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ABSTRACT 
Distinguishing highly viscous organic particles within complex mixtures of atmospheric aero
sol and accurate descriptions of their composition, size distributions, and mixing states are 
challenges at the forefront of aerosol measurement science and technology. Here, we pre
sent results obtained from complementary single-particle measurement techniques 
employed for the in-depth characterization of highly viscous particles. We demonstrate 
advantages and synergy of this multi-modal particle characterization approach based on the 
analysis of individual viscous particles formed in the air-discharged waste produced by a 
common sewer pipe rehabilitation technology. Using oil immersion flow microscopy, we 
investigate particle size distributions and morphology of colloidal components present in 
field-collected aqueous waste condensates. We compare these results with corresponding 
measurements of viscous particles formed in drying droplets of the aerosolized discharged 
waste. The colloidal components and viscous particles were found to be approximately 
10 mm and 0.5 mm, respectively. The aerosolized viscous particles exhibited a spherical 
morphology, while the colloidal particles appeared noticeably fractal, resembling fragments 
of a cured composite material. Chemical imaging of the viscous particles collected on sub
strates was performed using scanning electron microscopy and soft X-ray spectro-micros
copy techniques. Through these methods, comprehensive description of these particles 
emerged, confirming their high solid-like viscosity, wide-ranging sizes, diverse carbon speci
ation with high degrees of oxygenation, and high organic volume fractions. The aerosolized 
viscous particles were further characterized using high-throughput single particle mass spec
trometry. This technique provides real-time measurements of composition, size, and mor
phological metrics for large numbers of individual particles, enabling the identification of 
their distinct mass spectrometric signatures.
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GRAPHICAL ABSTRACT

Introduction

Atmospheric organic aerosols (OA) comprise particles 
emitted directly from primary sources (POA) or 
formed secondarily (SOA) through oxidation and sub
sequent condensation of volatile organic compounds 
(VOCs). OA represents 20% to 95% of total aerosol 
mass across urban and remote regions (Zhang et al. 
2007, 2022; De Gouw and Jimenez 2009; Andreae and 
Crutzen 1997; Saxena and Hildemann 1996). The size 
and composition of OA play an important role in 
determining their physicochemical properties, which 
have further implications for various environmental 
factors including visibility, climate, air quality, and 
human health (Ziemann and Atkinson 2012; Andreae 
and Rosenfeld 2008; Davidson, Phalen, and Solomon 
2005; Lohmann and Feichter 2005; P€oschl 2005; 
Ramanathan et al. 2001; Haywood and Boucher 2000). 
The viscosity of aerosol particles is essential when 
assessing their atmospheric impacts (Shiraiwa et al. 
2017; Bateman et al. 2016; Shiraiwa and Seinfeld 2012; 
Koop et al. 2011). Particle size and viscosity impact 
the ability of OA to act as cloud condensation nuclei 
and ice nuclei, where solid particles are more likely to 
promote ice formation, affecting the global 

hydrological cycle (Ignatius et al. 2016; M€ulmenst€adt 
et al. 2015; Wang et al. 2012; Shiraiwa et al. 2011). 
Additionally, viscosity of particles influences their 
growth rate and equilibration times, as viscous par
ticles undergo slower heterogeneous reactions, which 
ultimately leads to prolonged aging processes (Reid 
et al. 2018; Shiraiwa et al. 2013; Koop et al. 2011; 
Wang and Knopf 2011; Mikhailov et al. 2009). The 
presence of highly viscous particles, often displaying 
glass-like characteristics and unique chemical compos
ition, were found to be attributed to various sources. 
Recent reports have identified highly viscous OA from 
both biogenic and anthropogenic sources. These 
include glassy SOA from biogenic precursors 
(Baboomian et al. 2022; Virtanen et al. 2010), solid 
organic particles from raindrop impaction on soil sur
faces (Wang et al. 2016), and solid organic microplas
tics from common sewer pipe repair technologies 
(Morales et al. 2022). However, these highly viscous 
OA categories remain incompletely understood 
because of challenges of their experimental detection 
and characterization.

