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ABSTRACT: A key challenge for addressing micro- and nano-
plastics (MNPs) in the environment is being able to characterize
their chemical properties, morphologies, and quantities in complex
matrices. Current techniques, such as Fourier transform infrared
spectroscopy, provide these broad characterizations but are
unsuitable for studying MNPs in spectrally congested or complex
chemical environments. Here, we introduce a new, super-
resolution infrared absorption technique to characterize MNPs,
called infrared photothermal heterodyne imaging (IR-PHI). IR-
PHI has a spatial resolution of ∼300 nm and can determine the
chemical identity, morphology, and quantity of MNPs in a single
analysis with high sensitivity. Specimens are supported on CaF2
coverslips under ambient conditions from where we (1) quantify
MNPs from nylon tea bags after steeping in ultrapure water at 25 and 95 °C, (2) identify MNP chemical or morphological changes
after steeping at 95 °C, and (3) chemically identify MNPs in sieved road dust. In all cases, no special sample preparation was
required. MNPs released from nylon tea bags at 25 °C were fiber-like and had characteristic IR frequencies corresponding to
thermally extruded nylon. At 95 °C, degradation of the nylon chemical structure was observed via the disappearance of amide group
IR frequencies, indicating chain scission of the nylon backbone. This degradation was also observed through morphological changes,
where MNPs altered shape from fiber-like to quasi-spherical. In road dust, IR-PHI analysis reveals the presence of numerous
aggregate and single-particle (<3 μm) MNPs composed of rubber and nylon.
KEYWORDS: microplastics, nanoplastics, plastics, elastomer, polymer, environment, IR-PHI, infrared, spectroscopy, microscopy,
mid-infrared, FTIR, photothermal, super-resolution, infrared photothermal heterodyne imaging

■ INTRODUCTION

Micro- and nanoplastics (MNPs) are an emerging contaminant
classification formed from the direct release or breakdown of
polymer-based products. They are ubiquitous in the environ-
ment, stretching from urban environments1 to remote Arctic
locations.2 As a result, they have been detected in foods and
humans,3−6 and their ecological toxicity is now becoming
apparent.7−9 The physical−chemical properties (e.g., polymer
type, size) of MNPs are driving forces behind their toxicity and
environmental behavior. The environmental history of MNPs
also plays a role in their fate and toxicity, as degraded MNPs
(e.g., from heat10 or sunlight11,12) possess different chemical
properties from their starting parent polymers. Properly
addressing the environmental and human health risks of
MNPs require robust characterization and quantification
analytics, but there is currently a lack of reliable methods.
Numerous analytical approaches exist to characterize and

quantify MNPs.13−15 Optical and electron microscopy are
commonly used techniques,16,17 but they do not provide
detailed information about the chemical composition of

samples, and they are laborious. Mass spectrometric
approaches such as pyrolysis gas chromatography−mass
spectrometry and thermal desorption gas chromatography−
mass spectrometry18 can characterize the polymer type and its
chemical additives. These techniques, however, are destructive
and yield no information about MNP size or morphology.
Vibrational spectroscopy/microscopy approaches [for example,
Fourier transform infrared (FTIR) and Raman] have also been
used to characterize NMPs. They are non-destructive, can
identify polymer type, and can quantify MNP concentrations.
Unfortunately, these traditional vibrational spectroscopic/
microscopic approaches possess spatial resolutions dictated
by the optical diffraction limit.19−25 This hinders their
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application to complex, spectrally crowded environmental
samples. For FTIR, a lower limit spatial resolution is
approximately 5 μm. Raman microscopy uses visible light to
realize a significantly better spatial resolution, limited by the
diffraction limit of visible light. Its utility is hindered by low
specimen Raman scattering cross-sections approximately 10
orders of magnitude smaller than corresponding infrared
absorption cross sections. Therefore, specialized plasmonic
substrates are often needed to increase Raman intensities in
analytical sensing applications.26

