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Microplastic particles in the atmosphere are regularly detected in urban areas as well as in very remote
locations. Yet the sources, chemical transformation, transport, and abundance of airborne microplastics still
remain largely unexplained. Therefore, their impact on health, weather and climate related processes lacks
comprehensive understanding. Single particle detection presents a substantial challenge due to its time-
consuming process and is conducted solely offline. To get more information about the distribution, fluxes
and sources of microplastics in the atmosphere, a reliable and fast online measurement technique is of
utmost importance. Here we demonstrate the use of the autofluorescence of microplastic particles for
their online detection with a high sensitivity towards different widely used polymers. We deploy online,
single particle fluorescence spectroscopy with a Wideband Integrated Bioaerosol Sensor WIBS 5/NEO
(Droplet Measurement Technologies, USA), which enables single particle fluorescence measurements at
two excitation wavelengths (280 nm and 370 nm) and in two emission windows (310-400 nm and 420-
650 nm). We investigated shredded (<100 pm) everyday plastic products (drinking bottles and yogurt cups)
and pure powders of polyethylene terephthalate (PET), polyethylene and polypropylene. For the broad
range of typical plastic products analyzed, we detected fluorescence on a single particle level using the

WIBS. The online detection can identify particles smaller than 2 pm. In the case of microplastic particles
Received 22nd January 2024

Accepted 12th March 2024 from a PET bottle, 1.2 um sized particles can be detected with 95% efficiency. Comparison with biological

aerosols reveals that microplastics can be distinguished from two abundant pollen species and investigation
DOI: 10.1039/d4ea00010b s L L L
of the complete fluorescence excitation emission maps of all samples shows that online identification of

rsc.li/esatmospheres microplastics might be possible with fluorescence techniques if multiple channels are available.

Environmental significance

Plastic pollution is a major environmental problem. Especially airborne microplastics and nanoplastics are of concern due to the possibility of inhalation and
resulting health risks. So far, little information is available on the concentration, fluxes, and sources of atmospheric microplastics. This is partly because the
detection is time consuming and is done solely offline. Here, we demonstrate that microplastics exhibit autofluorescence, detectable on a single particle level
with a bioaerosol sensor that gives information about the size and fluorescence of airborne particles in real time. We can discriminate microplastics from pollen
grains due to different excitation-emission behavior. With 3D-fluorescence maps, we show that more channels in single particle fluorescence spectroscopy could
lead to a reliable and fast online detection method of microplastics.

] N S 1
1 Introduction the begln.mng of the plastics 1ndu.st.ry, the use of polymer
products improved our standard of living greatly. In the second
Synthetic materials have become an indispensable part of our half of the 20th century, global plastics production experienced
everyday lives. Since the early 20th century, a time considered an unprecedented growth and has reached 359 million tons in
2018.> The ever-increasing demand for these products has
potential detrimental environmental implications, as a fraction
of consumed plastic waste (estimated 22 million tons in the year
) . L . ) » 2019)* ends up in the environment. Plastic pollution classifies
Department of Chemistry, University of British Columbia, Vancouver, British a K R . K )
Columbia. Canada plastics by size, where macroplastics consist of plastic pieces
+ Electronic supplementary information (ESI) available: Additional information ~ larger than 1 c¢m, such as polyethylene terephthalate (PET)
on the setup, absorbance, and fluorescence properties of microplastic particles ~ bottles or high-density polyethylene (HDPE) single-use shop-

and microscopic pictures of MP samples. Fluorescence and size distributions of ping bags. These can undergo fragmentation due to weathering
pollen samples. See DOI: https://doi.org/10.1039/d4ea00010b
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processes, such as photo-oxidation or mechanical abrasion,*
where these macroplastics will decrease in size to form smaller
pieces known as secondary microplastics (MPs; <5 mm in size).?
Additionally, primary MPs are engineered small plastic particles
that are commercially used in products such as cosmetics that
will also exist in the environment.®

MP particles in soil and aquatic systems impact the envi-
ronment considerably, for example by changing the behavior
and growth of fish,” affecting the structure and function of
microbial communities® and may even affect biodiversity in
general.”'* Only since the study of Dris et al.™ in 2015 we know
that MPs also occur in the atmosphere. As MPs have been
detected not only in urban areas'>™ but all around the globe
including very remote regions like Mt. Everest,* the high Aus-
trian alps'® and Antarctica," it suggests that these particles
reach these remote areas via long-range atmospheric transport.

Aerosol particles in the accumulation mode (0.1-1 um) have
the highest residence time in the atmosphere,* and it is sug-
gested that the concentrations of nanoplastics (<1 pum) are
orders of magnitudes higher than the concentrations of MPs
>10 pm." Since studies on atmospheric MPs often focus on
particles larger than 10 pm,**** little is known about the actual
size distribution and concentration of atmospheric MPs in
different environments. Sources of atmospheric MPs include
but are not limited to road traffic emissions (tire road wear and
tire break wear), sites of plastic waste management and
synthetic fibers from clothes.?** Particles can be (re)suspended
from soil and city dust, for example through agricultural activ-
ities or traffic.>* In the marine environment MPs become
airborne through sea spray and bubble burst.** However, due to
the limited number of studies on atmospheric MPs, the
contribution of these sources as well as the concentration and
fluxes into the atmosphere remain highly uncertain.***® Never-
theless, humans are exposed to airborne MPs and can therefore
inhale them, posing potential health risks.>°

Even less is known about the possible implications of these
particles on the microphysics of clouds as well as on precipi-
tation and climate related processes,* e.g., nanoplastics can
potentially act as cloud condensation nuclei** or nucleate ice
heterogeneously.***