Offline techniques can be used for bulk analysis of 
the molecular-level components or the chemical imag
ing of individual particles. Bulk molecular analysis 
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techniques offer an overall characterization of chem
ical components in complex OA mixtures. However, 
they cannot systematically analyze individual particles. 
Optical microscopy is a minimally destructive method 
that permits the visualization of micrometer-sized par
ticles. It is often coupled to vibrational spectroscopy 
techniques, such as Raman or Fourier transform infra
red (FTIR), to gain insights into the molecular com
position within individual particles (Laskin, Moffet, 
and Gilles 2019). Although FTIR provides molecular 
fingerprints, it is susceptible to spectral interferences 
from water present in ambient OA particles. In con
trast, Raman spectroscopy is less influenced by water, 
rendering it a suitable choice for water-containing OA 
particles (Bumbrah and Sharma 2016). Both of these 
techniques are nondestructive and require minimal 
sample preparation (Cai et al. 2021; Kusch 2020). 
These techniques are complementary to each other 
because vibrational modes that are not Raman active 
are typically active in the infrared and vice versa. 
However, they lack detailed information about particle 
morphology and heterogeneity if employed without 
complementary microscopy methods (Cai et al. 2010, 
2021). Chemical imaging by spectro-microscopy tech
niques provides intricate information at the single- 
particle level, which allows highly viscous OA to be 
distinguished from liquid-like OA particles (Liu et al. 
2021; Laskin et al. 2016). Specifically, particle size, 
morphology, and internal components can be imaged 
using scanning electron microscopy (SEM) and trans
mission electron microscopy (TEM) (P�osfai and 
Buseck 2010; Laskin, Cowin, and Iedema 2006). When 
coupled with energy dispersive X-ray microanalysis, 
quantitative analysis of particle elemental composi
tions is achieved (Laskin, Moffet, and Gilles 2019). 
However, methods of electron microscopy induce 
beam damage to particles and provide no information 
about molecular composition (Laskin, Moffet, and 
Gilles 2019).

Synchrotron-based scanning transmission x-ray 
microscopy (STXM) coupled to near edge x-ray 
absorption fine structure (NEXAFS) spectroscopy is a 
powerful method used to delve into the speciation of 
specific elements within atmospheric particles com
monly used to delve into the speciation of specific ele
ments within atmospheric particles (Moffet, Tivanski, 
and Gilles 2010b; Kilcoyne et al. 2003; Kirz et al. 
1992). With a spatial resolution of �25 nm, this tech
nique provides insights into the chemical heterogen
eity, functionality, mixing states, and size of individual 
particles (Laskin, Moffet, and Gilles 2019; O’Brien 
et al. 2014; Moffet, Tivanski, and Gilles 2010b).

Chemical composition of airborne viscous OA par
ticles can be interrogated in-situ by using various 
aerosol mass spectrometers. These instruments employ 
rapid volatilization or/and ablation of particles fol
lowed by various ionization approaches, causing 
extensive fragmentation of analyte ions that compli
cates spectra interpretation (Zhou et al. 2020; Aiken 
et al. 2009; Nash, Baer, and Johnston 2006). While in- 
situ aerosol mass spectrometry techniques are favored 
in field studies, highly viscous OA particles (Morales 
et al. 2022; Wang et al. 2016) are often highly 
refractory and cannot be detected efficiently by 
evaporation-based methods. Laser-ablation based sin
gle-particle mass spectrometers allow characterization 
of both refractory and non-refractory particle compo
nents; however, interpretation of particle mass spectra 
remains difficult due to significant analyte fragmenta
tion (Cai et al. 2015; Zelenyuk et al. 2015; Zelenyuk 
and Imre 2009).

Because no single technique can simultaneously 
provide particle size, morphology, shape, molecular 
composition, and internal heterogeneity, a multi- 
modal approach becomes essential when investigating 
solid OA particles. Recently, we have reported that 
substantial quantity of highly viscous environmental 
nanoplastic (EnvNP) particles (a subset of the broader 
defined solid OA particles) could be attributed to dir
ect airborne emissions from a commonly used trench
less technology for storm and sewer pipes repairs 
(Morales et al. 2022). Here, we present a comprehen
sive case study and highlight the results of single-par
ticle chemical analysis of EnvNP particles using a 
multi-modal approach. Colloidal and airborne particle 
concentrations were estimated based on the measure
ments provided by the oil immersion flow microscopy 
and condensation particle counting, respectively. 
Viscosity of the EnvNP particles was assessed through 
SEM imaging at a tilted angle. STXM/NEXAFS was 
used to investigate particle compositions, internal het
erogeneity, and organic volume fractions. Finally, an 
online single particle mass spectrometer characterized 
large ensembles of EnvNP particles.