Herein, we demonstrate the use of a new technique to
characterize MNPs in environmental samples called infrared
photothermal heterodyne imaging (IR-PHI).27,28 IR-PHI is a
super-resolution infrared absorption technique that possesses
the spatial resolution of Raman microscopy/spectroscopy
while simultaneously taking advantage of large infrared
absorption cross sections to achieve superior sensitivity. In
brief, IR-PHI detects infrared absorption based on temper-
ature-induced changes to specimen refractive indices and
scattering cross sections. Infrared radiation, on resonance with
a specimen’s vibrational transitions, converts into a local
temperature difference (ΔT) of order 1 K.28 Measurable
changes to scattering cross sections result, especially when the
intensity of the incident infrared light is modulated to make
refractive index changes (Δn) periodic. These periodic in-time
Δn variations can, in turn, be detected via intensity modulation
induced upon a second, continuous wave probe laser. More
details about IR-PHI, its development, and its implementation
can be found in recent reviews.27,29

IR-PHI can identify MNP type, size and morphology, and
quantity. IR-PHI’s spatial resolution is dictated by its probe
wavelength. This blends the high resolution and sensitivity of
visible wavelength microscopy with the chemical specificity of
IR spectroscopy. A ∼300 nm spatial resolution has been
demonstrated using a visible probe laser.30,31 Although this
spatial resolution is similar to Raman, IR-PHI possesses
superior sensitivity due to an intrinsically larger infrared
absorption cross section compared to Raman scattering cross
sections, and IR-PHI has a lower theoretical limit that can be
reached using advanced algorithms. Demonstrations of
concerted IR-PHI sensitivity and high spatial resolution have
involved measuring the infrared absorption of individual
polymer nanoparticles,28,30 individual metal nanostructures,32

semiconductors,33,34 individual lipid droplets,35 single vi-
ruses,36 proteins,37 and cells.30,38 IR-PHI’s combination of
high spatial resolution and sensitivity thus makes it a viable
technique for interrogating MNPs in spectroscopically
congested, environmental samples.
Herein, we demonstrate the first use of IR-PHI to

characterize the chemical identity, size and morphology, and
quantity of MNPs released from consumer products into the
environment. The method was first validated using poly-
methylmethacrylate (PMMA) microspheres of a known size
and quantity. We then used the method to characterize MNPs
released from nylon tea bags that had been steeped in water at
25 and 95 °C. Finally, IR-PHI was used to characterize the
chemical identity of single MNPs detected in road dust, an
environmentally complex sample containing polymers particles
from tread wear of tire thermoplastics.39−42

■ MATERIALS AND METHODS
Sample Collection and Preparation. PMMA Micro-

spheres. PMMA microspheres in water and <0.1% NaN3 as a

preservative were obtained from Magsphere, Inc. (Lot no.
PM4652A-0319). The manufacturer reported diameter was
750 nm ± 10% (radius 375 nm ± 10%) and the solution
concentration was 10% w/v. The solution was diluted with
ultrapure water (18.2 MΩ × cm) before use.

Nylon MNPs. Nylon MNPs were obtained from tea bags.
Nylon tea bags were purchased locally and cut with scissors to
empty their contents. Emptied tea bags were rinsed with
ultrapure water thrice to remove any remaining tea leaf debris.
Samples were dried in a covered glass beaker in a fume hood to
minimize any potential environmental contamination. To
make MNP solutions, 1 tea bag was added to 150 mL of
ultrapure water and heated at ∼95 °C for 5 min. The tea bag
was then removed and the remaining MNP aqueous
suspension was stored in a glass vial. The resulting particle
mass, as weighed by a microbalance, was approximately 1.35
mg. A sample was produced in a similar manner at ∼25 °C
(room temperature water), and a control sample was made by
collecting boiled ultrapure water (no MNPs found, data not
shown).

Road Dust. Road dust samples were collected from a street
sweeper that operates in the region around the University of
Notre Dame.43 Samples were passed through an ASTM E11
no. 200 sieve using a shaker for 1 h to obtain particles with a
size <75 μm. No other preparation steps were required, such as
the removal of organic matter. Aqueous suspensions of sieved
particles were prepared at 10.29 mg/L (18 mg in 1.75 mL) in
ultrapure water for further analyses.

