomers which have been found to trigger carcinogenic behavior. Moreover, the human
intake of microplastics can cause lung damage and liver function changes. Thus, microplastics
pollution should be understood and controlled to uphold human, animal, and aquatic health
(Golwala et al., 2021). In order to assess the effects of MPs on aquatic ecosystem, the detection
method of MPs in water has attracted the attention of researchers (Sadri and Thompson, 2014;
Amaral-Zettler et al., 2020).

The current detection methods for MPs mainly include visual method (including naked eye
visual method and microscope visual method), Fourier infrared spectroscopy, Raman spectroscopy,
and thermal pyrolysis analysis (Mai et al., 2018). The analysis of MPs in water usually includes
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sampling, filtering, cleaning, identification, and other steps (Song
et al, 2015). The difficulty of MPs identification lies in the
identification of MPs from many impurity particles. Visual
method is widely used due to convenience and cheapness,
and it can give the physical properties of MPs, such as size,
color, and shape (Eriksen et al., 2013; Vianello et al.,, 2013).
However, the visual method is low accuracy and subjected to
the subjective influence, and often makes an overestimate of the
abundance of MPs in samples (Lenz et al., 2015). Spectroscopic
methods, including Fourier infrared spectroscopy and Raman
spectroscopy, can determine the chemical composition of the
sample, and the accuracy is relatively high, and the size
resolution can approach 1 micron (Kappler et al, 2016).
However, there is seldom reported about the in-situ detection
of MPs using spectroscopic methods. The thermal pyrolysis
analysis, such as Pyrolysis-GC/MS and TGA-MS have been
used for the microplastic analysis. Samples are firstly thermally
degraded and the resultant products are subsequently sent to
the mass spectrometer for analysis. The collected data are
compared with reference to obtain such sample information
as identity and concentration. However, the method is less
applicable for mixtures with high concentration of impurities
(Zhang et al, 2019). Due to the needed sampling, these
methods are not suitable to in-situ detect MPs in water.
Nowadays, an in-situ detection method with high speed,
convenience, non-destruction, and acceptable accuracy is still
desired (Yin et al., 2021).

Polarization is a fundamental property of light. The
polarization state is more sensitive to microstructure and can
provide more information than conventional optical intensity
(Sun et al., 2014). Polarized light scattering methods have been
successfully used to characterize and classify biological tissues
(Ghosh and Vitkin, 2011), marine microalgae (Chami, 2007),
and nanoplastics (Yu et al., 2021). Measurement sensors based
on polarized light scattering methods have been successfully
integrated into in-situ underwater instruments (Liao et al., 2019).

The polarization state of light is usually represented by the
Stokes vector S as shown in Eq. 1. I represents the light intensity;
Q and U represent the linearly residual polarization of light; Q
is the intensity difference between the horizontal and vertical
components, and U is intensity difference between 45° and —45°
linear components; V is the circularly residual polarization of
light, and equals to the intensity difference between the right-
hand and left-hand components. Usually, the Stokes vector is
normalized as Eq. 2 to obtain the three polarization parameters
of g, u, and v.

(1)

< QO ~

q=Q/Lu=U/ly=V/L (2)

In this paper, we propose a polarized light scattering method
to in-situ detect the MPs in water. This method takes the
advantage of the different responses of the MPs and other
particles in water to the incident polarized light. We record

the polarization parameters (g, u, v) of the light scattered
by the individual particles at 120° scattering angle, and then
use machine learning algorithms, such as linear discrimination
analysis (LDA) and support vector machine (SVM) to analyze
the data. The samples consist of the mixture of the natural
water, the microalgae, and the MPs with different size, shape
and materials. Experiments have found that microplastic (MP)
can be well-discriminated from the mixtures. We also did the
experiments to discriminate the weathered MP from the natural
water even for the complex compositions of MPs samples, and the
results are encouraging. Additionally, we found that polarization
parameters can be used to characterize MP size decreasing
after weathering. The concentration calibration shows a linear
relationship between the measured pulse number per unit time
and the concentration of MP. The results promised the present
method suitable in-situ detecting those suspended MPs from
complex water environment, with no weathering disturbance
while a lower detectable concentration limit of MPs (0.01 mg/L).