Experimental methods

Particle samples

Condensed steam-laden waste emissions from ‘cured- 
in-place-pipe’ installations were collected in 
Sacramento, California on August 2016, as described 
elsewhere by Teimouri Sendesi et al. (2017). A brief 
summary of the field sites (X1, X2, X4, X5) and the 
methods of sample collection (Teimouri Sendesi et al. 
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2017) are included in Supplementary Note 1. Samples 
X1, X4, and X5 were collected at installation sites 
employing a styrene-based (S-based) resin and sample 
X2 was collected at a site employing a low-VOC vinyl 
ester-based (VE-based) resin (Teimouri Sendesi et al. 
2017).

Individual dried aerosol particles were generated 
from the condensate samples by nebulizing and condi
tioning aerosol flow in a drying setup. A diagram 
(Figure S1) and detailed explanation of the experi
mental setup are included in Supplementary Note 2. 
Dried particles were collected using a Sioutas cascade 
impactor with a Leland Legacy air sampling pump 
(SKC, Inc.) operated at 9.0 L min−1. Particles were 
collected on two types of microscopy substrates, Si3N4 

thin film supported by Si wafer frame (Silson Ltd.) 
and copper 400 mesh TEM grids coated with carbon 
type-B thin film (Ted Pella, Inc.). The substrates were 
mounted onto stage C (0.25–0.50 mm) and stage D 
(<0.25 mm). The collected samples were stored in des
iccator cabinets prior to analysis.

Particle size distributions

Particle size distributions (PSD) of colloidal compo
nents of the bulk condensate were measured using a 
FlowCamVR Nano instrument (Yokogawa Fluid 
Imaging Technologies Inc.) operated with the 
VisualSpreadsheet 5.6.26 software (Fluid Imaging 
Technologies). The FlowCamVR Nano instrument uses 
oil immersion flow microscopy (Krause et al. 2021; 
Hasberg et al. 2019) to focus and image colloidal par
ticles as they pass through a flow cell. Details of the 
experimental methods and representative particle 
images (Figure S3) are included in Supplementary 
Note 3 (West et al. 2023). From the acquired images, 
a shape factor was calculated for each particle. In this 
study, we utilize the circularity (or isoperimetric quo
tient) to distinguish between circular and irregular 
particle morphologies.

The PSDs of dry aerosolized particles were meas
ured using a scanning mobility particle sizer (SMPS) 
containing a differential mobility analyzer (TSI model 
no. 3081) interfaced with a condensation particle 
counter (CPC, TSI model no. 3776). The SMPS-CPC 
was operated at an aerosol flow rate of 0.3 L min−1, 
respectively.

Imaging of substrate deposited particles

SEM images of impacted particles were acquired at 
tilted 80� angle to infer their viscosity. Particles 

deposited onto an impactor stage experience deform
ation of their morphology (Tomlin et al. 2020; Wang 
et al. 2016; O’Brien et al. 2014). Specifically, liquid- 
like particles will flatten after colliding with the 
impactor plate, whereas highly viscous organic par
ticles retain their spherical shape. The measurement 
of the particle height (H) and width (W) imaged at a 
tilted angle is then used to estimate the particle vis
cosity based on the ratio of H/W (Rivera-Adorno 
et al. 2023). In this study, H and W particle metrics 
were obtained with ImageJ software 1.52a (National 
Institutes of Health) and estimates of particle viscosity 
were done based on comparison of the H/W ratio 
recorded for laboratory generated sugar particle stand
ards with known viscosities (Rivera-Adorno et al. 
2023).

STXM/NEXAFS measurements were conducted at 
Lawrence Berkeley National Laboratory’s Advanced 
Light Source (ALS) on beamline 5.3.2.2. A detailed 
description of instrument operation is included in 
Supplementary Note 4 (Kilcoyne et al. 2003). Briefly, 
a series of STXM images are acquired at different 
energies of X-rays to generate a three-dimensional 
“stack” data set providing spectral information from 
individual pixels of detected particles at the carbon K- 
edge (�96 energies between 278 to 320 eV, 35 nm spa
tial resolution, 1 ms dwell time). In addition, we also 
acquired wider field of view spectral “maps” to accu
mulate higher statistics among analyzed particles by 
utilizing a faster data acquisition of STXM images at 
four key energies at 278 eV (pre-edge), 285.4 eV 
(C ¼ C), 288.5 eV (-COOH), and 320 eV (post-edge) 
(15 � 15 mm, 35 nm spatial resolution, 1 ms dwell 
time) (Moffet et al. 2010a).