IR-PHI Measurements. The IR-PHI method for analyzing
MNPs was first developed and validated using PMMA
microspheres of a known size. Chemical identity and size
were analyzed for single particles (N ∼ 200) and the
concentration of the prepared aqueous samples was validated
using a blind study. Blind samples were prepared by Lab A and
then passed to Lab B for IR-PHI analysis. After validating the
efficacy using PMMA, the IR-PHI method was used to analyze
MNPs released from nylon tea bags during steeping as well as
in road dust. For nylon tea bags, IR-PHI was used to
characterize changes to the chemical identity, morphology and
size, and concentration. For road dust, IR-PHI was used to
characterize the chemical identity of single particles.
IR-PHI specimens were made by drop casting bath-

sonicated MNP suspensions onto CaF2 coverslips (25.0 mm
× 0.5 mm thickness, Crystran) followed by drying under
ambient conditions. MNP samples were vigorously shaken
before drop casting. All CaF2 coverslips were pre-cleaned with
methanol and acetone, followed by subsequent flaming with a
propane torch. The droplet volume (0.25 to 2 mL) was chosen
based on the MNP concentration with a target coverslip
coverage of approximately 1 particle μm−2. This allowed
particles to remain discrete while being concentrated enough
that they were easily analyzed. To obtain optimal imaging and
counting results, samples with unknown MNP concentrations
were prepared through a trial-and-error approach. Samples
were first prepared at high concentrations and were then
diluted down until individual particles were visualized in IR-
PHI. Though not done herein, for dilute aqueous samples
(e.g., lake), a pre-concentration step (e.g., rotary evaporation
or freeze drying) would be required followed by trial-and-error
dilution until optimal conditions were achieved. Specific
instrument details of IR-PHI can be found in the Supporting
Information.
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Chemical identity (i.e., IR spectra) was established directly
from particle IR-PHI analysis, and images were generated by
raster scanning areas of the sample at a target IR frequency.
Images were deconvoluted and then processed in ImageJ for
subsequent particle counting and sizing . IR-PHI images were
collected using a closed-loop piezo stage, under mutual pump
and probe foci. Pump wavelengths were tuned to be on
resonance with characteristic MNP vibrational transitions.
Imaged areas are limited by the nanopositioner scanning range
(300 × 300 μm2). Typical scan areas are 20 × 20 μm2 with an
image acquisition time of 20 min for the following parameters
(piezo step size: 100 nm; lock-in integration time: 30 ms).
Individual MNP infrared absorption spectra were acquired by
positioning individual particles under pump and probe foci and
scanning incident pump wavelengths across either OPO’s
tuning range.
Given that IR-PHI images are convoluted with the

instrument’s point spread function (PSF), image deconvolu-
tion is performed on all acquired data. Deconvolution is
performed using the Richardson−Lucy deconvolution algo-
rithm44,45 in scikit-image,46 an open-source image processing
library for the Python programming language. Details of the
deconvolution process can be found in the Supporting
Information, including before/after IR-PHI images (Figures
S1, S2), an image of the instrument PSF (Figure S3), and an
overview of the Richardson−Lucy algorithm.
Particle sizes and counts were analyzed using ImageJ.

Detailed information can be found in the Supporting
Information. IR-PHI’s limit of detection (LOD) and spatial
resolution have previously been estimated.27,28,30 For measure-
ments conducted on individual 50 to 550 nm radius (r)
polystyrene (PS) or PMMA microspheres, a raw (i.e., without
deconvolution) spatial resolution of ∼350 nm was observed
when using a probe wavelength of 532 nm.28 A spatial

resolution of ∼300 nm was subsequently observed by applying
the Richardson−Lucy deconvolution algorithm. In terms of
sensitivity, an estimated number of detected styrene monomers
(Mw = 104 g mol−1) within an individual r = 50 nm PS bead is
approximately 3 × 107. This corresponds to an IR-PHI 1450
cm−1 cross section of σ = 4.2 × 10−13 cm2. When extrapolated
to smaller sizes, a signal-to-noise dictated cross-section LOD is
σLOD = 3 × 10−14 cm2 and corresponds to a r = 30 nm PS bead.
Assuming a similar infrared absorption cross section for nylon’s
amide I CO stretch (1637 cm−1), this implies that IR-PHI is
able to detect a single r ∼ 30 nm nylon bead (signal to noise
ratio of 5, total absorption cross section of σ ∼ 3 × 10−14 cm2,
and apparent r ∼ 300 nm size due to the instrument’s finite
PSF).

Other Characterization. Bulk FTIR measurements were
conducted using a Bruker Tensor 27 FTIR equipped with a
ZnSe attenuated total reflectance (ATR) crystal. Scanning
electron microscopy (SEM) images of MNPs were acquired
using an FEI Magellan 400 SEM operating at an accelerating
voltage of 1 kV. SEM specimens were prepared on CaF2
coverslips with approximately ∼2 nm of Ir sputtered onto
samples to minimize charging during measurements.

