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A B S T R A C T

Plastic pollution has become a global challenge, affecting water quality and health. Plastics including polystyrene
(PS), polyvinyl chloride (PVC), polypropylene (PP), polyethylene terephthalate (PET), and high-density poly-
ethylene (HDPE), are significant contributors to environmental pollution. With the growing need for investi-
gation and detection of plastics found in natural waters, we propose the use of a portable laser diode (LD)-based
fluorescence lidar system for in-situ detection of plastic litters in surface waters based on excitation-emission
fluorescence spectroscopic data. The experiments were carried out in a controlled environment using a fluo-
rescence lidar system with 405 nm excitation wavelength to determine the fluorescence signals of several plastics
at 470 nm emission wavelength. Simultaneous detection of PET plastic and Chlorella vulgaris were also observed
to determine the fluorescence influence of chlorophyll in surface waters. Attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy was employed to study the chemical composition of the plastics used
before and after being submerged in the water. Scanning electron microscopy (SEM) and high-resolution camera
microscopy were used to analyze the morphology of the submerged PET samples. This study provides a basis for a
new in-situ technique using a fluorescence lidar system for submerged or transparent plastics in surface waters.

1. Introduction

Plastic pollution caused by industrialization, agricultural produc-
tion, and urban activities affects water quality in oceans, lakes, and
rivers (Lin et al., 2022; MacLeod et al., 2021; WHO, 2019). Plastic
pollutants from different sources significantly contribute to poor water
quality when released into water systems, affecting human health and
sustainable development. One emerging pollutant that has attracted the
research community is the growing detection of marine plastic litter
(MPL) in the ecosystem (Strand et al., 2021; Mallory et al., 2021). The
fraction of all the plastics produced and used are leaked into the world's
oceans, which vary according to sizes such as megaplastics (>1.0 m),
macroplastics (25–1000 mm), mesoplastics (25–1000 mm), and micro-
plastics (1–5000 μm) (Rapa et al., 2024). Plastic contamination in ma-
rine environments is widely studied, but detection in freshwater bodies
is gaining attention. Freshwater systems are drinking water sources for
irrigation and link land-based MPL sources to marine environments
(Wagner et al., 2014).

The current detection for MPL mainly includes microscopy (visual
microscope and scanning electron microscope) (Loder and Gerdts, 2015;
Armitage et al., 2022), Fourier infrared spectroscopy (Mikulec et al.,
2023), fluorescence imaging (Wohlschlager and Versen, 2020; Zhou
et al., 2022), and thermal pyrolysis analysis (Mai et al., 2018). Specific
protocols must be followed in processing and preparing environmental
plastic contamination before it can be quantified and characterized.
Visual inspection is the most convenient and cheap protocol that can
provide the physical properties of plastics (Vianello et al., 2013).
Spectroscopic methods are used to compare collected data with a
reference to provide information on plastic samples. However, these
methods require water sampling and are unsuitable for in situ detection.

Recent studies show that the remote sensing technique is a promising
tool for application to plastic detection and characterization (Martinez-
Vicente et al., 2019; Mace, 2011; Maximenko et al., 2019). These
techniques have already been observed in experimental studies under
controlled environments, and some conducted in field monitoring using
different platforms or instruments (Garaba et al., 2018; Goddijn-Murphy
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et al., 2018; Park et al., 2021; Evans and Ruf, 2021; Geraeds et al., 2019).
With the growing number of studies and experiments using passive
techniques such as fluid sensing, multi-angle polarimetry, thermal
infrared sensing, and active techniques (Goddijn-Murphy et al., 2024),
there are still limited reports on the potential use of light detection and
ranging (Lidar) techniques for the remote sensing of plastic debris
(Palombi and Raimondi, 2022). Lidar techniques are developed for at-
mospheric studies and aquatic environments (Measures, 1984). Fluo-
rescence Lidar systems, a type of remote sensing technique, provide
information on the optical properties that can be observed in freshwater
systems such as colored dissolved organic matter (CDOM), phyto-
plankton, and other pollutants (Rogers et al., 2012; Palmer et al., 2013;
Cadondon et al., 2022; Cadondon et al., 2023; Saito et al., 2014;
Churnside and Thorne, 2005). There are ongoing efforts to develop
novel spaceborne lidar missions for oceanographic applications. None-
theless, fluorescence lidar experiments on plastic litters in algae-plastic
scenarios have yet to be conducted.