METHODS

Experimental Setup
The experimental setup designed by our lab is a backward 120°
polarized light scattering measurement system for suspended
particles. Its working principle and optical path design are similar
with the previous work (Wang et al., 2018), and its reliability has
been verified (Liao et al., 2019). Our previous works demonstrate
that the polarization parameters at the 120° scattering angle can
effectively characterize the microstructures of particles (Wang
et al., 2018). The scattered intensity of the bulk water volume at
120° is almost not sensitive to the size distribution of particles
(Boss and Pegau, 2001). Such that, we continue to use the 120°
scattering angle in this work. The light source (S) emits vertically
polarized light. The polarization state generator (PSG) changes
the light into any polarization state we want, and in this work,
PSG generate and fix at the 135° linearly polarized light. And
the diaphragm (D) limits the size of the incident light spot. Lens
1 (L1) focuses the light beam to a small spot to illuminate the
individual particles. The aquatic suspension is contained in a
round beaker. During the experiment, the particles in the aquatic
suspension are stirred to keep suspended by a magnetic stirrer
at the speed of 100 rounds per minute. In the setup, the round
beaker is embedded in a dodecagon pool with the central coaxial.
The beaker is marked by a red arrow in Figure 1A. The distilled
water is filled between the beaker and the dodecagon pool for the
refractive index matching. The parallel beam is normally incident
on a flat surface of dodecagon and the scattered light is received
through the other flat surface at the 120° scattering angle. The flat
surfaces and the distilled water are used to effectively reduce the
light deformation when passing through the surfaces. The 120°
backward scattered light is received by lens 2 (L2), filtered by
pinhole (P), and changed by lens 3 (L3) to the parallel light and
finally analyzed by the polarization state analyzer (PSA).

In Figure 1, the detection volume containing the particle and
the pinhole is the object-image relationship by L2. Since the
conjugate relation, the detected volume in water and its size is
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FIGURE 1 | (A) Backward 120° suspended particle measurement system based on polarized light scattering. S, light source; PSG, polarization state generator; D,
diaphragm; L, lens; P, pinhole; PSA, polarization state analysis. (B) Received signals of the setup. (C) The magnification of the temporal pulse. Red line: the

Signal / V
< o =
£ (=) oo —_—

S
(S}

o

0.672  0.674  0.676  0.678

Time/s

0.668 0.67

determined by the location of L2 in the optical path and the size
of the pinhole. The pinhole size is 100 microns in the setup.
The scattering volume is the conjunction volume of the light
spot and the detected volume. Finally, we can limit the scattering
volume to be <0.01 micro liter (L). If the volume concentration
of the particles is <10° per milliliter, in statistics there is one
particle at most in the scattering volume and only its scattered
light is received each time. Such that the received signals of the
setup are a series of temporal pulses, as shown in Figure 1B,
which demonstrates the measurement of the individual particles.
Figure 1C shows one of the temporal pulse, and one can see that
the temporal duration of the pulse is around 1 ms.

PSA consists of non-polarization beam splitters to split
the parallel light after L3 into four parts. Passing through
a 135°-oriented quarter-wave plate with 90° polarizers, a
single 0° polarizers, a single 90° polarizers and a single 45°

polarizers respectively, the resulting four components of the
polarized light are obtained to, respectively, get the left-handed
circularly polarized component, horizontal component, vertical
component, and 45° linearly polarized component. They are
converted by photoelectric converters to voltages, simultaneously
recorded by a data acquisition card working at 300,000 samplings
per second and then calculated to the Stokes vector. And finally,
the polarization parameters (g, u, v) of the light scattered by
the individual particles are obtained. And for each sample, more
than 3,000 pulses are recorded, and that is, more than 3,000
particles are measured.

