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ABSTRACT: The widespread release of plastic waste into the environment,
combined with its chemical stability, has resulted in microplastics (MPs) being
observed in diverse locations, ranging from urban centers to remote areas.
However, the impacts of MPs on human health, ecosystems, and the climate
are still being discovered. Infrared (IR) microscopy is widely used to identify
MPs in water and soil samples, but it struggles to measure atmospheric MPs
due to their smaller size and the diffraction limit of IR radiation. Herein,
optical photothermal IR coupled with Raman (O-PTIR+Raman) micro-
spectroscopy is used to classify MPs by polymer type at atmospherically
relevant sizes (≤10 μm). Detecting changes in elastic scattering of visible
photons after IR absorption and photothermal expansion improves O-PTIR
spatial resolution and enables analysis of particles with diameters ≥ ∼0.8 μm.
A recently developed computer-controlled (CC) particle analysis module was
used, which decreased analysis time by at least 30%. O-PTIR and Raman independently identified and distinguished high-density
polyethylene (HDPE), polypropylene (PP), and polystyrene (PS) within the same sample and within samples containing particles
generated with atmospherically relevant standards (ammonium sulfate, sodium nitrate, and sucrose). CC-O-PTIR+Raman was also
able to distinguish MPs impacted onto an already collected sample of ambient atmospheric particles. All three samples (MPs-Only,
MPs+Standards, and MPs+Ambient) were comprised of particles ≤10 μm. Our results demonstrate how CC-O-PTIR+Raman can
expand capabilities for MP identification to cover atmospherically-sized particles and reduce analysis time, thereby improving
understanding of atmospheric MP exposure and potential impacts on human health and the environment.

■ INTRODUCTION
Since the 1950s, plastic production has increased rapidly, most
of which ends up in landfills or the environment.1,2 Moreover,
mismanaged plastic waste can break down into microplastics
(MPs), which are plastic particles between 1−5000 μm in
diameter.3 The initial focus of environmental MP research was
on aquatic and terrestrial environments4 until 2015, when the
atmospheric deposition of MPs was first observed by Dris et
al.5 in Paris, France. There have since been numerous reports
of atmospheric MPs in megacities,6−11 protected nature
areas,12 and remote regions,13−17 with the differences in
reported deposition rates and concentrations varying widely.
However, these results are difficult to compare due to the lack
of standardization in sample collection, processing, and
analysis methods.18−21

Evidence of human exposure to atmospheric MPs has also
been increasing. Recently, MPs have been measured in lung
tissue samples from adults.22,23 Research is still limited on the
toxicological and epidemiological implications of inhaling MPs,
making it difficult to determine the overall risks to human
health.24 Particulate matter ≤10 μm (PM10) and ≤2.5 μm

(PM2.5) are regulated by the U.S. Environmental Protection
Agency (EPA), as particles in these size ranges (especially
PM2.5) have sufficient atmospheric lifetimes to present an
inhalation risk, penetrate deeply into the lungs, and are
associated with a range of negative health effects.25−29 A
critical objective for future atmospheric MP research includes
collecting more data on exposure to MP particles ≤ 10 μm, as
there is little information on their concentrations in the
atmosphere and in these size ranges.20,21,24

Identifying MPs in the complex milieu of the environment
requires methods that can differentiate synthetic polymers
from naturally occurring organic and inorganic materials on a
particle-by-particle basis. Vibrational spectroscopies (e.g.,
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infrared (IR) and Raman) can identify specific functional
groups and patterns from polymers that can be compared
against extensive commercial IR and Raman spectral libraries
to determine MP polymer types.30,31 Popular IR techniques for
MP analysis include microattenuated total reflection Fourier
transform infrared (μ-ATR-FTIR) spectroscopy and μ-FTIR
with a focal plane array (FPA) detector and quantum cascade
laser (QCL).32,33 However, these methods struggle to collect
spectra from real-world MPs < ∼20 μm in diameter due to the
diffraction limit of IR radiation,11,12,30−32,34 meaning that μ-
FTIR techniques largely miss MPs ≤10 μm despite evidence
that a large number of MPs are in these smaller size
ranges.13,16,20 Raman microspectroscopy, in contrast, is able
to detect MPs <1 μm as visible light can be focused to a greater
extent than longer-wavelength IR photons.13,35,36 For example,
Kap̈pler et al.31 reported that μ-FTIR underestimated the
number of MP particles <20 μm by almost 35% when
compared with Raman microspectroscopy. However, Raman is
frequently overwhelmed by fluorescence, which is prevalent in
environmental samples,37,38 limiting the range of samples that
can be analyzed. A common recommendation for identifying
atmospheric MPs in complex matrices has been to use both μ-
FTIR and μ-Raman instruments to overcome their respective
limitations.31,34,39