1.1. Plastics and phytoplankton in the environment

Several studies have proven they can carry pathogens that lead to
human infection (Meng et al., 2021). Other than suspended particles
observed on the plastics' surface, direct contact with pathogen-colonized
plastics may cause contamination (Pang et al., 2020; Hale and Song,
2020).

Plastic marine debris has been studied as a habitat for microbial
biodiversity in changing marine ecosystems (Dussud et al., 2018). The
increased plastic concentration changes zooplankton populations,
leading to an imbalance in the marine nutrients and carbon cycles
(Galgani and Loiselle, 2021). The interaction of microorganisms with
plastics caused by microbial colonization of floating plastic surfaces is
accountable for surface biofilm formation (Casabianca et al., 2021). The
potential interactions between plastic polymers and phytoplankton as-
semblages are discussed in this study, along with the system's capability
of simultaneous detection of plastics and chlorophyll-a. However, there
is still a need for future research on the occurrence and distribution of
smaller plastic debris along the water column and bottom sediments
using a remote sensing system. Standardization of methods used for
laboratory and in-field measurements needs to be carried out to provide
guidelines that the scientific community can share.

This study gives information on the first fluorescence lidar data of
commonly used plastics submerged in surface water systems. The
following objectives are: (1) to compare the fluorescence emission of
several plastics using EEM fluorescence spectroscopy and (2) to detect
MPL using the developed portable LD-based fluorescence lidar system.
This study can provide information on the interaction of plastics and
phytoplankton community in surface waters, which can be improved in
future research. This study is a good reference supporting the call of the
World Health Organization (WHO) to report the presence of MPL and
the emergence of microplastics, which affect human health and the
environment (WHO, 2019).

1.2. Theory

1.2.1. Fluorescence
Fluorescence is the emission of photons from a sample following the

absorption of photons (Povrozin and Barbieri, 2016). The Jablonski
diagram illustrates the processes that occur between the absorption and
emission of light. The ultraviolet and visible regions of the spectrum are
commonly used in fluorometry and absorption since these regions cause
the excitation of the outermost electrons of the molecule. Light ab-
sorption in these regions forms excited molecules, which can dissipate
their energy through different processes such as decomposition, reac-
tion, or re-emission (Bassi and Dall'Osto, 2021). Any photon with an
excitation wavelength of 370 to 690 nm that is absorbed produces
fluorescence. The redistribution function of the fluorescence wavelength

can be written as:

ff (λ) = Φf gf (λʹ)hf (λ)
λʹ

λ
(1)

where Φf is the quantum efficiency for fluorescence, it is the ratio of the
photons absorbed at a given wavelength and the total number of photons
emitted at all wavelengths. The reported average value of Φf in surface
waters is 0.07 (Falkowski et al., 2017). gf (λ́ ) is the interval over which
light can excite fluorescence defined by a step function, and hf (λ) is the
fluorescence wavelength emission function defined by the Gaussian
function (Santabarbara et al., 2020) given by
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where λ́ is the wavelength of maximum emission and σc is the standard
deviation of the Gaussian, which is related to the full width-half
maximum (FWHM) of the fluorescence excitation spectrum (Chen
et al., 2023) given by
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/
2

̅̅̅̅̅̅̅̅̅̅
2ln2

√
(3)