The detection of atmospheric MPs is often associated with
labor-intensive and time-consuming procedures. First, atmo-
spheric MPs are collected from atmospheric fallout, rain or
snow, or via active sampling on a filter. Usually, certain steps of
sample pre-treatment, e.g. filtration and density separation, are
necessary to then identify MPs via different offline optical or
analytical techniques. According to Luo et al. (2022),>° 42.11% of
atmospheric MP studies used optical microscopes for the
identification, followed by FTIR (Fourier-transform infrared
spectroscopy), SEM (scanning electron microscopy) and Raman
spectroscopy. All these methods have their own advantages and
disadvantages. The identification of MPs with an optical
microscope, for example, is a low-cost method, but highly
depends on the skill of the operator identifying them. To avoid
a large number of false positive and false negative results, this
technique should not be used for particles smaller than
500 pm.** Unless coupled with vibrational spectroscopy, no
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compositional information about the MP particles can be ob-
tained by optical microscopy. For easier differentiation of MPs
and non-polymer particles, some authors used a fluorescence
microscope after staining the sample with Nile Red to detect any
polymers in the air samples, often before using FTIR.** FTIR
and Raman microscopy stand out with the possibility to
chemically differentiate between various polymer types.**?*
However, FTIR/Raman microscopy is limited by the Abbe
diffraction limit, which gives the lower size limit of detectable
particles. The Abbe-limit is approximately 5-10 pm for FTIR and
300-500 nm (more realistic is 1 pm if contrast related uncer-
tainties are considered)*” for standard Raman microscopy.
While the lower limit for particle size is less problematic with
SEM, molecular spectroscopic information is not available with
electron microscopy. However, coupled with Energy Dispersive
X-ray Spectroscopy (EDX), elemental information can be
obtained. Besides the number concentrations of atmospheric
MPs, some studies use mass spectrometric techniques to
evaluate the mass concentration of polymers in the
atmosphere.'****® Most current detection methods are very
time-consuming, as they run offline, and many single particles
must be investigated individually. Therefore, only a small
number of particles can be examined in one single study. It is
very challenging to get real time information about the
concentration of MPs in the atmosphere, which currently
hinders the estimates of their sources and fluxes, although
recent progress has been made using single particle mass
spectrometry.**> Hence, to investigate the distribution and fate
of MPs in the air and consequently evaluate health and climate
relevant pollution problems, a fast and reliable online
measurement technique is required to collect data in real time
with high temporal resolution.

In this study, we investigate the possibility of single particle
fluorescence measurements as a tool for online detection of
airborne MPs. In the last few decades, various studies have re-
ported fluorescence data of polymers. Polymers can be broadly
separated into two types by the origin of the photoluminescence
emission: Type A and Type B.** The emission of Type B poly-
mers, including PET and polystyrene (PS), arises from the size of
the repeat polyaromatic structures (t — 7* and n — 7* tran-
sition).** Solely based on the molecular structure, Type A poly-
mers like polyethylene (PE) and polypropylene (PP) should not
emit fluorescence after excitation in the UV-range. However, the
fluorescence of PE and PP, even in a very pure form, has been
reported already back in the 1960s.** Since then, the nature of
the emission was a subject of discussion.**** Currently the
common hypothesis is that the emission is caused by unsatu-
rated carbonyls of the enone and dienone types that are present
in the polymers, originating from oxidation processes during
synthesis, processing and storage.*>*® Recently, a few studies
were published in which the autofluorescence of polymers was
discussed in the context of MPs. Ornik et al. (2020)** showed
that different polymers, including PP, PE, PET and PS, can be
distinguished from biological materials using fluorescence and
Qiu et al. (2015)°> used the autofluorescence properties of MPs
to detect them with a fluorescence microscope prior to FTIR
measurements. Monteleone et al. (2020)*®* showed that heat

© 2024 The Author(s). Published by the Royal Society of Chemistry
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treatment of MPs increased the fluorescence emission resulting
in better visibility under a fluorescence microscope. This recent
development motivated us to investigate whether auto-
fluorescence as an intrinsic property of MP particles is a prom-
ising way to detect them online in the atmosphere. To do so, we
use the Wideband Integrated Bioaerosol sensor (WIBS 5/NEO)
to characterize single MP particle fluorescence of four
different polymers, which we characterized with UV-VIS and
FTIR spectroscopy. We further investigate the performance of
the WIBS in distinguishing MPs from fluorescent bioaerosols,
which are abundant atmospheric fluorescent particles in the
coarse size fraction.**® Further characterization of the MP
particles is done with steady-state fluorescence spectroscopy to
explore possible improvements towards a reliable online iden-
tification method of atmospheric microplastics.

2 Materials and methods
2.1 Samples and sample preparation

This study investigates the autofluorescence properties of four
commonly used types of polymers that are often found in the
atmosphere as MPs:***”"%> PET, PP, PE and PS. We used pure
samples (>99.9%) of PET, PP and PE as fine powders purchased
from Nanochemazone (Canada), denoted by the superscript “a”
and more realistic self-fabricated MP samples from everyday
packaging products via a cryo-milling procedure, denoted by
the superscript “b”. The samples were produced from a trans-
parent, light blue PET bottle and a white PP and PS yogurt cup.
To fabricate MPs from bulk packaging material, we cleaned the
samples of their content in a first step: we used soap and ultra-
pure water in the case of the yogurt cups and just water for the
PET bottles. Smaller pieces (approximately 5 x 10 cm) were
then suspended in acetone for 1 min before rinsing with ultra-
pure water (Milli-Q 18.2 MQ cm at 25 °C). About 500 mg were cut
into small flakes (1 to 3 mm®) and were put in a grinding jar
(volume = 25 ml, stainless steel) with a single grinding ball
(diameter = 12 mm, stainless steel). The grinding jar with its
content was put into a bath of liquid nitrogen for 5 min before
milling with a Retsch MM 400 swing mill for 10 min with

View Article Online
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a frequency of 30 s~'. We conducted this procedure with
a nitrogen bath and milling for a total of 10 times. The resulting
MP powder was transferred into dark brown glass vials and
stored in opaque containers under room temperature. Fig. S1f
shows microscopic images of the samples, recorded with
a Nikon Eclipse Ci-L microscope (Nikon, Japan). For compar-
ison with biological aerosols, we measured the pollen of the
species Betula pendula (silver birch) and Agrostis gigantea (black
bent grass). Table 1 depicts a detailed description of the
samples.

Chemical characterization with UV-VIS and FTIR-
spectroscopy is shown in the ESI (Fig. S2-S4, Table S1f). In
short, the FTIR spectra of the self-fabricated powders agree with
reference spectra from the literature of the pure substance
(Fig. S37). PP? shows signs of significant aging and oxidation in
the FTIR spectrum (Fig. S41). The UV-VIS spectra of PP* and PP"
differ (Fig. S27), suggesting that UV-VIS absorbing additives are
present in PP°, which do not absorb in the infrared region.