Samples

The samples in this work include the river water, 10-micron
spherical Polystyrene (PS), microalgae, and 300-mesh MP.
The sampling point of the river water was in the Dasha
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River, University Town, Shenzhen, Guangdong Province, China.
The sampling time was January 13, 2021, with a O-meter
water layer. The 10-micron spherical PS was purchased from
Suzhou Nanomicro Technology Co., Ltd., with a diameter
of 10 microns. The microalgae include Scenedesmus Obliquus
(SO), Prymnesium Parvum (PP), Haematococcus Pluvialis (HP),
Scrippsiella Trochoidea (ST), Phaeodactylum Tricornutum (PT),
Chlorella Vulgaris (CV), and Cyanobacteria (CB). The culture
conditions are 2,000 lux light, light-dark cycle 12 h:12 h, medium
BG11. 300-mesh MP are industrial plastic raw materials, granular,
whose average size is <50 pum. There are six specific types,
Polystyrene (PS), Polyethylene (PE), Polyethylene Eerephthalate
(PET), Polypropylene (PP), Nylon (PA), and Polyvinyl Chloride
(PVC). All of them are purchased from Guangdong Dongguan
Huachuang Plastic Chemical Co., Ltd. Note that these types of
MP are the most reported in literatures and the most common
types in aquatic environments.

In this work, there are three types of samples used,
namely microalgae, water, and microplastics. All
samples are stored in a constant temperature environment
of 20 £ 2°C. The microalgae are stored in a closed test
tube with 2,000 lux light. Each time the river water is
sampled from the Dasha river and stored in glass tubes for
<1 h before the measurements, the dry microplastics are
stored in sealed glass cups and their aquatic suspensions are
prepared and then are measured within 1 h. The preservation
time of microalgae is around 4 h, the preservation time
of river water is around 4 h, and the preservation time of
microplastics is 2 days.

river

Data Processing

We firstly add the raw data of the four channels together to get
the total temporal signals. And then we use the median filter
to get rid of the random noise, and then get the histogram
of the total temporal signals and consider the voltage where
the peak value locates as the background. The dark noises of
the detectors, the environmental light, scattering of the water,
etc., may contribute to the background. We use a threshold
which is 10 times of the background. Then we get the pulses
whose temporal values are all larger than the threshold, such
that the signal-noise-ratio of the pulse is larger than 10. Here
each pulse is sampled for multiple times whose number is
determined by the pulse’s time interval. Till now, we get a series
of pulses and then go to find the according data of the four
channels. For each pulse in each channel, we average the multiple
samplings in the pulse and get the mean value. And then we
can use four mean values from the four channels to calculate
the Stokes vector.

Linear discrimination analysis is widely used in the field of
pattern recognition, such as facial recognition, ship recognition,
and other graphics and image recognition (Li and Yuan, 2005).
LDA is a dimensionality reduction technology of supervised
learning. It projects data to one dimension, so that the projection
points of the same type of data are as close as possible, and the
distance between the projection center points of different types of
data is as large as possible. For the two types of polarization data,
the LDA algorithm will calculate an optimal projection function

f, to project the three-dimensional polarization data [g, u, v] to
the one-dimensional projection parameter X, as shown in Eq. 3.

X =f([q,u.v]). (3)
Discriminant degree, D, is defined as Eq. 4:
2|xf-xg|
D= , (4)
FWHM;+FWHM,

where Xf and Xg are the peak locations of the distribution
1 and distribution 2, respectively; FWHM; and FWHM,,
respectively are the full width at the half maximum (FWHM)
of the distribution 1 and distribution 2. D represents the
effect of discrimination. The larger is the D, the better is the
discrimination effect. Generally, when D = 2, there is significant
discrimination between these two distributions; when 1 =D < 2,
there is good discrimination between the two distributions; and
when D = 1, these two distributions cannot be discriminated.
Support vector machine is a classification technique of
supervised learning (Shan et al., 2019). The goal of SVM is to find
a segmentation surface that can discriminate the two sets of data,
while keeping the maximum distance from the sample points of
the two sets of data that are closest to the segmentation surface.