In this study, the optical properties of microalgae, MP, and CDOM
were classified, and bio-optical models were used (Table A.1). The ab-
sorption and scattering coefficients (Shangguan et al., 2024) are
modeled as follows:

a(λ) = aw(λ)+ aMP(λ)+0.06 a*
ʹ
c (λ)+ ay(λ) (4)

b(λ) = bw(λ)+ bMP(λ)+ bP(λ) (5)

where aw is the absorption coefficient of pure water, a*
ʹ
c is the normal-

ized spectral absorption values of phytoplankton pigments, ay is the
absorption coefficient of organic matter distribution, aMP is the ab-
sorption coefficient of the induced microplastics, bw is the scattering
coefficient of water, bMP is the scattering coefficient of marine plastics,
and bP is the scattering coefficient of phytoplankton. In this study, the
phytoplankton pigment measured is the chlorophyll concentration
measured at 680 nm.

2. Materials and methods

2.1. Sample preparation

In this work, pure (Sanei Chemical Co., Ltd., Arao, Japan) and pond
water samples, plastic samples (NaRiKa Co., Ltd., Tokyo, Japan), and
Chlorella vulgaris (C. vulgaris), a green alga, were prepared. Fig. 1(C) and
Table 1 shows the plastic samples selected for the experiment. Pond
samples were collected in Katarai no Mori Park, Chiba University, Nishi-
Chiba Campus, Chiba, Japan (35◦ 37′ 37.542″ N, 140◦ 6′ 10.2996″ E).
C. vulgariswas cultured at 2000 lx light intensity with a 12 h/12 h light/
dark cycle using a BG-11 culture medium.

All measurements were carried out on plastic samples immersed in
the water (Fig. 1(C)); we used a 29-L glass tank (30 cm× 30 cm× 35 cm)
that allowed us to simulate the effect of different water samples. This
setup was adopted to reproduce realistic experimental conditions in
which the laser beam is attenuated by the water column and some major
fluorescence contributors, such as CDOM and phytoplankton pigments.

2.2. Excitation-emission matrix (EEM) analysis

Using an excitation-emission spectroscopy setup, dry and wet plastic
samples' fluorescence emission is studied using a 10 mm cuvette. For the
wet conditions, plastic samples were submerged in pure water. In this
study, the excitation wavelength is 405 nm with an uncorrected fluo-
rescence spectrum ranging from 200 to 2000 nm. In this experiment, the
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spectral range studied for the fluorescence of plastic samples ranges
from 450 to 700 nm. For the data acquisition, the signal from the
spectrometer was set to 10,000 calibration offsets, and the saturation
level was 5000. The scans to average per sample were set to 10 with a
box scar width of 3. The integration time is approximately 0.4 min. Ten
(10) blank cuvettes were used for the dry samples to measure the
background signal before adding the plastic samples. Raw fluorescence
spectra of dry plastic samples were measured and recorded. Fifty (50)
pure water samples served as blank samples for the submerged plastic
samples. The plastic samples were submerged into the pure water
samples and were analyzed for fluorescence emissions. In this experi-
ment, the raw fluorescence signal is processed by subtracting the blank
samples and using Fast Fourier Transform (FFT) algorithm to gather the
corrected fluorescence signal (Cadondon et al., 2022; Cadondon et al.,
2023).

2.3. Development of the fluorescence lidar system

The portable fluorescence lidar system uses a 405 nm laser diode
(LD) (Thorlabs L405P20) as a light source. It comprises a transmitter, a
receiver, and a signal processing unit (Fig. 1(A)). The LD is part of the
transmitting system, which allows pulsed modulation at a very low

voltage input. It consists of a pulsed driver circuit with trigger control, as
shown in Fig. 1(B). The same pulsed circuit was used as presented pre-
viously with minor electronic modifications. The maximum output
power of the transmitting system after collimation is 0.45 W, which
enables the detection of small particles at low concentrations. The
receiving system utilizes an assembled refracting telescope with an
aperture of 75 mm. An iris is placed at the telescope's focal point before
the fluorescence filters to measure the scattering volume. The scattering
volume is defined as the intersection of the incident light and the
detected volume. The laser's diameter is approximately 1 cm, smaller
than the telescope's beam divergence. A multi-edge dichroic mirror
separated signals from the CDOM and chlorophyll. It has a 100 %
reflectance for 450 to 500 nm and a 100 % transmittance for 500 to 700
nm. CDOM and plastic samples were measured at 470 nm with a fluo-
rescence bandpass filter. On the other hand, the chlorophyll detection
was measured at 680 nm with a fluorescence bandpass filter.