2.2 Single particle fluorescence spectroscopy with WIBS

Fluorescence on a single particle level was measured online
using the Wideband Integrated Bioaerosol Sensor 5/NEO short
WIBS (Droplet Measurement Technologies, USA). A detailed
description of the operating principle of the WIBS can be found
elsewhere.®**¢ In short, the WIBS samples ambient air with
a sample flow of 0.3 L min~" and measures the size of single
aerosol particles via forward light scattering of a 635 nm diode
laser. According to the manufacturer, it detects particles from
500 nm to 30 pm diameter. Two xenon lamps with wavelengths
of 280 nm and 370 nm are used to excite particles. The fluo-
rescence emission intensity is recorded using two wavebands.
The first ranging from 310-400 nm and the second from 420-
650 nm. This gives three main channels: FL1 (excitation 280 nm
and emission 310-400 nm), FL2 (excitation 280 nm and emis-
sion 420-650 nm) and FL3 (excitation 370 nm and emission
420-650 nm). If the emitted light of a particle exceeds the
fluorescence threshold in any of the three channels, it is
considered to be fluorescent. The fluorescence threshold was
determined using forced trigger mode on any day of

Table 1 Description of all measured MPs and biological samples. The superscript “a” refers to purchased MP powders and the superscript “b" to
powders milled from packaging products. Microscopic images of the MP samples are shown in Fig. S1. The size of the fibres is described by the

fibre length

Sample name Material Product Provider Color Particle size

PET* PET, (CAS Nr.: 25038-59-9) “Ultrafine Polyethylene Nanochemazone White <100 pm
Terephthalate Powder”

PpP? PP, (CAS Nr.: 9003-07-0) “Fine Polypropylene Powder” Nanochemazone White <30 pum,

fibres <150 pm

PE* PE, (CAS Nr.: 9002-88-4) “Low-Density, Nanochemazone White <100 pm
Polyethylene Powder”

PET" Recycled PET Drinking bottle Voslauer Transparent, <50 um

light blue

ppP Recycled PP Yogurt cup Alpro White <100 pm

ps® Recycled PS Yogurt cup Vega Vita White <50 pm

Pollen A Betula pendula, (Silver birch) Pollen Pharmallerga Yellowish 10-25 um

Pollen B Agrostis gigantea, Pollen Allergon Yellowish 30-50 pm

(Black bent grass)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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measurement. In forced trigger mode, the xenon lamps are fired
without any particles present. The threshold for every channel is
calculated using the mean value of the intensity in the corre-
sponding channel plus three standard deviations. The three
main channels can further be combined using ABC analysis,
according to Perring et al. (2015).%* An A particle is a particle that
exhibits fluorescence in FL1 only, a B particle exhibits fluores-
cence in FL2 only, a C particle exhibits fluorescence in FL3 only,
an AB particle exhibits fluorescence in FL1 and FL2 only, an AC
particle exhibits fluorescence in FL1 and FL3 only, a BC particle
exhibits fluorescence in FL2 and FL3 only and an ABC particle
exhibits fluorescence in FL1, FL2 and FL3. Fig. 4 shows
a scheme of this particle classification. Data analysis was con-
ducted in IGOR pro 9.01 using the WIBS-NEO toolkit (Droplet
Measurement Technologies, USA). The setup consists of a small
glass vial with an inlet connected to a HEPA filter and an outlet
connected to the WIBS. Inside the vial, the samples as well as
a small magnetic bar are placed. The vial is put on a magnetic
stirrer operated with different “rounds per minute” to create
a relatively constant concentration of airborne particles,
depending on the sample. The particles are carried to the inlet
of the WIBS in-line. The inlet is preceded with an oversized
particle trap for the impaction of very big particles. A sketch of
the setup is shown in Fig. S5.}

2.3 Steady-state fluorescence spectroscopy

In order to get an overview of the general photoluminescence
behavior over a wider range of excitation wavelengths, 3D
excitation-emission maps (EEMs) of the MP powders were ob-
tained using an FSP920 spectrometer (Edinburgh Instruments,
UK), equipped with a 450 W Xe900 xenon arc lamp and an S900
single photon photomultiplier. The instrument was operated in
front face geometry using a high precision cell made of two high
performance quartz glass slides with a sample depth of 0.2 mm
and an associated cell holder (Hellma Analytics, Germany).
EEMs were recorded with 5 nm resolution and a dwell time of
0.25 s. Although the EEMs recorded here are obtained from bulk
(powder) samples, we wanted to get the representative signals
for single aerosol particles. To avoid possible distortion of the
emission signal caused by inner filter effects or quenching,
powder samples were diluted using quartz sand as a non-
fluorescent dilution matrix.®” The quartz sand (Carl Roth, Ger-
many) has a purity of >99% and grain sizes <125 pm. A dilution
series with dilutions between 10 and 0.01% w/w was conducted.

2.4 Further MP characterization

The absorbance spectra of the powder samples were recorded
with a Lambda 750 UV-Vis-Spectrometer (PerkinElmer, USA),
using the same sample cell as described in Section 2.3 with
a 60 mm integrating sphere. The spectrometer uses a tungsten—
halogen and a deuterium lamp as a light source and a R928
photomultiplier detector. Scans were conducted with 2 nm
resolution from 200-700 nm. Barium sulfate powder was used
for auto-zero calibration. FTIR spectra were recorded with an
ALPHA II ATR-FTIR Spectrometer (Bruker, Germany) using
a DTGS (deuterated triglycine sulfate) detector and a diamond

604 | Environ. Sci.: Atmos., 2024, 4, 601-610

View Article Online

Paper

crystal attenuated total refraction unit. For each MP type, four
scans were performed for three individual samples. Scans were

conducted from 4000 to 400 cm ™' with a resolution of 2 cm ™.