■ RESULTS AND DISCUSSION

Analysis of PMMA Microspheres. PMMA microspheres
were used to validate IR-PHI for characterizing the chemical
identity, size and morphology, and quantity of MNPs. Single-
particle IR-PHI and bulk FTIR analyses of the PMMA showed
the presence of a predominant absorption band at approx-
imately 1720 cm−1 (Figure 1a), attributed to the CO
stretching of PMMA’s ester group. To validate the ability of
IR-PHI to size and count MNPs, two blind samples were
prepared by lab A (known theoretical concentration and size)
and then analyzed with IR-PHI by lab B (unknown). Figure 1b

Figure 1. (a) Single-particle IR-PHI and bulk FTIR spectra of PMMA microspheres. Spectra are offset for clarity. (b) 20 × 20 μm2 false-color
image of the IR-PHI raster scan at 1720 cm−1 [highlighted red area in panel (a)]. (c) Size distribution histogram of ∼200 PMMA microspheres.
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shows a resulting IR-PHI image, a 20 × 20 μm2 false color
scan, where the peak signal (red) represents a higher
normalized IR absorption intensity for the characteristic
frequency selected (1720 cm−1). The presence of numerous
particles of varying sizes was observed. Figure 1c shows the
resulting size distribution histogram from an analysis of
approximately 200 particles (12 20 × 20 μm2 IR-PHI scanned
areas). An average particle radius was 371 ± 65 nm. The size
analysis does not include aggregated particles that are formed
upon sample drying (Figure S4a). The theoretical size of the
PMMA microspheres as reported by the manufacturer is 375
nm ± 10%. The large size variation as measured by IR-PHI was
attributed to error in the manufacturer’s size estimation, with
our SEM analysis revealing a size variation larger than 10%
(Figure S4b).
Blind samples 1 and 2 had theoretical concentrations of 1.75

× 108 and 8.75 × 108 microspheres mL−1, respectively, as
determined from the manufacturer’s reported values. IR-PHI
analysis yields 1.18 × 108 and 5.48 × 108 microspheres mL−1,
corresponding to an approximate undercounting of 33 and
37%, respectively. Differences between actual and theoretical
sizes can be attributed to errors in the manufacturer’s
concentrations and limitations with current image processing
algorithms that do not fully account for aggregated particles
(i.e., Figure S4a).
Analysis of Nylon Tea Bags Steeped at 95 °C. Figure 2

shows IR-PHI and SEM data for samples prepared from nylon

tea bags steeped in ultrapure water at 95 °C for 5 min. Nylon is
an aliphatic polyamide (i.e., amide monomer links) identified
by broad amide vibrational bands. An IR scan of various
particles reveals these characteristic amide bands correspond-
ing to amide I (1620−1660 cm−1; peak 1637 cm−1), II (1530−
1580 cm−1; peak 1547 cm−1), and III (1400−1480 cm−1; peak
1434 cm−1) bands (Figure 2f).47,48 The amide I band is
dominated by CO stretching, with minor contributions from
out-of-phase CN stretching, in-plane NH bending, and CCN
deformation. The amide II band is predominately out-of-phase
in-plane NH bending with contributions from out-of-phase
CN stretching, in-plane CO bending, CC stretching, and NC
stretching. The amide III band is predominantly CN stretching
and NH bending. The peak of the amide I band (1637 cm−1)
was chosen for IR-PHI imaging because of its predominance in
the IR spectra.
Figure 2a−e depicts IR-PHI false-color images, where the

peak signal (red) represents a higher normalized IR absorption
intensity for the characteristic wavenumber (1637 cm−1)
corresponding to the spectra in Figure 2f. Figure 2a illustrates a
15 × 15 μm2 scan containing four particles, and Figure 2b
shows an associated 6 × 6 μm2 magnification of the two lower
intensity particles to highlight IR-PHI’s high degree of spatial
resolution. Particle 2 actually consists of three discrete
particles, which was revealed with our deconvolution post-
processing of the image (e.g., Figure S2). Figure 2c shows a
larger 50 × 50 μm2 image of the same sample illustrating the