Optical photothermal infrared (O-PTIR) spectroscopy,
which is part of the class of PTIR techniques, has been
established as an indirect IR analysis method for particles <1
μm, where a visible laser probes the photothermal response of
a particle (e.g., increased size and shift in refractive index) to a
tunable IR laser source.40 Given that the peak locations and
relative peak intensities of plastic spectra obtained from O-
PTIR can be slightly different from those obtained from
traditional IR techniques,39 these spectra will herein be
referred to as “PTIR” spectra to distinguish them from
traditional Beer’s Law-based IR spectra. By monitoring elastic
scattering from the visible laser, O-PTIR can achieve the same
submicron spatial resolution as Raman microspectroscopy.40

Moreover, inelastically scattered photons (specifically Stokes-
shifted photons) can be directed to a Raman spectrometer�
thus allowing for simultaneous single-particle PTIR and Raman
spectroscopic measurements.41 Measuring both PTIR and
Raman also improves the confidence when identifying a
particle as an MP.39

A significant drawback of O-PTIR+Raman to date has been
its lack of automated particle-by-particle analysis, causing the
technique to be time and labor-intensive.30 Herein, we
demonstrate computer-controlled O-PTIR+Raman (CC-O-
PTIR+Raman) can automatically detect and analyze particles
in a field of view (FOV), increasing throughput and reducing
human-guided selection biases. The capabilities of this module
are demonstrated by identifying and quantifying individual
MPs in particle mixtures of increasing complexity, including a
mixture of MPs, MPs mixed with particles of proxy
atmospheric aerosols, and MPs added onto to an already
collected real-world atmospheric particle sample. Using CC-O-
PTIR+Raman to measure atmospheric MPs will enable
improved identification of MPs in ambient samples, advancing
our understanding of atmospheric MP concentrations and
associated inhalation exposure risks.

■ EXPERIMENTAL SECTION
Laboratory-Generated Aerosol Particle Samples.

Suspensions and solutions were prepared using dry high-

density polyethylene spheres (HDPE, 0.2−9.9 μm, Cospheric),
polypropylene powder (PP, 1−5 μm, 99% purity, Nano-
chemazone, Canada), two sizes of polystyrene latex spheres
(PS, 1.75 and 2.50 μm, NIST traceable, Polysciences, Inc.),
ammonium sulfate (AS, ≥ 99.0% purity, Sigma-Aldrich),
sodium nitrate (SN, ≥ 99.0% purity, Sigma-Aldrich), D-
sucrose (SCR, ≥ 99.9% purity, Fisher Scientific), and ethanol
(≥99.5% purity, Thermo Scientific Chemicals, Canada). All
materials were suspended or dissolved in 18.2 MΩ·cm Milli-Q
water, except for the HDPE and PP powders. HDPE and PP
powders, specifically, were prepared in cold 50/50 ethanol/
Milli-Q (v/v), sonicated for 3 min in an ice bath, and
immediately aerosolized to mitigate particle aggregation at the
surface of the suspension. The PS suspension was also
sonicated for 10 min before use.