The developed lidar system has a biaxial configuration. The trans-
mitting and receiving components were aligned to optimize the back-
scattered signal to provide maximum fluorescence intensity at a chosen
distance. This concept proves the feasibility of 180o fluorescence
detection of plastic samples, as previously discussed (Palombi and Rai-
mondi, 2022; Shangguan et al., 2024). With this setup, the maximum
backscattered light can be improved by proper alignment, which de-
pends on the position of the samples. It optimizes the fluorescence lidar
signal that the photomultiplier tube (PMT) can detect. The intensity of
the backscattered signals was measured using a PMT with a wavelength
range from 185 to 870 nm. The photocathode area size has a diameter of
8 mm. This photomultiplier tube delivers high gain, wide dynamic
range, and high-speed response and is designed for photon counting. It
can measure low-scattering signals emitted from photons observed by
the receiving system. For signal processing, an FPGA-based photon
counting board (Trimatiz Co., Ltd., Photon Tracker, Chiba, Japan) was
developed (Shiina, 2019). It has a four-channel input for multiple-
channel detection, with a system clock of 500 MHz with 2 W for each
channel. The highest resolution has a BIN width of 5 ns, with a range
resolution of 0.75 m and a minimum summation time for data transfer of
0.2 s. The configuration of the portable LD fluorescence lidar system is
provided in Fig. 1(C), with the technical specifications reported in
Table 2.

Fig. 1. (A) Actual fluorescence lidar system, (B) schematic diagram, and (C) experimental setup and plastic samples used in the laboratory for the fluorescence lidar
measurements.

Table 1
Description of typical plastic samples used (NaRiKa, n.d.).

Material Code Mass
(g)

Specific
gravity

Common uses

Polypropylene PP 1.22 0.90 Kitchen utensils, films,
containers

Polystyrene PS 1.31 1.05 Transparent daily
necessities, containers,
stationery, highly foamed
products

Polyvinyl
chloride

PVC 1.67 1.45 Agricultural films, pipes,
hoses, electrical wire
coatings

Polyethylene
terephthalate

PET 1.62 1.55 Bottles, Home appliance
parts, recording tapes

High-density
polyethylene

HDPE 1.27 0.95 Packaging films, laminates,
toys, daily necessities
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2.4. Spectral processing and analysis

Backscattered lidar signals was measured based on the FPGA photon
counter. Using such a photon counting device with its overall built as-
sembly helps improve data collection, strong real-time preformation,
and high integration. A database was created, which consists of the
following: (a) pure, freshwater (pond), and seawater samples; and (b)
C. vulgaris concentrations. Several couples of active/background mea-
surements are acquired to increase the signal-to-noise ratio (SNR) to
obtain the backscattered fluorescence lidar signal of water samples. The
data collected from these water samples, bw(λ), served as blank samples.
All succeeding fluorescence spectra, b(λ), were corrected based on the
spectral response from the different water samples, and estimation al-
gorithms such as the convex hull algorithm, Gaussian fitting with the
Levenberg Marquardt method, and the FFT algorithm were used. The
maximum fluorescence peak signal is then obtained for each spectrum.

2.5. Chemical and morphological analyses

Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy (Agilent Cary 630, CA, USA) was employed to PET samples
before and after submerged in water. The nominal spectral resolution is
8 cm− 1 within the 4000–500 cm− 1 range. A collection time of 15 s was
used for each measurement, with an average scan of 40. Morphological
characterizations were also conducted in all PET samples using a field
emission scanning electron microscope (FE-SEM), as discussed previ-
ously (Cadondon et al., 2024). For lower-resolution images, a high-

resolution microscope (Axios microscope coupled with Wraymer high-
resolution camera) was used to identify suspended particles after
being submerged in pond water.