RESULTS

River Water and Polystyrene

Experiments were performed on the river water and 10-micron
spherical PS separately, and the experimental data of the two
were processed by LDA. The projection parameter with the best
discrimination between river water and 10-micron spherical PS
datais X = 0.41g — 0.56u — 0.71v, and this projection parameter
is used for LDA processing of other samples and 10-micron
spherical PS unless otherwise specified below. As shown in
Figure 2A, the river water is marked as RW, and the distribution
of the river water is located on the left of the figure while that of
the 10-micron spherical PS is located on the right, and both are
normalized to the maxima of themselves. From Figure 2A, one
can see that the discrimination is significant between RW and PS
where D = 3.1.

Then the suspension of the 10-micron spherical PS was added
gradually into the river water for mixing experiments, and then
the different PS concentration in the mixture were got and each
mixture was measured by the setup. The experimental results
are shown in Figure 2B. All the distributions of X for mixtures
are bimodal and each distribution is normalized to its left peak
value. According to Figure 2A, the left peak of the distributions
in Figure 2B represents the river water, and the right peak
represents the spherical PS. The peak values represent the relative
number of particles measured in each mixture. From Figure 2B
one can see that the right peak value increases with the PS
concentration, which is shown in Figure 2C. The linearity can be
found in Figure 2C. These results show that the current method
can effectively recognize the special PS (as a specific MP) and
retrieve its concentration in the river water (as a type of the
natural water body).
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FIGURE 2 | Distribution of river water and 10-micron spherical polystyrene (PS). (A) Mixing experiment of river water and different concentrations of 10-micron
spherical PS. (B) Individual experimental data. (C) Quantitative graph of PS with increasing concentration.

Microalgae and Polystyrene

Microalgae are one of the main compositions of suspended
particles in water, and play the key role in the aquatic ecosystem.
Recently, the interaction between the microalgae and MPs is an
extensively discussed topic in current scientific community. In
this work, to investigate the discrimination between microalgae
and MP, experiments with the single composition samples and
mixture were performed on SO and 10-micron spherical PS. The
used projection parameter provided by LDA is same with that of
river water and 10-micron spherical PS, and the results with the
single composition samples are shown in Figure 3A. D equals to
2.8 which means the discrimination is still significant, and SO is
distributed on the left of the figure, while the 10-micron spherical
PS is distributed on the right.

Then the suspension of the 10-micron spherical PS was
added gradually to SO suspension for mixing experiments
as different PS concentrations. The experimental results are
shown in Figure 3B. And the similar bimodal structure with
those in Figure 2B can be found, and each distribution is
normalized to its left peak value. From Figure 3A, the left
peak of the distributions in Figure 3B represents SO, while
the right peak represents the 10-micron spherical PS. The
value of the right peak increases with the increase of the 10-
micron spherical PS concentration which is shown in Figure 3C.
And also, one can find the linearity relationship between
the PS concentration with the relative amount of the PS in
the mixtures. These experiments demonstrate that the current
method can detect PS (as a specific MP) in suspended mixtures
of microalgae and MP.

To test the discrimination of the microalgae with PS, we
conducted more experiments with seven different species of
microalgae. And the cultured suspension of each species of the
microalgae was successionally added into the 10-micron spherical
PS suspension with a concentration of 1 mg/L, and the order
of addition was SO, PP, HP, ST, PT, CV, and CB. Distributions
of the experimental results are shown in Figure 3D, and they
are also bimodal. According to Figures 3A,B, the left peak of
each distribution represents microalgae, the right peak represents
10-micron spherical PS, and each distribution is normalized
to its right peak value. From Figure 3D, one can find that

the seven microalgal species are all significantly discriminated
from PS. And the values of the left peaks increase with the
continuous addition of microalgae. Note that the location of
the left peaks shifts which is quite different from that in
Figures 3A,B. Since the polarization properties of the seven
species are inherently different among them, the polarization
parameters of the mixed microalgal group become diverse and
the distributions correspondingly change. But still the difference
of them with PS is dominant in the mixtures. These results show
that our detection method can detect MP in complex scenes
including a variety of microalgae.