All suspensions and solutions were aerosolized with nitrogen
gas (filtered through a high efficiency particulate arrestance
(HEPA) filter) and a Collison nebulizer, flowed through a
diffusion dryer, and impacted onto silicon wafers with a 100
nm thick aluminum coating (Platypus Technologies) on stage
2 (0.4−2.8 μm aerodynamic diameter, da) of a Microanalysis
Particle Sampler (MPS, California Measurements, Inc.). A
sample containing only MPs, referred to as “MPs-Only”, was
made by sequentially impacting HDPE, PP, and PS particles. A
second sample containing MPs and particles generated from
atmospheric proxies, called “MPs+Standards”, was made by
sequentially impacting three MP and three non-MP (e.g., AS,
SN, and SCR) particle types onto the same substrate. The
number size distribution of particles aerosolized from each
solution was measured by an Aerodynamic Particle Sizer (APS,
TSI Incorporated, Figure S1), which measures size-resolved
number concentrations from da ∼ 0.5−19 μm. All samples
were stored in the dark at room temperature following the
recommended procedures in Laskina et al.42

Computer-Controlled Optical Photothermal Infrared
Coupled with Raman (CC-O-PTIR+Raman) Microspec-
troscopy. For CC-O-PTIR+Raman analysis, a mIRage
instrument (Photothermal Spectroscopy Corp.) was used to
analyze all samples. The mIRage setup included a confocal
microscope equipped with a 20× objective (0.45 N.A., 6.90
mm working distance, Nikon), as well as a 40× Cassegrain
objective (0.78 N.A., 8.3 mm working distance, Thor
Laboratories) that focuses IR and visible light. A 532 nm
continuous wave laser (200 mW power) was used as a probe,
and a dual-range mIRcat-QT tunable QCL (120 mW
maximum power, 10% duty cycle, 100 kHz pulse rate, 500
nm pulse width) scanned through frequencies to elicit
photothermal response from the particle. The range of the
mIRcat-QT was 948−1860 and 2698−3002 cm−1 split
between four QCL chips (945−1230, 1115−1499, 1441−
1866, and 2645−3012 cm−1) with a spectral resolution of 2
cm−1. Each PTIR spectrum was collected with 20% IR power,
5% probe power, and 10 averaged scans. The Raman spectra
were collected over a range of 480−3762 cm−1, with a slightly
extended range on some runs, with a grating of 600 groove/
mm and a spectral resolution of ∼3 cm−1. Additional
parameters for each Raman spectrum collected included a 15
s delay time (i.e., the amount of time the particle was exposed
to the visible laser beam before collecting a Raman spectrum to
help mitigate autofluorescence) and 3 × 30 s averaged scans.
Raman spectra were calibrated manually using the 520 cm−1

peak,37 collected daily from a piece of silicon wafer, as well as
the ambient gaseous nitrogen peak located at 2330 cm−1.43 All
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PTIR and Raman spectra shown were normalized to their most
intense peak. Additionally, Raman spectra were baseline
corrected in PTIR Studios (baseline removal strength: 20).

Spectral collection with the mIRage was automated using
the featurefindIR module in PTIR Studios (Photothermal
Spectroscopy Corp., Figure S2). The module selects particles
from one FOV with user-controlled settings such as contrast
difference between particles and background, as well as particle
size (Figure 1). In this study, the contrast parameters were
varied to maximize individual particle detection without
introducing false particles, and particles ≥ 0.5 μm projected
area diameter (dpa) were analyzed to push the lower bound of
particle detection. PTIR and Raman spectra were then
collected for the chosen array of particles.

Ambient Aerosol Sample. To test the capacity of CC-O-
PTIR+Raman to identify MPs within complex atmospheric
samples, ambient aerosol particle samples were collected for 3
h 45 min in Ann Arbor, Michigan, on May 1, 2024, on stage 2
of the MPS on a gridded silicon substrate (Ted Pella, Inc.).
Ambient aerosol size distributions were collected with the APS
(Figure S1). The impacted sample was analyzed with both CC-
O-PTIR+Raman and CC-Raman (on a separate instru-
ment),37,44 in a selected cell of the gridded substrate and
manually analyzed for any MPs present. Out of the 262
particles analyzed with CC-O-PTIR+Raman, none of them
were MPs. HDPE, PP, and PS were subsequently impacted
onto the same area of the substrate as the ambient particles,
and that area was reanalyzed with CC-O-PTIR+Raman and
CC-Raman. The sample pre- and postimpaction of MPs is
referred to as “Ambient-Only” and “MPs+Ambient”, respec-
tively, and an optical comparison can be seen in Figure S3.