3. Data and results

In this study, preliminary experiments of the samples were analyzed
using excitation-emission spectroscopy. Based on the excitation-
emission pairs collected, the pulsed LD-based fluorescence lidar sys-
tem was developed for fluorescence detection of several plastic litters.
We also provide information on the plastic litter affected by the chlo-
rophyll distribution of microalgae in surface waters.

3.1. Excitation-emission pairs of different plastic samples

Dry and submerged samples of several plastics were carried out using
spectroscopy. The collected information on the fluorescence spectra of
several plastic litters is provided in Fig. 2. The spectra acquired use a
405 nm excitation wavelength and emission wavelength spectrum from
420 nm to 700 nm at room temperature. All fluorescence spectra are
measured in arbitrary units (a.u.) with ten scans to average. The
detectable fluorescence spectrum ranges from 450 to 700 nm. The
fluorescence spectra below 450 nm are affected by the spectrum of the
excitation wavelength. With the subtraction of the background signals,
environmental factors and internal noises in the photon counting device
are reduced. On the other hand, the fluorescence spectral shape of the
different plastic litters remains unchanged even after being submerged.
The big difference in the absorbed photons (Fig. 2(A, D, E)) at 450 to
600 nm shows a higher absorption rate of PS, PET, and HDPE. EEM pairs
of measured plastics have been observed previously (Maslov and Dulin,
2020). Even without fluorescent colorants commonly used in plastics,
high fluorescence intensity is observed in PET samples (Lionetto et al.,
2020).

Fig. 3 shows the mean distribution of dry and submerged plastic
samples. Higher fluorescence emission is observed when the plastic
samples are submerged. The same increase in the fluorescence intensity
has been observed when measured at 470 nm and 525 nm. PS, PP, PET,
and HDPE plastics showed two folds or more in the fluorescence in-
tensity when submerged. When submerged, this high light absorption by
water increased substantially with the plastics' reflectance signals. The
comparison of the fluorescence signals using the chosen two-wavelength
measurements provided significant differences for dry and submerged
plastics.

Table 2
Technical specifications of the LD-based fluorescence lidar system.

Components Parameter Value

Laser diode Central wavelength 405 nm
Pulse width 11 ns
Divergence angle 0.5 mrad

Telescope Diameter 75 mm
Field of view ~2 mrad

Detection device PMT: Hamamatsu H11901P-10 185–870 nm
Dichroic mirror Reflectance 400–500 nm

Transmittance 500–700 nm
Filters Plastic signal 470 nm

Chl-a 680 nm
Photon counter FPGA photon tracker

System clock: 550 MHz
BIN Width 5 ns
BIN length 50

Fig. 2. Fluorescence spectra of several plastics using excitation-emission spectroscopy. The green line represents the dry samples, while the blue line represents the
submerged samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. Fluorescence lidar measurement of plastics in surface waters

From the corrected fluorescence EEM, several peaks were chosen for
plastic detection. Emission wavelengths at 470 nm and 525 nm were
used to compare the fluorescence spectra of several plastics using the
fluorescence lidar system (Fig. A.1). Fluorescence lidar signal mea-
surements of pure, fresh, and marine waters were analyzed. Experiments
were performed in a dark environment to minimize dark noises from the
background. The threshold level was set at − 20mVwith a fall slope. The
fluorescence contribution of the black sheet is negligible, and the fluo-
rescence intensity is the same when the receiving component of the lidar
system is covered. The fluorescence lidar signal of several water samples
varies (Fig. A.2). The fluorescence intensity is dependent on the water
sample, with higher intensity measured at 470 nm compared to 525 nm.
Signal-to-noise (SNR) ratio also showed that marine waters have higher
SNR than fresh and pure waters. Possible noises observed can be
attributed to organic matter distribution and several suspended particles
found in fresh and marine water samples.