3 Results and discussion
3.1 Single particle fluorescence

3.1.1 Fluorescence fractions. All studied MPs depicted
a characteristic fluorescence signal on a single particle level.
Fig. 1 summarizes the stacked fluorescence fractions and size
distributions of the plastic samples. The fluorescence fractions
of the particle types (A in red, AB in green, AC in pink and ABC
in blue) are stacked on top of each other so that the curve under
the gray area, which refers to non-fluorescent particles (NO FL),
represents the fluorescence detection effectivity. Additionally
measured size distributions are added to the fraction plots as
dashed lines. In Fig. S6, the size distributions of all particle
types are stacked on top of each other, in order to better see the
absolute proportion of particle types per particle size. Fig. 1
depicts a trend that larger particles exhibit fluorescence in more
channels. We find a general trend of channel evolution with
increasing particle size of A — AB — ABC with a few AC
particles for all samples (Fig. 1a and c—f) but PET® (Fig. 1b).
PETP particles are mostly of the ABC type and only a fraction of
particles <5 um belong to the AB type, which indicates that PET"
particles fluoresce stronger than PET? particles (Fig. 1b). PP?
and PP” (Fig. 1c and d, respectively) show a very similar
behavior in channel evolution: all particles >20 pm are ABC
particles. The smaller particles are allocated to the other
channels (A, AB and AC) in a similar way in both cases. PE?
(Fig. 1e) shows the least size dependency, as particles >15 um
can still belong to the A and AB types. All PS® particles >12 um
are of the ABC type (Fig. 1f). In general, only a minor fraction of
the particles showed no fluorescence above the WIBS size
threshold (Table 2). In the case of PET® and PS® almost 100% of
the particles emit measurable fluorescence. For the other
samples, the fluorescence fraction ranges from 87.5% for PE® to
the lowest value of 62.6% for PP*. The total fluorescence fraction
depends on the form of the size distribution, since smaller
particles exceed the fluorescence threshold less often. There-
fore, the fluorescence cut-off diameters D5, and Dgs were
calculated (defined as the particle diameter at which 50% and
95% of the particles show a fluorescence signal in at least one
channel, respectively). The values for D5, range from below the
detection limit for PET® and PSP to the highest value of 2.4 um
for PP® (Table 1). The lowest value of Dog is 1.2 um for PET® and
the highest is 5.7 pm for PE®. Therefore, almost all MP particles
emit measurable fluorescence above 5 pm, demonstrating an
excellent sensitivity of the WIBS towards atmospheric MP
detection above that size.

3.1.2 Relative fluorescence intensities. The absolute fluo-
rescence intensity depends strongly on the particle size. We find
an increase of fluorescence intensity with increasing particle
size for all samples except of PE®. The intensity-size relation-
ship is shown in the ESI in Fig. S7.1 In Fig. S8,1 the absolute
fluorescence intensities of the three channels FL1, FL2 and FL3
of all samples are plotted against each other for certain size

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Stacked fraction of the fluorescent particle types and size distribution of all detected particles for (a) PET?, (b) PET®, (c) PP?, (d) PP®, (e) PE®
and (f) PSP. These graphs show the proportion of each particle type (A, AB, AC, ABC and NO FL) in all measured particles of a certain size Dy. The
size distributions (dN/dlog D,,) were normalized (the maximum was set to 1). The colors refer to the particle types according to the classification
in Fig. 4. The gray area shows the fraction of non-fluorescent particles. The line under the gray area is the detection effectivity. For all samples,
fluorescence emission on a single particle level could be detected for most of the particles. There is a general trend of channel evolution with the
particle size of A - AB — ABC and a few AC particles. Other particle types (e.g. B, C and BC) were not recorded.

Table 2 Values of the fraction of fluorescent particles, Dsg and Dgs
(particle diameter at which 50% and 95% of particles are detected as
fluorescent) ordered in increasing value of Dgs®

Sample name FL fraction [%] Dso [um] Dgs [um]
PET® 99.9 bld 1.2
psP 98.6 bld 1.4
PET? 75.4 1.3 3.4
ppP 79.1 2.4 4.8
PP? 62.6 2.4 4.9
PE? 87.5 2.0 5.7

“ bld = below limit of detection.

ranges, clearly showing the differences between Pollen A, Pollen
B, PET® and the rest of the MP samples. In this manner, it is
possible to differentiate the pollen samples and the MP
samples, as well as PET® and all other MP samples in certain
size ranges. However, to avoid a bias due to this strong size-
dependency of the absolute fluorescence signal, especially as
the atmospheric size-distribution of MPs remains largely
unknown to date, we calculated the relative fluorescence values
for the three fluorescence channels (absolute value for each
channel divided by the sum of the three channels). We
compared them with the values for pollen samples (Fig. 2). One
key element in using online single particle fluorescence tech-
niques to detect MP particles is to discriminate MPs from other
fluorescent aerosols. In the scope of this study, we compared
MPs with two different kinds of pollen grains, as bioaerosols

© 2024 The Author(s). Published by the Royal Society of Chemistry

and especially pollen grains are the dominant fluorescent
particles above 5 pm, i.e. the range where the WIBS has a very
high sensitivity towards MPs. The size distribution of the pollen
samples shows two distinct peaks with maxima at 4 and 27 um
for Pollen A and 8 and 27 um for Pollen B. Therefore, every
pollen sample is treated as two different samples: pollen frag-
ments (=15 pm) and pollen (>15 pm). Stacked fraction plots
together with the size distribution of the pollen samples can be
seen in Fig. S9.f For all MP samples, the fluorescence in
channel FL1 dominates (Fig. 2a). Therefore, the FL1 fraction is
close to 1, whereas FL2 and FL3 fractions are very small. An
overlap of the percentiles between the group of the MP samples
and the pollen samples is measured only for PET® and PP? in the
FL2 and FL3 channels. For the other types of MPs, a clear
distinction between MPs and pollen can be made in all chan-
nels, and, especially when combined, this is a powerful tool to
differentiate between MPs and other fluorescent atmospheric
particles above 5 um such as pollen. In general, fluorescent
interfering particles in the atmosphere complicate the inter-
pretation of data obtained by any online biological particle
sampler. Several aerosol particles have been identified as
interfering particles, such as diesel soot, ash, cotton fibers and
others.®® However, most interfering particles fluoresce with
a lower intensity than biological particles. Therefore, when
setting the fluorescence threshold to 9 standard deviations over
the forced trigger mean value compared to 3 standard devia-
tions, most biological particles are still classified as fluorescent,
while interfering particles are mostly classified as non-fluores-
cent.®® In Fig. S10 in the ESI, we show that increasing the

Environ. Sci.. Atmos., 2024, 4, 601-610 | 605
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Fig.2 Relative fluorescence intensities (value of each channel divided by the sum of all channels) for (a) FL1, (b) FL2 and (c) FL3 for all MP samples
and fragments and whole pollen grains of two different pollen species, Pollen A (silver birch) and Pollen B (black bent grass). MP samples
dominate in the FL1 channel, whereas pollen samples have a broader distribution. Only in the channels FL2 and FL3, PET? and PP® show an

overlap of 10-90 percentiles (represented by whiskers) with the pollen

samples. Note that only particles that show fluorescence in a certain

channel are considered. Therefore, whiskers in FL2 and FL3 can be wider than in FL1 because fewer particles show fluorescence in those

channels.

threshold to 9 sigma has only a minor effect on the detection of
MP samples: The cutoff diameter Ds, is shifted to higher
diameters (still below the limit of detection for PET® and
between 1.3 and 5.2 pm for the other samples).