Side-by-side results from CC-O-PTIR+Raman and CC-Raman
can be found in Figure S4 and Tables S1−S3.

Particle Identification. An in-house reference library was
generated to identify MP particles in the samples. Each of the
six particle types (HDPE, PP, PS, AS, SN, and SCR) were
aerosolized and impacted onto separate aluminum-coated
silicon substrates using the setup previously described. A
minimum of 20 particles were collected for each particle type.
The spectra were then manually screened to remove those with
too low of signal-to-noise ratios to identify peaks, and the
remaining spectra were averaged for easier reference while
manually identifying particles. The average reference spectra,
herein referred to as only “reference spectra” for simplicity, as
the mIRage O-PTIR+Raman libraries can be found in Figure
S5 with their identifying modes listed in Table S4. All PTIR
and Raman spectra from the MPs-Only, MPs+Standards, and
MPs+Ambient samples were then manually labeled using the
reference library for identification.

■ RESULTS AND DISCUSSION
To establish the capability of CC-O-PTIR+Raman to
distinguish MPs within a sample, MP particles <5 μm in
diameter were analyzed (Figure 2a) whose molecular
structures are shown in Figure 2b. There were no commercial
standards for fibers available at the time of this study, but it is
expected that CC-O-PTIR+Raman could be applied to fibers
given its similar optical setup with other microspectroscopic
techniques and its documented capabilities to identify particles
with diverse morphologies (e.g., cyanobacteria filaments45).
For the selected MP types, the PTIR and Raman spectra from
individual particles compared with their corresponding spectra
from the in-house reference library are shown in Figure 2c,d,

Figure 1. Schematic showing aerosol impaction, optical imaging (1), software masking (2), and automated particle analysis using O-PTIR+Raman
(3). Particles were selected via contrast differences between the particles and the substrate/solvent residues as well as particle size (≥0.5 μm
projected area diameter), and a fitted size distribution was generated using the particles’ masks (shown in yellow). Only the first seven particles are
listed on the particle mask image and example O-PTIR+Raman spectra for simplicity.
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respectively. Obtaining both PTIR and Raman spectra for each
particle, rather than collection of only one of the spectra at a
time, improves the identification of MP particles in the MPs-
Only sample. For example, the PTIR spectra for the HDPE
and PS particles both have two prominent C−H stretches
(νCH), where the former has peaks at 2848 and 2918 cm−1 and
the latter has peaks at 2848 and 2924 cm−1.46 The PTIR
spectrum in the reference library for PS further exhibits a CH2
bend (δCH/CH2) at 1462 cm−1 as well as aromatic ring stretches
(νring and νas,ring) at 1472 and 1602 cm−1, respectively.
However, the corresponding peaks in the spectrum of the
example PS particle are lower in intensity, making it difficult to
identify the particle as PS based on its PTIR spectrum alone.

When the Raman spectrum is also taken into consideration,
HDPE and PS can be confidently distinguished based on the
PS peaks at 1000 and 1031 cm−1 for the symmetric ring stretch
(νs,ring) and in-plane ring deformation (δring/CH),