The first part of the fluorescence lidar experiment was carried out on
the plastics submerged 10 cm below the water's surface in the water
tank. The distance between the lidar system and the water tank is 6 m. It
simulates the average distance from the riverbanks to surface waters. At
this distance, the area on the target seen by the lidar is a 1 cm diameter
spot size. At shallow angle measurements (0–5o), the interaction be-
tween the lidar signal and the water-plastic scenario can be captured
(Shiina, 2020). Fig. 4 shows all the fluorescence lidar signals acquired on
the different plastic samples submerged in pure and fresh (pond) waters.
All fluorescence signals of the plastic litter were observed with the PET

sample with the highest intensity on both emission wavelengths. Lower
fluorescence signals are observed in PP and PS samples, which exhibit
their dependence on excitation-dependent fluorescence characteristics
(Zhao et al., 2022). We subtracted the raw fluorescence signal collected
to remove the water Raman contributions and organic matter distribu-
tion in water samples (Palombi and Raimondi, 2022). The subtraction
method has been applied to all raw fluorescence spectra for both emis-
sion wavelengths. The intensity of all corrected fluorescence signals has
decreased primarily because of water Raman and organic matter. Fig. 4
(B) shows the fluorescence lidar signal measurements of plastics when
submerged in pond waters. The fluorescence peak signal of all plastics is
maintained after being submerged in the pond water tank. However, the
fluorescence lidar signals of plastic samples are dominant, and the
changes in water samples are relatively trivial. Corrected peak fluores-
cence signals of plastics using pure and pond waters showed no signif-
icant difference (Fig. A.3), but higher peak signals were detected in pond
waters.

With the unique design of the receiving component of the fluores-
cence lidar system, simultaneous detection of plastic litter and micro-
algae is possible. C. vulgaris was added to investigate the feasibility of
distinguishing plastics. We have previously reported chlorophyll- a
measurement of several microalgae using a portable LED fluorescence
lidar system with an excitation wavelength of 385 nm and emission
(fluorescence) wavelength of 680 nm. It can be observed that the EEM of
CDOM is also observed at 405 nm excitation wavelength (Cadondon
et al., 2022).

The fluorescence band can quickly identify fluorescence contribu-
tions from phytoplankton due to chlorophyll in the red region. This can

Fig. 3. Box plot of EEM fluorescence signals at (A) 470 nm and (B) 525 nm. DRY represents the dry plastics and SUB represents the submerged plastics.

Fig. 4. Fluorescence lidar signal of plastic samples submerged in (A) pure water and (B) fresh (pond) water.
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be extended in understanding behaviors of several natural water debris,
such as leaves and algae, which are common suspended particles (Pal-
ombi and Raimondi, 2022; Cadondon et al., 2022; Cadondon et al.,
2023; Falkowski and Kolber, 1995). The fluorescence CDOM lidar signal
of C. vulgaris at 470 nm was measured and subtracted to measure the
fluorescence lidar signal of the plastic samples. The fluorescence in-
tensity is still relatively small compared to the fluorescence intensity of
the plastic samples. Overall, the fluorescence intensity of CDOM in-
creases with increasing biomass concentration. To further understand
the relationship between phytoplankton and plastic litter, simultaneous
detection was conducted using 470 nm and 680 nm for plastic litter and
chlorophyll-a, respectively. Fig. 5 shows the fluorescence lidar signal of
the PET plastic with C. vulgaris. The fluorescence lidar signal of PET
samples showed a widening signal when C. vulgaris was added. It can be
observed that the chlorophyll fluorescence signal increases with its
biomass concentration (R2 = 0.97, p < 0.05). On the other hand, the
fluorescence signal at 20 mg/L C. vulgaris biomass is relatively similar
with 25 mg/L concentration. It tells us that the maximum detection of
the fluorescence lidar system is approximately equal to 20 mg/L. The
fluorescence emission of vegetation is characterized by two fluorescence
bands, 680 nm, and 740 nm, tightly linked to photosynthesis. This study
used one of the two photosynthetic bands to estimate chlorophyll-a
concentration. With the addition of increasing algal biomass, we could
detect the PET sample's fluorescence signal. These results show that our
system can effectively provide fluorescence information on plastic litter
and microalgae in surface waters.