Certainly, measurements under real life conditions would
generate much more complex data sets. Not only more types of
interfering particles are present in the atmosphere, but of
course, the diversity of biological particles in the atmosphere is
more complex than can be described by two pollen species.
However, our results demonstrate that single particle fluores-
cence is intense enough to be measured by commercially
available bioaerosol sensors like the WIBS 5/NEO, even for
polymers without any aromatic structures.

Fluorescence was detected on a single particle level down to
500 nm particle size (lower size limit of the WIBS) with an
effectivity of 50% for two of the MP types, whereas 2 pum is the
highest value of Ds,. These values are in the range of the size
limitations of the offline techniques (approximately 10 um for
FTIR and 1 pm for Raman) and therefore, the significant
advantages of an online method using fluorescence like high
time resolution and availability of real time data are not
accompanied by restrictions of a larger particle size detection
limit compared to existing methods. While we showed that
using the WIBS 5/NEO we can distinguish between MPs and two
types of pollen grains using relative fluorescence values, it was
not possible to differentiate between different types of poly-
mers. This is a clear disadvantage compared to FTIR and
Raman, where the chemical information is used to assign
a polymer type to MP particles. The reason for the low selectivity
of the WIBS is that only using three fluorescence channels gives
little information on the complex fluorescence behavior of the
polymers. Therefore, we conducted 3D fluorescence EEMs to get
an overview of the general emission behavior and to explore
future improvements on this online detection technique.

3.2 Excitation-emission maps

Getting a better understanding of the general photo-
luminescence behavior of the samples helps to differentiate
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MPs from biological materials and other carbonaceous particles
and potentially also enables MP differentiation. Fig. 3a-h depict
the EEMs of PET?, PET®, PP?, PP, PE?, PSP, Pollen A and Pollen
B. Fig. 31 summarizes the (most intense) excitation-emission
maximum of the MP and pollen samples. All samples show
autofluorescence with different maxima. In addition to the
fluorescence emission, all maps but (e) show instrument related
scattering artifacts. These signals occur in all solid samples with
the used instrument. Further, we find that the EEMs change
with the rate of dilution for PET?, PET® and pollen samples.
Fig. S11} shows the maps of PET?, PET®, Pollen A and Pollen B
in an undiluted form and in various dilutions. PET? (Fig. 3a)
shows a maximum at an excitation wavelength of A.x = 325 nm
and an emission wavelength of A.,, = 345 nm, whereas PET"
(Fig. 3b) has the strongest signal at Aex = 305 nm and Aey, =
365 nm. The intensity of PET® and PET" at their individual
excitation-emission maxima is very similar. However, PET" has
stronger emission towards smaller excitation wavelengths
compared to PET?. This leads to a higher fluorescence intensity
of PET® in the WIBS channel FL1 (see Fig. S7at). Even though
the absorption spectra of PET® and PET® only differ in the
visible range (due to the blue color of PET®, see Fig. S21), the
excitation spectrum (excitation at a certain emission wave-
length) of PET® is higher at lower wavelengths, suggesting that
additives to the PET bottle in combination with the existing
absorbers cause higher fluorescence at lower wavelengths.

The samples PP? (Fig. 3c) and PP (Fig. 3d) both show three
distinct excitation-emission maxima. For PP? the main
maximum (Ae = 265 nm and A, = 285 nm) is about two orders
of magnitudes more intense than the other two maxima at
around 400 nm emission. The main maximum for PP° (Aex =
265 nm and A, = 300 nm) is more pronounced by a factor of
about 10 compared to the other maxima at higher emission
wavelengths. PP?, although less absorbent in the UV-VIS range
compared to PP® (Fig. S21), shows 100-times higher fluores-
cence at the main maximum, probably an effect caused by
oxidation/aging, visible in the FTIR spectrum (Fig. S4t). PS"
(Fig. 3f) also shows three distinct maxima. The most intense

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Excitation—Emission Maps (EEMs) of all samples investigated in this study. To avoid distortion of the emission signal due to the inner filter
effect for emission and quenching, we diluted the samples with non-fluorescent quartz sand. (a) PET? (dilution: 0.90% w/w), (b) PET® (dilution:
0.90% w/w), (c) PP? (undiluted), (d) PP® (undiluted), (e) PE? (undiluted), (f) PS® (undiluted), (g) Pollen A (dilution: 0.70% w/w) and (h) Pollen B
(dilution: 0.08% w/w). The color code represents the intensity of the emitted light in arbitrary units. (i) The most intense excitation—emission
maximum of all MP types and pollen grains. The bars represent the regions, where at least 25% of the intensity of the maximum is detected. FL1

and partly FL2 and FL3 of the WIBS are depicted.

signal is at Ax = 265 nm and A.;, = 315 nm and is more intense
by a factor of 20 and 30 compared to the other two maxima. PE*
(Fig. 3e) shows one distinct maximum at Ae, = 285 nm and Aepy,
= 305 nm. The two pollen samples exhibit the strongest emis-
sion at much higher wavelengths than the MPs. This supports
the difference between pollen and MPs measured with the
WIBS. In Fig. 3i, the most intense maximum of the MPs and the
pollen samples is plotted together with the WIBS channel FL1
(and parts of FL2 and FL3). For all MP samples, the emission
intensity peaks between 285 nm and 365 nm and therefore is
always in the UV-A and B range.