47 respectively,
as well as 1604 cm−1 for the antisymmetric ring stretch (νas,ring,
a.k.a. ring skeletal stretch),47,48 showing the value of Raman for
PS chemical identification. The three MPs can be further
distinguished from each other with Raman by their distinct C−
H stretching regions (i.e., 2750−3000 cm−1). HDPE has a
defined peak at 2878 cm−1 for the antisymmetric CH2 stretch
bordered by two peaks at 2847 and 2930 cm−1 for symmetric
CH2 stretches. PP has a cluster of sharp peaks, with modes for
the CH2 symmetric stretch, C−H symmetric stretch, and CH3
antisymmetric stretch at 2840, 2881, and 2951 cm−1,
respectively. Finally, PS has symmetric and antisymmetric
CH2 stretches at 2850 and 2906 cm−1, respectively, and a sharp
peak at 3051 cm−1 for the C−H stretch. Cross-comparing the
existence, or absence, of key peaks in the PTIR and Raman
spectra for each particle is a valuable asset for correctly
identifying particles.

O-PTIR+Raman already decreases data collection time for a
user by obtaining two sets of spectra at the same time.
However, automating the analysis makes data collection even
more efficient. It generally takes 1.25−2 h to analyze 20
particles manually, depending on the expertise of the user with
the instrument, whereas an automated approach reduces this
time to 50 min. Similar observations have been reported for
the difference between manual and automated analysis with
Raman microspectroscopy.37 It should also be noted that, in
lieu of spectral collection, manually grouping spectra became
the new bottleneck in the data analysis pipeline.

The improved efficiency of spectral collection makes it easier
to collect larger data sets for quantitative analysis of a particle
population. Figure 3a shows the fractions of each MP particle
type, distinguished with blue hues, for the MPs-Only sample.
Additionally, the particle type fractions between the PTIR and
Raman classifications can be compared. The fractions of
HDPE and PP had good agreement, with the HDPE fractions
being well within the uncertainty of each other (PTIR: 0.25 ±
0.04, Raman: 0.24 ± 0.04) and the PP fractions both being
0.19 ± 0.03. A lower fraction of PS was observed with the O-
PTIR (0.06 ± 0.02) versus Raman (0.17 ± 0.03), as the O-
PTIR did not detect some particles that Raman did. These
PTIR spectra were instead assigned to the LOW category
(Table S1) since no peaks were distinguished from the
background. Many particles <1.0 μm also ended up in the
LOW category (Figure S6), as the signal decreased with
decreasing particle size and the lowest detected size was ∼550
nm. When compared with a standalone Raman system, the
fraction of particles in the LOW category was within the range
of uncertainty for the mIRage Raman and the standalone
Raman (Figure S4 and Table S1). The MIX category was used
to label spectra that had clear characteristic peaks of two or
more particle types (e.g., HDPE and PP), which occasionally
occurred when multiple particles were impacted on top of one
another. The fractions of PTIR and Raman spectra in the MIX
category were within uncertainty of each other. A final category
called unsorted (UNS) was used to label spectra that either (1)
had signal but could not be identified due to a lack of
characteristic peaks or (2) were dominated by fluorescence or
saturation of the detector (specifically for Raman spectra).

The MPs+Standards sample (Figure 3b) demonstrates that
CC-O-PTIR+Raman can clearly distinguish between the MP
particle types and the atmospheric-proxy particles generated
from AS, SN, and SCR. The standards chosen include key
components present in atmospheric aerosols. Sulfate and
ammonium are present in a high fraction of atmospheric
particles due to secondary formation processes (including SO2
oxidation and NH3 partitioning).49 Sodium and nitrate are
widely present in sea spray aerosol (SSA) after uptake of
HNO3 from NOx oxidation.50 Sucrose is a proxy for oxidized
organic aerosol that forms from oxidation of volatile organic
compounds (VOCs),51 and it was chosen as a carbonaceous
proxy because another common method for MP analysis (CC-
scanning electron microscopy with energy dispersive X-ray

Figure 2. (a) Optical image of the MPs-Only sample, (b) chemical structures of MPs used, (c) PTIR spectra, and (d) Raman spectra from three
example MP particles (identified in the image). Red/orange spectra (PTIR) and green spectra (Raman) are shown above a reference spectrum
(gray) that was also generated for each MP type.
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spectroscopy, CC-SEM-EDX)49,52,53 only provides elemental
information, making it challenging to differentiate carbon-
dominant particles from MPs.54 The PTIR and Raman
fractions of MP and non-MP particles were mostly within
uncertainty of each other (Figure 3b). The exception was
sucrose, which had a PTIR fraction of 0.11 ± 0.03 and a
Raman fraction of 0.38 ± 0.05 (Table S2). Similarly to the PS

category in Figure 3a, this discrepancy is due to the number of
PTIR spectra labeled as LOW compared to its Raman
counterpart.