The fluorescence emission of plastic litter used in this study was
analyzed using excitation-emission spectroscopy and the developed
fluorescence lidar system. Correlation analysis was computed from the
fluorescence intensities observed. The corrected fluorescence lidar
signal and EEM fluorescence signal showed positive correlation for PP
(R2 = 0.76, p < 0.05), PVC (R2 = 0.64, p < 0.05), PS (R2 = 0.82, p <

0.05), HDPE (R2 = 0.88, p < 0.05), and PET (R2 = 0.90, p < 0.05)

measured at 405 nm excitation wavelength and 470 nm emission
wavelength. This implies that the portable LD-based fluorescence lidar
system can detect plastic in surface waters, as supported by EEM fluo-
rescence data.

3.3. Weathering of plastic litters

In a natural environment, organic matter and some detritus, such as
MPL, change due to electromagnetic radiation, biochemical processes,
and climatic effects. The second part of the experiment is to simulate the
effects of the natural environment on plastic samples. PET plastics were
submerged during the fall (October and November 2023), winter
(February 2024), and spring (May 2024) seasons in a pond inside Chiba
University. Under different climatic conditions, pond water samples and
submerged PET plastic were collected and analyzed for lidar measure-
ments. Fluorescence lidar observation during nighttime showed
consistent measurements of MPL with varying seasons (Fig. 6), con-
firming real-time data collection of the system. Chlorophyll-a (μg/L)
measurements, weather data such as air and water temperature (◦C),
and relative humidity (%) were also measured. MPL detection at varying
seasons showed consistent fluorescence signals with higher SNR mea-
surements during winter after eight months.

The observed increase in SNR is explained by the possible interaction
of suspended particles found in the plastic's surface (Fig. 7A). It is sup-
ported by the FTIR images before and after being submerged (Fig. 7B).
Surface characterization (Fig. 7C) through SEM showed physical
breaking (Ashjar et al., 2023). FTIR images showed a typical spectrum of
PET, such as 1111 cm− 1 for asymmetrical C-O-C stretching and 518–875
cm− 1 indicative of an aromatic ring (Alzhuhairi et al., 2016; Circelli
et al., 2024). EDS results of PET samples collected in October 2023
showed a high carbon content with a 97.23 mass percentage. Carbon,
oxygen, sodium, and silicon particles are found on the PET's surface after
being submerged for eight months (Fig. A.3). These particles are

Fig. 5. Fluorescence lidar signal of PET plastic with varying C. vulgaris biomass concentration. Fluorescence lidar signal of water and PET submerged in pure water
as references.
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commonly observed for suspended objects on plastic surfaces.

4. Discussion

4.1. Fluorescence patterns of plastics due to water and climate conditions

Plastic litter is a growing environmental issue on a worldwide scale
threatening marine ecology and the society. Plastic materials have
poisonous compounds when polymers undergo degradation. Photo-
degradation is mainly responsible for the initial degradation of plastics
in surface waters, while biodegradation bymicroorganisms in biofilms is
the leading cause of plastic degradation (Duan et al., 2021). This study
presents the use of a fluorescence lidar system in detecting the early

degradation of plastics in surface waters.
Most of the studies on detecting and mapping MPL consider either

beached or floating objects (Andriolo et al., 2020; Goddijn-Murphy
et al., 2018; Maximenko et al., 2019), and studies on submerged or
underwater detection is still unaccounted. The developed fluorescence
lidar system effectively detects submerged plastic debris in a small-scale
scenario. Plastic materials do not have standard parameters, such as
shape, dimension and chemical composition (Veettil et al., 2022). Any
qualitative and quantitative characteristic of plastic litter must be used
to distinguish it from other materials. It was found out that the fluo-
rescence spectra of several plastics (PS, PP, PVC, PET, HDPE) are
maintained even when submerged (Fig. 2). Fluorescence lidar signals of
plastics submerged in pure water showed smooth patterns (Fig. 4(A)).