Microplastic With Different Size, Shape,
and Material

Due to the diverse types of MP in water, MP with different
size, shape, and material are also investigated in this work.
The 10-micron spherical PS and industrial PS plastic raw
materials were tested separately. And still using the previous
projection parameter, X, the experimental results are shown
in Figure 4A and normalized to their own maxima. We
found that the difference between 10-micron spherical PS and
300-mesh (around 45-micron) granular PS is significant, with
D = 2.4. Because of the irregular shape of the 300-mesh PS, the
distribution is relatively divergent while the curve is relatively
wide. On the contrary, the distribution of 10-micron spherical PS
is uniform while the curve is relatively narrow.

Then the suspension of MP with different materials
were measured separately. Figure 4B shows the normalized
distributions of 300-mesh PS and 300-mesh PP, with the different
projection parameter X, as Figure 4A. And then, we compare
the normalized distributions of PP and PET with the same sizes,
as shown in Figure 4C. This time, the projection parameter
is recalculated using LDA since the old one cannot work,
which implies that the projection parameter in Figure 4A
may be exclusively effective for MP with PS material. From
Figure 4C, the 300-mesh granular PP and PET have a good
discrimination, with D = 1.6. It shows that our method has the
ability to characterize the shape, particle size, material and other
properties of MP.
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Microplastic Weathering in the Natural

Environment

Microplastic will weather in the natural environment due to
the ultra-violet radiation, physical force, chemical erosion and
biological fouling (Wei et al., 2021). To detect the diverse types

of MP in water, we mixed 6 kinds of 300-mesh MP of PS, PE,
PET, PP, PA, PVC together as the mixed MP. We measured
the river water (RW1) and the mixed MP separately. And then
we soaked the mixed MP in river water for three months to
simulate the weathering of MP in the natural environment. Three
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months later, experiments were performed on the suspension
consisting of river water (RW2) and the environmental MP (E-
MP). The experimental results are shown in Figure 5A, and each
distribution is normalized to its own maximum. It can be found
that the distribution of the final suspension (RW2 + E-MP) has
a bimodal structure. The position of the left peak is close to the
original river water data (RW1), and the position of the right peak
is close to the mixed MP data. Based on this, the left peak can be
considered as the suspended particulate matter contained in the
river water itself while the right peak represents MP.

Note that there is difference between the river waters in
Figure 5A due to the time interval of 3 months. But the difference
between the river water and MP is dominant, and the changes
of river waters are relatively trivial. This experiment shows that
even if the composition of MP in natural water is complex
and weathering may occur, our method can still effectively
identify MP. After weathering in the natural environment,
the composition of MP is complex and may be compounded
with each other. The matching degree of the spectrum of
Fourier infrared spectroscopy will be reduced, which lowers the
detection accuracy (Shim et al., 2017), but our method is not
affected by weathering.

More weathering experiments were conducted to investigate
the polarization effects of the size changes of MP. And this
time, we filtered the natural water by 0.45 pwm filter membrane

to remove the particulate matter, and then soaked 300-mesh
PS into the water in reagent bottles, and illuminated them by
the ultraviolet light. At the same time, we used a magnetic
stirrer to stir the suspension with 150 rounds per minute to
simulate weathering in the natural environment. Six months later,
the environmental PS (E-PS) suspension was obtained, and the
experiment of the weathered PS suspension was carried out.
And the results are shown in Figure 5B and each distribution
is normalized to its own maximum. Distributions of both
the original PS and E-PS data show the bimodal structures,
which indicates the multiple compositions in the samples. After
6 months of weathering, the left peak of the original PS decreases,
but the right peak rises, which implies some physical properties
of the MP (such as size, shape, etc.) have changed.

A scanning electron microscope was used to observe the PS
before and after the weathering and the results are shown in
Figures 5C,D, respectively. It is observed that in statistics, the
particle size of the weathered MP is reduced and it seems that the
physical breaking is majority in this kind of weathering (Duan
et al.,, 2021). Based on this, it can be inferred that the left peak in
Figure 5B represents the PS with large particle sizes, and the right
peak represents the PS with small particle sizes. The particle size
decreases after weathering corresponding to the decrease in the
height of the left peak in Figure 5B and the increase in the height
of the right peak in Figure 5B. It shows that our method can
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FIGURE 6 | Polyethylene (PE) before and after weathering.

characterize the weathering process of MP or provide relevant
information about the degree of weathering.