Figure 2. Analysis of MNPs from nylon tea bags steeped at 95 °C. All IR-PHI images (a−e) were analyzed at 1637 cm−1. (a) 15 × 15 μm2 image
depicting four particles. (b) Magnified 6 × 6 μm2 image of the area highlighted in orange in (a). (c) Low magnification, 50 × 50 μm2, image and
corresponding 3-D surface plot. (d,e) 15 × 15 μm2 scan of the marked areas in (c). (g) High magnification 15 × 15 μm2 SEM image of MNPs. (f)
IR-PHI spectra of individual, select MNP particles from (a−e) labeled particles 1, 2, 3, and 4 (solid-colored lines) and an ATR−FTIR spectrum of
a bulk 95 °C steeped nylon tea bag (dashed black line). The nylon amide I band with a peak at 1637 cm−1 is highlighted in red. Spectra are offset
for clarity.
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ability to map intensities as a three-dimensional plot to easily
highlight potential particles. Figure 2d,e shows a 15 × 15 μm2

magnified image of two regions of interest containing particles
of varying sizes. In all cases, the selected particles in Figure 2a−
e (i.e., particles 1−4) have near identical IR features
corresponding to nylon, with amide I, II, and III bands
highlighted in Figure 2f. Bulk ATR−FTIR analysis on the tea
bags (Figure 2f, bottom) shows similar characteristics as IR-
PHI, but some of the sensitivity is lost due to the presence of
unknown compounds contributing to the bulk spectra.
Although an FTIR microscope possesses a better spatial
resolution than conventional ATR−FTIR, the average
response of an ensemble of MNPs is still reported due to its
∼5 μm spatial resolution. This underlines the usefulness of IR-
PHI to obtain the chemical composition of only particles of
interest.
Figures 2a−e and S5 show that the effective radius of the

nylon MNPs as determined by IR-PHI varied widely from
approximately 303 to 1260 nm (a mean of 554 ± 480 nm; N =
20 particles). IR-PHI size analysis is compared to SEM images
shown in Figures 2g and S6. The effective radius calculated
from the SEM analysis was approximately 60 to 1300 nm (N =
1558 particles), with a bimodal distribution around ∼85 (83 ±

36) and ∼1050 nm (1063 ± 497 nm). Sizing results from IR-
PHI and SEM analyses are summarized by a histogram
distribution in Figure S7. Of note in the SEM images was the
prevalence of particles with radii smaller than 30 nm, which is
below the current detection limit of IR-PHI and will result in
undercounting by IR-PHI when compared to SEM.
Total MNP particle counts, as determined from the IR-PHI

and SEM images (Figures 2a−g and S6), were approximately
4.5 × 108 and 7.5 × 1010 particles, respectively. The
concentration resulting from SEM analysis of particles less
than 3 μm was approximately 102 times greater than that
established via IR-PHI analysis. In a size range similar to that
used by IR-PHI (∼300 to 1300 nm), the concentration of
particles as determined from SEM analysis was 6 × 109

particles (N = 115 particles), or just 1 order of magnitude
difference. To reiterate though, SEM analysis does not have
chemical specificity and counts every particle present in
solution, whereas, IR-PHI only counts particles with character-
istic vibrations at 1637 cm−1. In comparison, Hernandez et al.
used SEM to analyze particles sized from ∼1 nm to 150 μm
that were released from a nylon tea bag steeped at 95 °C and
counted approximately 1.5 × 1010 particles.17 Thus, values
from the two SEM analyses are within an order of magnitude.

Figure 3. Analysis of MNPs from nylon tea bags steeped at 25 °C. All IR-PHI images were analyzed at 1637 cm−1. (a) Low-magnification (50 × 50
μm2) IR-PHI image highlighting three particles. (b−d) Deconvoluted, (10 × 10 μm2) high-magnification IR-PHI images of select particles (1−3)
from (a). (e,f) High magnification 10 × 10 μm2 SEM image of MNPs. (g) IR-PHI spectra of particles 1−3 (solid green, orange, and red lines,
respectively) at 25 °C and particle 4 at 95 °C from Figure 2 for reference (solid black line). (h) Spectral zoom-in of the purple highlighted region in
panel (g). Orange (1616−1624 cm−1), red (1630−1650 cm−1), and green (1715 cm−1) highlighted regions indicate CC stretch, amide I (i.e.,
CO dominant), and CO stretch vibrations, respectively. All IR-PHI spectra are offset for clarity.
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The observed discrepancy may stem from measurements
conducted using nylon tea bags from different manufacturers,
variations in the sample preparation, or differences in the
counting approach, which in our case, was based on the signal
threshold set as two times the standard deviation of the
background noise.
Chemical and Morphological Differences of Nylon