Fig. 6. Seasonal variations of PET plastic, weather parameters, and chlorophyll signal.

Fig. 7. (A) High-resolution images, (B) FTIR spectra, and (C) SEM images of PET plastics' surface measured in October 2023 and May 2024.
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The change in water samples showed noisy spectra but the peak fluo-
rescence signal is maintained (Fig. 4(B)). They are affected by suspended
particles observed in the water column which causes turbidity. The
introduction of increasing C. vulgaris concentrations simulates the
turbidity in water. Fig. 5 shows the constant fluorescence lidar signals as
the C. vulgaris concentration increases. With the changing climatic
conditions observed, integration of several weather and water quality
parameters with the aid of a fluorescence lidar system allows complete
understanding of plastic behavior in water systems.

4.2. Fluorescence lidar systems for plastic litter and phytoplankton
monitoring

Plastics exhibit unique spectral characteristics that set them from
natural materials, forming the basis for detections using remote sensing
applications (Mahmoud and El-Sharkawy, 2024). Different types of
plastics exhibit fluorescence responses (Fig. 2), creating unique
excitation-emission spectra which can be used for precise identification.
By using the spectral fingerprint measured, we aim to develop a novel
technique using remote sensing. The experimental results presented a
significant contribution to plastic and microalgal detection in surface
waters by our developed LD-based fluorescence lidar system. Our fluo-
rescence lidar system using a pulsed LD with excitation wavelength at
405 nm showed promising results in providing fluorescence lidar signal
of several plastics. It reports the use of a fluorescence lidar system in
real-time monitoring of microplastics and microalgae in different water
systems. With the unique characteristic of phytoplankton in surface
waters (Cadondon et al., 2024), we can distinguish plastics through their
fluorescence characteristics (Fig. 4) with varying chemical composition.

Most studies use visual inspection through the camera, naked eye,
and microscopy to identify photoluminescent plastics. However, trans-
parent plastics are detected slowly. Among the examined plastic samples
(Figs. 2 and 3), the highest fluorescence intensity signal was the PET
plastic samples, easily detectable in real scenarios. On the other hand,
the most abundant plastics are PS and PP (Koelmans et al., 2019), which
have lower fluorescence intensity when excited at 405 nm. The water
Raman signal also affects the low detection, and the CDOM content is
also found in the surface waters. Autofluorescence and LIF studies of
plastics are commonly conducted using excitation sources emitted at
shorter wavelengths ranging from 200 nm to 355 nm. These sources
allow fluorescence detection from carbonyl groups, which are present in
polymer-based plastics (Spizzichino et al., 2016). Future studies extend
the need for a datable of all fluorescence signatures of all suspended
particles in surface waters.

4.3. Conclusion and future plans

Our study provides information on the potential of a portable LD-
based fluorescence lidar system in detecting submerged plastics in sur-
face waters. The experimental results conducted in a controlled envi-
ronment showed the capability of our system to understand the
fluorescence signatures of several plastics submerged 10 cm from the
water's surface. We also conducted simultaneous detection of plastics
and C. vulgaris using our setup, which explains the fluorescence effects of
Raman scattering and microalgae in detecting plastic debris. Our sys-
tem's portable and robust design can help coastal monitoring and
management affected by residential and industrial effluents. The
degradation of plastics and detection of smaller plastics is critically
important in determining the effects on the health and environment.
Such smaller sizes produced during the degradation of plastics have
become an increasing concern in recent years due to potential health
risks. In the future, we plan to quantify the number of plastics in surface
waters and provide real-time information on such degradation processes
using our developed system. Further development on our fluorescence
lidar system is needed to provide accuracy and assess plastic litter in
natural waters.
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