An online fluorescent particle detector, where the UV-A and B
range is covered with higher resolution (more channels), could
thus lead to better discrimination between different MP types.
For example, in addition to the existing excitation wavelength of

© 2024 The Author(s). Published by the Royal Society of Chemistry

280 nm of the WIBS, an excitation at 260 nm would cover the
maxima of PP and PS and an excitation of about 330 nm would
be in the region of the PET maxima. Combining with adding
more emission channels, starting at small Stokes shifts (shift
from the excitation to the emission wavelength) of 20 nm, could
lead to improvements in the discrimination of various MPs. A
smaller Stokes shift is a common property among the polymeric
materials considered here. Fluorescence in the UV-A and UV-B
range in combination with a small Stokes shift seems to be
rare in biological fluorophores, pollen and other interfering
particles.®®*® Hence, small Stokes shift emission channels
would substantially contribute to the discrimination of poly-
mers, biological and other interfering particles. Last, fluores-
cence lifetime (the time it takes for the excited electron to
reemit the photon) measurements should be explored since
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fluorophores emitting in similar regions might have different
lifetimes in the excited state, potentially being the key to
differentiate between different types of polymers. Altogether,
our results show that with some improvements on fluorescence
information, online MP detection and identification is possible
and should be further investigated in the future, while
complementary techniques such as holographic images might
further help to differentiate MPs from biological particles, as
the latter often have distinct morphologies.

4 Conclusions

In this paper, we show that MP particles belong to the subset of
fluorescent aerosols and that we can measure fluorescence
emission at the single particle level. This property opens the
possibility to detect airborne MPs online and consequently
analyze their distribution and fate in the atmospheric envi-
ronment, yet, with the challenge to efficiently discriminate
between polymer types. This study was designed as a first proof
of concept that, in general, bioaerosol sensors like the WIBS 5/
NEO can detect the fluorescence signal of single MP particles of
a variety of common polymers. We were able to differentiate
between MPs and pollen grains (Betula pendula and Agrostis
gigantea, which serve here as representatives for tree and grass
pollen) using the relative fluorescence values of the WIBS 5/
NEO. However, we also showed that the low resolution of
three fluorescence channels of the WIBS 5/NEO is not sufficient
to distinguish different types of MPs as they produce very
similar signals integrated over the wide emission bands of the
WIBS. Through the EEMs we show the differences in the
emission behavior when looking at higher emission wavelength
resolution. Designing an instrument with specific excitation
and emission channels targeting the areas where polymers
show high fluorescence could lead to a satisfactory discrimi-
nation between different polymer types. Polymers are used in so
many areas of our everyday life that it is expected that one type
of polymer will be mixed with a variety of additives to produce
the desired properties. In future studies, it should be explored
to which extent additives affect the photoluminescence perfor-
mance by characterizing MPs of one polymer type from a variety
of products. However, the fact that pure polymers without
additives show fluorescence is very promising and clearly
guides the way towards an online measurement technique for
atmospheric MPs.
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Fig. 4 ABC-particle classification according to Perring et al. (2015).5*
(A) Fluorescent particles detected in FL1 only. (B) Fluorescent particles
detected in FL2 only. (C) Fluorescent particles detected in FL3 only.
(AB) Fluorescent particles detected in FL1 and FL2 only. (AC) Fluores-
cent particles detected in FL1 and FL3 only. (BC) Fluorescent particles
detected in FL2 and FL3 only. (ABC) Fluorescent particles detected in
FL1, FL2 and FL3. Graph recreated from Savage et al. (2017).%¢

Acknowledgements

We thank TU Wien and BMBWF for the purchase of the WIBS 5/
NEO. We thank Tobias Konemann from Envicontrol and
Christopher Pohlker from the Max Planck Institute for Chem-
istry for the technical support. We also thank Bernhard Hofko
and Johannes Mirwald from TU Wien for the possibility to use
the ATR-FTIR spectrometer. We gratefully acknowledge support
by the FFG (Austrian Research Promotion Agency) for funding
under project no. 888109, the Vienna Science and Technology
Fund (WWTF) through project VRG22-003 and TU Wien Bib-
liothek for financial support through its Open Access Funding
Programme. This research was funded in whole or in part by the
Austrian Science Fund (FWF) [J 4752-N]. For open access
purposes, the author has applied a CC BY public copyright
license to any author accepted manuscript version arising from
this submission.

Notes and references

1 D. Feldman, Des. Monomers Polym., 2008, 11, 1-15.

2 PlasticsEurope, An Analysis of European Plastics Production,
Demand and Waste Data, https://plasticseurope.org/wp-
content/uploads/2021/10/2019-Plastics-the-facts.pdf,
accessed March 2024.

3 OECD, Global Plastics Outlook:
Environmental Impacts and Policy Options,
Publishing, Paris, 2022, p. 201.

4 N. A. Welden and A. Lusher, in Plastic Waste and Recycling,
ed. T. M. Letcher, Academic Press, 2020, ch. 9, pp. 223-249.

5 N. B. Hartmann, T. Hiiffer, R. C. Thompson, M. Hassellov,
A. Verschoor, A. E. Daugaard, S. Rist, T. Karlsson,
N. Brennholt, M. Cole, M. P. Herrling, M. C. Hess,

Economic  Drivers,

OECD

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://plasticseurope.org/wp-content/uploads/2021/10/2019-Plastics-the-facts.pdf
https://plasticseurope.org/wp-content/uploads/2021/10/2019-Plastics-the-facts.pdf
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00010b

Open Access Article. Published on 14 Hlakubele 2024. Downloaded on 2026-02-01 09:58:27.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

N. P. Ivleva, A. L. Lusher and M. Wagner, Environ. Sci.
Technol., 2019, 53, 1039-1047.

6 J. Boucher and D. Friot, Primary Microplastics in the Oceans:
a Global Evaluation of Sources, IUCN, Gland, Switzerland,
2017.