Simultaneously collecting two types of spectral information
for each particle enables an even more comprehensive
comparison between the techniques (Figure 3c). For example,
the cell where the SCR labels for PTIR and Raman intersect
has a match fraction of 96%�meaning that nearly all particles
that had their PTIR spectra labeled as SCR also had their
Raman spectra labeled as SCR. More information on the
calculations used for the matrix can be found in Figure S7 and
eq S1. The matrix shows strong agreement between the PTIR
and Raman spectra for the same particles, as the match
fractions exceed 80% along the diagonal line where the PTIR
and Raman spectral labels are the same. MP and non-MP
particle types are clearly distinguished (blue and green boxes,
Figure 3c, respectively), and the same particles are identified as
MIX with both O-PTIR and Raman. There are only a few cells
with a match fraction >10% outside of these matching particle
types, primarily for LOW, UNS, or MIX. Taken together, these
samples show CC-O-PTIR+Raman clearly detects MPs ≤10
μm and differentiates the MPs from other non-MP particles as
well as each other, thus extending the size range that can be
probed by IR into an underrepresented, but atmospherically
important, size regime.

Referring to the PTIR and Raman spectra also helps confirm
whether a particle is a mixture, indicating that one particle has
landed on another, which mimics the process of coagulation in
the atmosphere. A mixed PS and SCR particle (structures in
Figure 4a) is shown optically (Figure 4b), along with its PTIR
and Raman spectra (Figure 4c,d). Sucrose can be identified by
its C−H bend (δCH) at 1370 cm−1 in its PTIR spectrum, as
well as 849 cm−1 in its Raman spectrum.55 There are additional
C−O stretches (νCO) in the fingerprint region for PTIR and
Raman spectra, with the former spectrum containing stretches
at 994, 1044, and 1130 cm−1 and the latter containing a
stretching region at 1040 cm−1. There are also strong
indications of PS in both spectra; the PTIR spectrum has
C−H stretches at 2846 and 2924 cm−1, ring stretches at 1492
and 1602 cm−1, and a C−H bend at 1452 cm−1, whereas the
Raman spectrum has C−H stretches at 2857 and 3058 cm−1 as
well as ring stretches at 1008 and 1613 cm−1. Utilizing CC-O-
PTIR+Raman enables identification of MPs in multicompo-
nent particles, which is critical for environmental samples.

It is acknowledged that many environmental MP particles do
not resemble pristine plastics and may contain additional
additives and fillers, products of ultraviolet (UV) photo-
oxidation, and formation of biofilms.3 However, CC-O-PTIR
+Raman has strong potential to identify characteristic peaks of
MPs in these intricate spectra. For example, the carbonyl peaks
resulting from photooxidation are readily distinguishable from
many characteristic plastic peaks, such as C−H bends and
stretches, although some of these peaks may be reduced over
time with exposure to UV light.56 As exemplified in Figure 4,
the sharp peaks of plastics can be discerned when there is an
overlap between organic peaks of different chemical species,
and many ambient particle types also have broader peaks
(Figure S8) than those found in pristine plastics.

The capability of CC-O-PTIR+Raman to distinguish MP
particle types from ambient samples was further explored with
the Ambient+MPs sample (Figure 5). All ambient particle
types were placed together in one category (AMB) to simplify
comparisons between the MP and non-MP particle types.