As a common type of MP, we also study the polarization
changes during the weathering of PE. The original suspension
of the 300-mesh PE particles was measured first. And then it
has been soaked in water for six months. After that, experiments
were performed on the weathered PE in aquatic environment (E-
PE). The results are shown in Figure 6. The projection parameter
distribution of the original PE is relatively narrower than those
of E-PE, which means that the particle size, shape, and surface
texture of the original PE are more uniform than those of E-PE.
Note that the distribution of E-PE has 2 peaks. The peak near
X, = 0 basically overlap with the original PE, indicating that the
physical form of some PE remains unchanged or changes little.
The two peaks around X, equal to 0.5 and -0.7 are obviously not
the original PE, which implies that these two types of particles
are newly generated by the weathering. Notably the type of
particles whose distribution is peaked around X, = 0.5 is the
majority in E-PE, which means the original PE is weathering
toward this type of particles. Recalling the weathering of PS
in Figure 5, PS is weathering toward reducing the sizes. The
projection parameters in Figures 5B, 6 are different, since the
polarization properties of PS and PE are quite different, and in
the other wards, polarization parameters have the exclusively
discriminant ability to different types of MP.

DISCUSSION

Concentration Calibration

The concentration of MPs in water is one of the most concerned
information. To explore the ability of our method to retrieve
the concentration of MP in water, we performed experiments
on suspensions containing different concentrations of 10-micron

spherical PS. For each concentration, we measured the samples
for some time (larger than 10 min) which consisted of the
succeeding time intervals, to evaluate the detected signals of MP
per unit time. The so-called “unit time” is the fixed and minimal
time interval in the data acquisition, and in this work, its 10 s.
The relationship between the number of detected pulses per unit
time and MP concentration was are got and shown in Figure 7.

It can be found from Figure 7A that when the concentration
is in the range of 1—10pLg/L, the pulse number per unit time does
not obviously change with the increase of the PS concentration.
However, when the concentration is in the range of 0.01-8 mg/L,
as shown in Figures 7B,C, the pulse number per unit time
increases with the increase of the PS concentration. There is
a linear relationship between the pulse number per unit time
with the PS concentration. A linear regression algorithm is used
to fit the data in Figures 7B,C. When the PS concentration is
in the range of 0.01-0.1 mg/L, the determination coefficient is
0.87. When the concentration is in the range of 0.1-10 mg/L,
the determination coefficient is larger than 0.99. This linear
relationship between the pulse number per unit time with the
PS concentration is the PS concentration calibration relationship,
shown as the dashed line in Figures 7B,C.

Recalling that the proposed method in this work measures
the individual suspended particles, each particle passing through
the scattering volume will generate a corresponding scattering
pulse. Therefore, the pulse number per unit time should increase
with the particle concentration. However, the linearity indicates
the more direct and deep relationship between them than the
expectation, which implies the possibility to retrieve the PS
concentration by measuring the pulse number per unit time. At
the same time, from the error bar of Figure 7C, we can find
that the relative error of each measurement is small, and the data
measurement is relatively stable.

These results show that our method can effectively detect the
concentration of MP. The pulse number per unit time has a linear
relationship with the concentration of MP, and the lower limit of
detection concentration is about 0.01 mg/L.