7 M. Salerno, M. Berlino, M. C. Mangano and G. Sara, Glob.
Change Biol., 2021, 27, 2645-2655.

8 M. Arias-Andres, K. Rojas-Jimenez and H.-P. Grossart, TrAC,
Trends Anal. Chem., 2019, 112, 234-240.

9 J. Wang, L. Xu, S. Zhong, Y. Yang, G. Feng, Q. Meng, Y. Gao
and X. Cui, Polym. Chem., 2021, 12, 7048-7055.

10 D. Hu, M. Shen, Y. Zhang, H. Li and G. Zeng, Environ. Sci.
Pollut. Res., 2019, 26, 19997-20002

11 R. Dris, J. Gasperi, V. Rocher, M. Saad, N. Renault and
B. Tassin, Environ. Chem., 2015, 12, 592-599.

12 S. Wright, J. Ulke, A. Font, K. Chan and F. Kelly, Environ. Int.,
2020, 136, 105411.

13 Y. Huang, T. He, M. Yan, L. Yang, H. Gong, W. Wang, X. Qing
and J. Wang, J. Hazard. Mater., 2021, 416, 126168.

14 B. Kirchsteiger, D. Materi¢, F. Happenhofer, R. Holzinger
and A. Kasper-Giebl, Atmos. Environ., 2023, 301, 119670.

15 S. Allen, D. Allen, V. R. Phoenix, G. Le Roux, P. Durantez
Jiménez, A. Simonneau, S. Binet and D. Galop, Nat.
Geosci., 2019, 12, 339-344.

16 D. Materic, A. Kasper-Giebl, D. Kau, M. Anten, M. Greilinger,
E. Ludewig, E. van Sebille, T. Rockmann and R. Holzinger,
Environ. Sci. Technol., 2020, 54, 2353-2359.

17 A. R. Aves, L. E. Revell, S. Gaw, H. Ruffell, A. Schuddeboom,
N. E. Wotherspoon, M. LaRue and A. ]. McDonald,
Cryosphere, 2022, 16, 2127-2145.

18 R. Jaenicke, J. Aerosol Sci., 1980, 11, 577-588.

19 S. Allen, D. Materi¢, D. Allen, A. MacDonald, R. Holzinger,
G. L. Roux and V. R. Phoenix, J. Hazard. Mater. Adv., 2022,
7,100104.

20 X. Luo, Z. Wang, L. Yang, T. Gao and Y. Zhang, Sci. Total
Environ., 2022, 154487.

21 D. Allen, S. Allen, S. Abbasi, A. Baker, M. Bergmann,
J. Brahney, T. Butler, R. A. Duce, S. Eckhardt,
N. Evangeliou, T. Jickells, M. Kanakidou, P. Kershaw,
P. Laj, J. Levermore, D. Li, P. Liss, K. Liu, N. Mahowald,
P. Masque, D. Materi¢, A. G. Mayes, P. McGinnity,
I. Osvath, K. A. Prather, J. M. Prospero, L. E. Revell,
S. G. Sander, W. J. Shim, J. Slade, A. Stein, O. Tarasova and
S. Wright, Nat. Rev. Earth Environ., 2022, 3, 393-405.

22 0. Mbachu, G. Jenkins, C. Pratt and P. Kaparaju, Water, Air,
Soil Pollut., 2020, 231, 85

23 N. Evangeliou, H. Grythe, Z. Klimont, C. Heyes, S. Eckhardst,
S. Lopez-Aparicio and A. Stohl, Nat. Commun., 2020, 11,
3381.

24 J. Munyaneza, Q. Jia, F. A. Qaraah, M. F. Hossain, C. Wu,
H. Zhen and G. Xiu, Sci. Total Environ., 2022, 822, 153339.

25 Q. Chen, G. Shi, L. E. Revell, J. Zhang, C. Zuo, D. Wang,
E. C. Le Ru, G. Wu and D. M. Mitrano, Nat. Commun.,
2023, 14, 7898.

26 J. Brahney, N. Mahowald, M. Prank, G. Cornwell, Z. Klimont,
H. Matsui and K. A. Prather, Proc. Natl. Acad. Sci. USA, 2021,
118, €2020719118.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

27 Z.Liu, Q. Huang, L. Chen, J. Li and H. Jia, Sci. Total Environ.,
2022, 851, 158167.

28 J. Gasperi, S. L. Wright, R. Dris, F. Collard, C. Mandin,
M. Guerrouache, V. Langlois, F. J. Kelly and B. Tassin,
Curr. Opin. Environ. Sustain., 2018, 1, 1-5.

29 S. L. Wright and F. J. Kelly, Environ. Sci. Technol., 2017, 51,
6634-6647.

30 M. Aeschlimann, G. Li, Z. A. Kanji and D. M. Mitrano, Nat.
Geosci., 2022, 1-9.

31 P. J. Wlasits, R. Konrat and P. M. Winkler, Environ. Sci.
Technol., 2023, 57, 1584-1591.

32 M. Ganguly and P. A. Ariya, ACS Earth Space Chem., 2019, 3,
1729-1739.

33 M. Kozjek, D. Vengust, T. Radosevi¢, G. Zitko, S. Koren,
N. Toplak, I. Jerman, M. Butala, M. Podlogar and
M. K. Virsek, Sci. Total Environ., 2022, 158786.

34 N. Habibi, S. Uddin, S. W. Fowler and M. Behbehani, J.
Environ. Expos. Assess., 2022, 1, 6.

35 C. F. Araujo, M. M. Nolasco, A. M. Ribeiro and P. J. Ribeiro-
Claro, Water Res., 2018, 142, 426-440.

36 G. Chen, Z. Fu, H. Yang and ]J. Wang, TrAC, Trends Anal.
Chem., 2020, 130, 115981.

37 S. Primpke, S. H. Christiansen, W. Cowger, H. De Frond,
A. Deshpande, M. Fischer, E. B. Holland, M. Meyns,
B. A. O'Donnell, B. E. Ossmann, et al., Appl. Spectrosc.,
2020, 74, 1012-1047.

38 C. Liu, J. Li, Y. Zhang, L. Wang, J. Deng, Y. Gao, L. Yu,
J. Zhang and H. Sun, Environ. Int., 2019, 128, 116-124.

39 W. Fan, J. A. Salmond, K. N. Dirks, P. Cabedo Sanz,
G. M. Miskelly and J. D. Rindelaub, Environ. Sci. Technol.,
2022, 56, 17556-17568

40 E. Gregoris, G. Gallo, B. Rosso, R. Piazza, F. Corami and
A. Gambaro, J. Anal. Appl. Pyrol., 2023, 170, 105903.

41 B. N. Peterson, A. C. Morales, J. M. Tomlin, C. G. W. Gorman,
P. E. Christ, S. A. L. Sharpe, S. M. Huston, F. A. Rivera-
Adorno, B. T. O'Callahan, M. Fraund, Y. Noh, P. Pahari,
A. J. Whelton, P. Z. El-Khoury, R. C. Moffet, A. Zelenyuk
and A. Laskin, Environ. Sci.-Proc. Imp., 2023, 25, 1718-1731.