Tea Bags Steeped at 25 °C. Nylon tea bags were steeped at
room temperature (∼25 °C) to demonstrate IR-PHI’s ability
to detect morphological and chemical changes upon heating.
IR-PHI analysis was conducted using the same IR peak at 1637
cm−1 identified previously for nylon. Figures 3a−d and S8
show IR-PHI images of tea bag specimens steeped at 25 °C.
The morphology of MNP particles was predominated by fiber-
like shapes, which contrasted with the primarily quasi-spherical
MNPs detected in samples steeped at 95 °C (Figure 2). Fiber-
like morphologies were confirmed using SEM analysis (Figures
3e,f and S9). Observed MNPs have particle lengths from ∼1 to
10 μm. Particle concentrations obtained from IR-PHI and
SEM images were 8.3 × 105 and 1.7 × 107 particles mL−1,
respectively, confirming that MNPs are released from tea bags
simply by soaking them in room-temperature water. Observed
differences with IR-PHI again likely stem from IR-PHI’s ∼300
nm spatial resolution and SEM’s lack of chemical specificity.
The particle concentration at 25 °C was approximately
fourfold lower than that at 95 °C, confirming thermal
degradation and particle release from steeping nylon tea bags
at increased temperatures.
Figure 3g and the accompanying spectral zoom-in for 1550

to 1750 cm−1 (Figure 3h) show the associated IR spectra of
particles 1−3 from IR-PHI images in Figure 3a−d. As a
comparison, the IR spectrum of particle 4 from Figure 1 that
was released at 95 °C is also shown. Compared to the bulk
FTIR, the single-particle IR-PHI allowed for a more detailed
analysis of MNP chemical changes (Figure S10). Samples
steeped at 25 °C had similar amide I and II bands as those
steeped at 95 °C with partial amide III resonances also present.
MNPs from samples steeped at 25 °C, however, possessed

increased relative peak intensities and new features highlighted
in Figure 3h. This includes an increased intensity and
broadening of the amide III band between 1220 and 1320
cm−1 (purple shaded region), an additional shoulder in the
amide I region at ∼1620 cm−1 (orange shaded region), and a
new feature at ∼1715 cm−1 (green shaded region). These
spectral alterations indicate thermally induced chemical
changes to the MNPs that can be linked to observed
morphological changes.
The features centered at 1620 and 1715 cm−1 are not

characteristic of pure nylon.49 These regions are attributed to
saturated CO stretching in numerous other compound
classes (e.g., aldehydes, ketones, esters, and carboxylic acids)
and to CC stretching. Prior literature on the degradation of
nylon suggests that thermal treatment leads to products that
possess IR transitions distinct from its pure state.10,50 Both Do
et al.10 and Gocalves et al.50 report that an oxidative attack on
nylon’s N-vicinal (alpha) carbons from thermal degradation
results in species containing imide (CO) and vinyl (CC)
functional groups. The former exhibits a resonance at ∼1740
cm−1, while the latter occurs at 1628 cm−1. These match the
features identified by IR-PHI at ∼1715 and 1620 cm−1 for
MNPs released from nylon tea bags steeped at 25 °C (orange
and green vertical highlights, Figures 3f and S10). Presumably,
for the 25 °C sample, the thermal degradation byproducts
identified by IR-PHI are an artifact of the manufacturing
process of nylon fibers drawn using a heated process (melt
temperature 220 to 260 °C).51

The amide III feature at 1220−1320 cm−1 for the 25 °C
sample disappears upon heating (Figures 3g and S10). Do et
al. and Gocalves et al. point to the continued chemistry of the
thermal degradation byproduct containing imide and vinyl
groups that results in chain scission and leads to the
production of a wide variety of small-molecule products.
This explains loss of the 1220−1320 cm−1 amide III band for
the 95 °C sample as the N-vicinal methylene C−N bond is
broken. It also explains the fiber-to-particulate morphological
changes observed between 25 and 95 °C MNPs.