Polystyrene Concentration in Mixture

and the Pulse Number Per Unit Time

To further testify the ability of our method to detect the
concentration of MP in natural water, we investigate the data
in Figures 2B, 3B. Since LDA can give the optimal projection
of the multiple dimensions data to one dimension, it is used to
visually present the difference of the physical features between
two samples in above results. However, SVM is more convenient
to build the classifier to classify the specific particles from the
suspensions. Firstly, the SVM processing is used to build a
classifier to classify the river water and 10-micron spherical PS.
The dataset is the experimental data of separate experiments of
them. Seventy percentage of the dataset is used for the classifier
training, and thirty percentage of the dataset is used for the
classifier testing. The accuracy obtained by the test is 98.55%,
which indicates the classifier is accurate and effective. Secondly,
we use this classifier to classify the experimental data of the
quantitative mixing experiment of river water and 10-micron
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spherical PS to get the PS number, and then we divide the PS
number by time duration to obtain the PS number per unit time.
The relationship between the PS number per unit time and PS
concentration is shown in Figure 8A. It can be found that there
is a linear relationship between them, and the determination
coeflicient is larger than 0.99.

We repeat the above operation for the experimental data of
SO and spherical PS, the accuracy of the testing is 98.74%, and
finally the new SVM classifier works excellently. The PS pulse
number per unit time and the PS concentration are shown in
Figure 8B, which also has a linear relationship between them
and the determination coeflicient is larger than 0.99. It showed
that the proposed method can not only detect the presence of PS
but also the concentration of PS in the suspension with complex
compositions. However, we note that the linear relationship in
Figures 8A,B are slightly different, and both of them are different
from the PS concentration calibration relationship. It is necessary
to investigate the generalization of the linear relationship between
the PS number per unit time and the PS concentration. So,
we merge the data of Figures 8A,B together and draw them
with the PS concentration calibration relationship in Figure 8C.
It can be found that the PS number per unit time vs. the PS
concentration, in two experimental data of the mixed samples
are distributed near the PS concentration calibration relationship.
The determination coeflicient is 0.89 for the data of mixtures
of river water and PS, and the determination coefficient is
0.98 for the data of mixtures of microalgae and PS. Figure 8C
demonstrates that the PS concentration calibration relationship
has good generalization in predicting the PS concentration in
suspensions with the complex compositions.

Identification of Specific Microplastic

Since PP and PET are two of the most reported MP in related
literatures (Li et al., 2019), we explore the ability of the proposed
method to identify them from the mixture of multiple types
of MP. We firstly adjust the polarization state of the incident
light to the right-handed circular polarization state. And then we
do experiments on 6 types of 300-mesh MP (i.e., PS, PET, PP,
PE, PVC, PA). Comparing the measured polarization parameters

of PP with the other 5 MP by LDA, the result is shown in
Figure 9A. D = 1.38, which is a good discrimination. If we
transform the incident polarization state to the vertically linear
polarization. The experimental result of PET and the other five
types of MP is shown in Figure 9B. D = 1.01, which is also a
good discrimination. Note that there are some fluctuations in
the distributions in Figure 9. Considering the number of the
measured particles are at least 3,000 which is enough for the
analysis, then these fluctuations may originate from the multiple
compositions in the mixed MP samples.

Figure 9 tells that the polarization parameters can identify PP
and PET from the set of multiple types of MP. However, the
incident polarization state changes for the identification of the
different MP. Note that the measured polarization parameters
are originated from the Stokes vector, and only include the
partial polarization properties of the particles. This means
that under the illumination of the incident light with the
different polarization states, we measure the different parts of
the polarization properties, and some of them can be effective
to discriminate PP or PET from the multiple types of MP. This
makes it possible that we just need to illuminate the sample
with the specified polarized light and measure the polarization
parameters, and then we can identify the concerned type of MP.

Polarization theory says that the scattering of the individual
particle changes the polarization state of the incident light, S;,, to
the polarization state of the scattered light Sy, which carries the
physical polarization property of the particle. Traditionally, the
relationship between the polarization states of the incident light
and the scattered light is Mueller matrix, M, which is a 4 x 4
matrix to describe the polarization property of the particle, as
shown in Egs. 5, 6.

mi1,miz, M3, Mi4
ma1, M2, M23, M4

M= ) (5)
msi, msz, ms3, mMsq
My, My42, M43, M4y4
Sout =M x Sj. (6)
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In this work, since the incident light is 135° linearly polarized,
Sin = [1,0, —1, 0]T. Then from Egs. 5, 6, we get,

myp—mi3
mp1—ma3

™)

Sout =
m3; —ms3

M4 —1y3

So, the polarization parameters, g, u, v calculated from Egs. 1, 2,
and their derivatives are determined by the element differences of
the first and third columns of Mueller matrix.