42 A. C. Morales, B. N. Peterson, S. A. Sharpe, S. M. Huston,
J. M. Tomlin, F. A. Rivera-Adorno, R. C. Moffet, A. Zelenyuk
and A. Laskin, Aerosol. Sci. Technol., 2023, 57, 1251-1263.

43 G. S. Beddard and N. S. Allen, in Comprehensive Polymer
Science and Supplements, ed. G. Allen and J. C. Bevington,
Pergamon, Amsterdam, 1989, pp. 499-516.

44 A. Charlesby and R. Partridge, Phil. Trans. Roy. Soc. Lond.,
1965, 283, 312-328.

45 Z. Osawa, H. Kuroda and J. Polym Sci, Polym. Lett. Ed., 1982,
20, 577-581.

46 Z. Osawa, H. Kuroda and Y. Kobayashi, J. Appl. Polym. Sci.,
1984, 29, 2843-2849.

47 P. Jacques and R. Poller, Eur. Polym. J., 1993, 29, 75-81.

48 T. Ito, N. Fuse and Y. Ohki, IEEJ Trans. Fundam. Mater., 2004,
124, 624-630.

49 K. Grabmayer, G. M. Wallner, S. Beifmann, J. Schlothauer,
R. Steffen, D. Nitsche, B. Roder, W. Buchberger and
R. W. Lang, Polym. Degrad. Stabil., 2014, 107, 28-36.

50 T. Htun and U. K. Klein, J. Lumin., 2010, 130, 1275-1279.

Environ. Sci.. Atmos., 2024, 4, 601-610 | 609


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00010b

Open Access Article. Published on 14 Hlakubele 2024. Downloaded on 2026-02-01 09:58:27.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

51 J. Ornik, S. Sommer, S. Gies, M. Weber, C. Lott, J. C. Balzer
and M. Koch, Appl. Phys. B, 2020, 126, 1-7.

52 Q. Qiu, J. Peng, X. Yu, F. Chen, J. Wang and F. Dong, Mar.
Pollut. Bull., 2015, 98, 274-280.

53 A. Monteleone, L. Brandau, W. Schary and F. Wenzel, Clin.
Hemorheol. Microcirc., 2020, 76, 473-493.

54 R. Jaenicke, S. Matthias-Maser and S. Gruber, Environ.
Chem., 2007, 4, 217-220.

55 U. Poschl, S. T. Martin, B. Sinha, Q. Chen, S. S. Gunthe,
J. A. Huffman, S. Borrmann, D. K. Farmer, R. M. Garland,
G. Helas, J. L. Jimenez, S. M. King, A. Manzi, E. Mikhailov,
T. Pauliquevis, M. D. Petters, A. ]J. Prenni, P. Roldin,
D. Rose, J. Schneider, H. Su, S. R. Zorn, P. Artaxo and
M. O. Andreae, Science, 2010, 329, 1513-1516.

56 D. Healy, J. Huffman, D. J. O'Connor, C. Pohlker, U. Poschl
and J. Sodeau, Atmos. Chem. Phys., 2014, 14, 8055-8069.

57 Y. Zhang, S. Kang, S. Allen, D. Allen, T. Gao and M. Sillanpaa,
Earth Sci. Rev., 2020, 203, 103118.

58 S. O'Brien, C. Rauert, F. Ribeiro, E. D. Okoffo, S. D. Burrows,
J. W. O'Brien, X. Wang, S. L. Wright and K. V. Thomas, Sci.
Total Environ., 2023, 874, 162193.

59 S. Dehhaghi and A. Pardakhti, Environ. Sci. Pollut. Res., 2023,
30, 106026-106037.

60 P. Babaei, A. Nikravan, A. Meral, B. Kibar and G. Gulli,
Environ. Sci. Pollut. Res., 2023, 30, 103690-103702.

610 | Environ. Sci.: Atmos., 2024, 4, 601-610

View Article Online

Paper

61 X. Xu, T. Li, J. Zhen, Y. Jiang, X. Nie, Y. Wang, X.-Z. Yuan,
H. Mao, X. Wang, L. Xue and J. Chen, Environ. Sci. Technol.
Lett., 2024, 11, 16-22.

62 D. Luo, Z. Wang, Z. Liao, G. Chen, X. Ji, Y. Sang, L. Qu,
Z. Chen, Z. Wang, R. A. Dahlgren, M. Zhang and X. Shang,
J. Hazard. Mater., 2024, 465, 133177.

63 A. Gabey, M. Gallagher, J. Whitehead, J. Dorsey, P. H. Kaye
and W. Stanley, Atmos. Chem. Phys., 2010, 10, 4453-4466.

64 A. Perring, J. Schwarz, D. Baumgardner, M. Hernandez,
D. Spracklen, C. Heald, R. Gao, G. Kok, G. McMeeking,
J. McQuaid, et al.,, Geophys. Res. Atmos., 2015, 120, 1153-
1170.

65 E. S. Robinson, R.-S. Gao, J. P. Schwarz, D. W. Fahey and
A. E. Perring, Atmos. Meas. Tech., 2017, 10, 1755-1768.

66 N. ]J. Savage, C. E. Krentz, T. Kéonemann, T. T. Han,
G. Mainelis, C. Pohlker and J. A. Huffman, Atmos. Meas.
Tech., 2017, 10, 4279-4302.,

67 T. S. Khan, K. Bhagabani, P. Kumari and A. Datta, Curr. Sci.,
2018, 114, 2353-2356.

68 C. Pohlker, J. A. Huffman and U. P6schl, Atmos. Meas. Tech.,
2012, 5, 37-71.

69 C. Pohlker, J. A. Huffman, J.-D. Forster and U. P6schl, Atmos.
Meas. Tech., 2013, 6, 3369-3392.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00010b

	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...

	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...

	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...
	A fluorescence approach for an online measurement technique of atmospheric microplasticsElectronic supplementary information (ESI) available:...