Figure 4. (a) FTIR spectrum of bulk road dust (solid black line) and IR-PHI spectra of individual road dust aggregates, labeled aggregates 1 and 2
(solid red and green lines, respectively). (b,c) 30 × 30 μm2 IR-PHI images of road dust acquired at (b) 1450 and (c) 1650 cm−1. (d,e) 5 × 5 μm2

magnified images of highlighted regions of interest from (b,c). (f) Corresponding IR-PHI spectra of particles 1 and 2. For both (a,f), red (1450 ± 7
cm−1) and green (1650 ± 7 cm−1) vertical highlights indicate the frequencies used to acquire images (b,d and c,e), respectively. Spectra are offset
for clarity.
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Using single-particle IR-PHI, we were therefore able to
identify specific chemical alterations to the nylon MNPs that
were not featured in the bulk FTIR analysis. IR-PHI analysis
suggests that manufacturing thermal degradation byproducts
are present in nylon tea bags. These products are eliminated
during the steeping process at 95 °C. Further, IR-PHI was able
to link chemical changes related to polymer chain scission with
morphological changes that occurred upon heating the tea bag.
IR-PHI Analysis of Road Dust. Road dust contains MNPs

resulting from tire degradation41,52 that are composed of
natural53 and synthetic rubbers54,55 and nylon.56 Synthetic
rubbers are used to enhance tire cushioning and elasticity,42

while nylon is used in tire inner liners. Road dust additionally
contains N−O-containing nitro compounds from fuel
additives.57

In the current study, bulk road dust was first characterized
by acquiring its bulk FTIR spectrum (Figure 4a). This analysis
showed a broad continuum of unresolved transitions between
1100 and 1750 cm−1, which suggests a complex mixture of
materials. Because rubber possesses a characteristic CH2
bending mode at ∼1450 cm−1 (vertical red highlight),53 this
frequency was chosen for initial IR-PHI imaging analysis.
Figure 4b shows a resulting 30 × 30 μm2 IR-PHI image at
1450 cm−1, where dense aggregates and single particles of road
dust are seen. Two aggregate regions (aggregates 1 and 2) and
two single particles (particle 1 and 2) were highlighted for
further IR analysis. The corresponding spectra for aggregates 1
and 2 depicted in Figure 4a reveal chemical heterogeneity,
exhibiting predominant transitions between 1400−1520 and
1560−1660 cm−1. This, in turn, translates into image
differences when IR-PHI imaging measurements were
conducted at 1650 cm−1; the peak frequency for aggregate 2
is shown in Figure 4c.
Spectral analysis suggests that aggregate 1 was primarily

composed of synthetic rubber given dominant features at 1451
± 4 and 1493 ± 4 cm−1.58 Nitro compounds with transitions
between 1500 and 1550 cm−1 were also present.58 Aggregate 2
possessed dominant amide I and II transitions characteristic of
nylon. It also had transitions consistent with nitro-containing
compounds such as nitromethane (1383 and 1573 cm−1).59

Aggregate 2 also presumably contained nitrogen-containing
biological compounds with a prominent spectral shoulder at
1570−1580 cm−1 assigned to 2-aminooctanoic acid.60 These
preliminary road dust spectral assignments are summarized in
Table S1.
To identify more specific IR features and illustrate the ability

of IR-PHI to spatially resolve chemical heterogeneity within
complex matrices, single particles 1 and 2 highlighted in Figure
4a were further analyzed. Figure 4d,e shows 5 × 5 μm2 IR-PHI
images for 1450 and 1650 cm−1 spectral features, respectively.
At 1450 cm−1, particle 1 is chemically distinct from particle 2,
and the corresponding IR analysis in Figure 4f confirms a
dominant band from ∼1400 to 1520 cm−1, which is similar to
features present in aggregate 1. Similarly, at 1650 cm−1, particle
2 is distinct from particle 1 and has IR features (Figure 4f)
similar to aggregate 2. Thus, particle 1 and particle 2 are
presumably composed of rubber and nylon, respectively.
Herein, we have demonstrated IR-PHI’s ability to quantify

MNPs, monitor chemical changes that occur during degrada-
tion, and characterize the chemical identity of single and
aggregate MNPs present in complex samples (i.e., road dust).
Due to the chemical specificity of IR-PHI, no special sample
preparation was required. The technique overcomes many

current limitations that restrict MNP characterization, namely,
the ability to simultaneously quantify particle abundance and
morphology, both with chemical specificity. This points to the
potential future use of IR-PHI as a key tool for analyzing
MNPs in real-world, spectroscopically congested environ-
ments.
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