Basically, LDA gives the optimal linear combination of g, u, v,
thatis, X = a*q + b * u + ¢ * v, under which the distributions of
the two samples differ each other most. The coefficients, a, b, ¢, are
just the weight of g, u, v, and are also the weight of the elements
of Sout in Eq. 7. In principle, the different X in Figures 2-6 are
selected to enhance the difference between the two samples and
suppress the similar parts by adjusting a, b, c.

Alternatively, we can also find the way to discriminate the
two samples by changing the incident polarization S;, and fixing

a, b, c. In this case, we require PSG can generate the wanted
polarization state of light, which needs the sophisticated design
of PSG but has the advantage of the fixed X. According to Eq. 6,
this way is basically different from the above one and it optimally
combines the different elements of Mueller matrix to select out X.

Here we know that the difference between the samples is
originated from their Mueller matrix which is fundamentally
determined by the physical polarization properties, such as
size, shape, structures, materials, etc. Previous researchers have
reported some findings about the Mueller matrix elements
and their combination which can effectively characterize the
physical properties of the particles. For example, Volten et al.
(1998) have shownmi,/mj; is sensitive to the material and gas
vacuole structure. Van De Merwe et al. (2004) find m34/m;; can
determine a large size parameter range for spherical or randomly
oriented rod-shaped particles. The my,/mj; is always related to
the sphericity of the particles (Ossikovski and Arteaga, 2019).
Svensen et al. (2011) have found that the combined elements,
miymyy, mz3may have noticeable differences between different
algae species, because of their different inner structures and
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refractive indices. Li et al. (2021) recently have reported the
combined elements of Mueller matrix are able to discriminate the
particles with the different materials and microstructures.

These results and analysis encourage us that if we measure
the Mueller matrix of the polarization properties of MP, we can
much easily to achieve the discrimination of the different types
of MP. Generally, Mueller matrix polarimetry needs multiple
measurements with different incident polarization states. For
the suspended MP particles in water, they are instantaneously
changing and passing through the scattering volume in very
short time interval. So, it’s still challenging to the community to
measure the Mueller matrix of the suspended MP but it deserves
to be considered in future.

In this work, we firstly use the 10-micro spherical PS to show
the excellent discrimination between it with the river water and
the microalgae by using our method. And then we present the
ability of the method to discriminate the MPs (including PS) with
different size and materials, and to characterize the MP changes
originated from the weathering in the environments. Also, during
the concentration calibration, we use the PS samples. However,
the PS particles is just used as the standard MP to show the ability
and feasibility of the proposed method to in-situ detect them
in water. The potential of the method should not be limited to
PS particles. It should be noted that by using the polarization
parameters, the mixed MP can effectively be discriminated from
the river water before and after the environmental weathering,
and especially the compositions of PE sample can be also
characterized during the weathering. Indeed, it is challenging
to identify all types of MP in water by the current method,
but the effort and expectation are still deserved to pay for its
realization in future by some sophisticated methods or Mueller
matrix polarimetry.

CONCLUSION

An in-situ method based on polarized light scattering is
proposed to detect the microplastics (MP) in water. The
scattered polarization parameters of individual particles are
in-situ measured in aquatic suspensions. The illumination
polarization state of the incident light can be adjusted to achieve
the best discrimination of the different MPs. The polarization
parameters of microalgae, natural water bodies and 10-micron
spherical PS have a significant discrimination. MP in the mixture
of a variety of microalgae and natural water samples therefor
can be effectively identified. Moreover, the present method
could be used in distinguishing MP samples with different
size, shape and material. For example, 300-mesh granular PS
obtained by grinding has a remarkable discrimination from the
10-micron spherical PS; and the 300-mesh granular PP has a good
discrimination from PET. It is interesting that the weathering of
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