Figure 3. Particle fractions from labeled PTIR and Raman spectra for
(a) MPs-Only sample (particle count = 499) and (b) MPs+Standards
sample (particle count = 322). Error bars represent standard error for
its respective particle type fraction. (c) Heat map of fractions between
the sorted PTIR and Raman spectra for the MPs+Standards sample
(particle count = 429), with match fractions >0.10 labeled on their
corresponding cells. MP and non-MP cells are boxed in blue and
green, respectively, for clarity. Category labels are high-density
polyethylene (HDPE), polypropylene (PP), polystyrene (PS),
ammonium sulfate (AS), sodium nitrate (SN), and sucrose (SCR),
mixture (MIX), unsorted (UNS), and low signal (LOW).
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Examples of the most common ambient particle types are
shown in Figure S8. For the PTIR spectra, the AMB category
had the largest fraction by far of 0.38 ± 0.08. The fraction of
Raman spectra labeled as AMB, in contrast, was 0.09 ± 0.05,
but fractions of spectra labeled as UNS or LOW for the
technique cumulatively made up 0.5 ± 0.1 of all the particles in
Figure 5a, primarily due to fluorescence or species with weak
Raman signal. Previous studies have shown that fluorescence in
Raman spectra is commonly encountered for ambient
particles,37,38 so the increase in the UNS category is expected.
Interestingly, the PTIR spectra had UNS and LOW fractions of
0.01 ± 0.01 and 0.05 ± 0.04 (Table S3), which was much
lower than the fractions for the MPs-Only and MPs+Standards
samples. The heat map in Figure 5b supports these
observations as 52% of the time when the PTIR spectrum of
a particle was labeled as AMB, its corresponding Raman
spectrum was labeled as LOW, as shown in the gold box,
highlighting a benefit of having information from O-PTIR. For

the MP particle types, the PTIR and Raman spectra agreed
≥80% of the time, indicating that the MPs were clearly
distinguished from both ambient particles and from each other.
This result shows that for ambient samples, O-PTIR has
significant potential for particle characterization.

■ CONCLUSIONS
This study applied CC-O-PTIR+Raman for the first time to
aerosolized MP particles, most of which were ≤ 5 μm in
diameter, in samples of increasing complexity relevant to
environmental, atmospheric studies. We show the capability of
CC-O-PTIR+Raman to distinguish MP particle types from
each other, as well as non-MP particle types. Reducing analysis
time and labor with automation was a crucial improvement to
the technique for collecting data sets large enough for
quantitative analysis. However, spectral data sets will require
methods that can label the unknown spectra with quantified
statistical uncertainty,57 preferably using both PTIR and
Raman spectral inputs, since environmental studies often
need to analyze large numbers of particles. We further
demonstrate the application of CC-O-PTIR+Raman to
identifying MPs in environmental matrices. The combination
of PTIR and Raman spectra collected simultaneously leverages
their respective strengths, including O-PTIR identification of
ambient particles and Raman identification of pristine MPs.
These complementary spectra will enable more reliable
characterization of MPs that may have been mixed with

Figure 4. (a) Chemical structures of PS and SCR. (b) Optical image
of a particle identified as a combination of PS and SCR (labeled MIX)
as well as its (c) PTIR spectrum and (d) Raman spectrum. Peaks
associated with PS and SCR are highlighted in yellow and gray,
respectively.

Figure 5. (a) Particle fractions from labeled PTIR and Raman spectra
(particle count = 146). Error bars represent standard error for its
respective particle type fraction. (b) A heat map of match fractions
between the two groupings for each particle type (particle count =
262), with match fractions >0.10 labeled on their corresponding cells.
MP and AMB cells are boxed in blue and gold, respectively, for clarity.
In addition to the three MP particle types (e.g., HDPE, PP, and PS)
as well as the MIX, UNS, and LOW categories, an ambient (AMB)
category is also included.
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other environmental particles, and future studies can apply this
technique to other MP particle morphologies (e.g., fibers) as
well as environmental MPs. Although this newly automated
technique was specifically applied to MP particles in this study,
its benefits are widely applicable to characterization of
atmospheric particles or other fields requiring IR and Raman
analysis of particles <10 μm in diameter.
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