Single particle mass spectrometry

Composition and vacuum aerodynamic diameters of 
individual aerosolized particles were characterized 
using a single particle mass spectrometer 
(miniSPLAT) (Zelenyuk et al. 2015; Zelenyuk and 
Imre 2005). A detailed description of the instrument 
development and operation is included in 
Supplementary Note 5 (Zelenyuk et al. 2015). Wet 
aerosol flow was generated by nebulizing waste con
densates and directing aerosol flow through a char
coal-filled drying tube to reduce the presence of 
VOCs, followed by a silica gel-filled drying tube to 
remove residual water. Dried particles were then 
introduced into a 100 L Teflon chamber pre-filled 
with ultra-high purity air, used to further dry aerosols 
and reduce particle coagulation. The Teflon chamber 
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was connected to the inlet of the miniSPLAT mass 
spectrometer which performed continuous sampling 
until records of �5,000 – 10,000 individual particles/ 
per sample were acquired.

Results and discussion

Figure 1 showcases mass PSD values of both wet col
loids (0.3–20 mm) and dry aerosolized particles 
(0.015–0.6 mm) corresponding to each of the waste 
condensates. In all four samples, the mean sizes of the 
wet colloids and dry particles are �10 mm and 
�0.5 mm, respectively. Our previous work (Morales 
et al. 2022) has shown that the larger particles 
(>10 mm) resemble fragments of the pipe polymer 
composite that are likely shed by mechanical forces of 
pressurized stream blown through the pipe during the 
installation process. In contrast, smaller particles 
(<1 mm) are formed from water-soluble organic 
compounds dissolved in the process, followed by 

aqueous-phase oligomerization that occurs in the dry
ing droplets of the discharged waste, which results in 
solid EnvNP particles (Morales et al. 2022). 
Morphologies of the colloidal particles were deter
mined based on measured circularity of their repre
sentative images (Supplementary Note 3). Circular 
and irregular colloids are distinguished based on their 
circularity, using a threshold ratio of 0.75 as the dis
criminator. PSD measurements of the aerosolized sub
micron particles by SMPS were converted to the mass 
loading units of mg L−1 (aerosol mass per liter of 
waste condensate, as described in Supplemental 
Note 2). Figure 1 illustrates quantitative overlap of the 
mass PSDs measured for the dry airborne particles 
and the wet colloids. Notably, these sub-micrometer 
particles remain in the air for extended periods of 
days to weeks (Hinds 1999), urging systematic investi
gation of their mass loadings at the source and their 
physicochemical properties. Quantitative assessments 
of the total mass loadings of particles generated from 

Figure 1. Particle mass size distributions (milligram of solid material per liter of discharged condensate; mg L−1) of wet colloids 
and dry particles aerosolized from waste condensate samples. Colloids are distinguished based on their observed morphology: cir
cular particles (circles) irregular fragments (squares). Aerosolized particle measurements are reported as dark colored circles. The 
lines show bi-modal lognormal data fits, and the values represent ranges of the integrated total mass concentrations.
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each of four condensates were estimated by integrat
ing the experimental mass PSD data. In this study, the 
mass PSDs of colloidal particles were used as the 
upper-level estimate and the mass PSDs of dry par
ticles served as the lower-level estimates. These esti
mates suggest that between 0.01 and 1140.50 mg L−1 

of particles per discharged waste condensate are plaus
ibly emitted. Importantly, a significant fraction of 
these particles falls within the submicrometer size 
range (Figure S2), capable of lingering airborne for 
weeks (Hinds 1999).

The high viscosity of the dry particles generated 
from waste condensates was confirmed by their spher
ical shape retained after impaction onto the sampling 
substrates. Figure 2a shows representative SEM 
images, acquired at a tilt angle of 80�, of dry particles 
generated from each of four waste samples deposited 
on the impaction plates. Measured morphology met
rics, H and W, acquired at a tilted angle provide prac
tical metrics for the viscosity assessment. Figure 2b
shows particles’ H versus W values, together with the 
reference lines of different viscosity values indicating 
that dry particles generated in our experiments have 
viscosity of solids �1010 Pa s, similar to plastic materi
als (Reid et al. 2018). These particles, previously 
termed as EnvNP (Morales et al. 2022), resemble the 
spherical morphology and viscosity exhibited by other 
solid atmospheric organic particles, such as tar balls 
(Hand et al. 2005), soil organic particles (Wang et al. 
2016), and solid biogenic organic particles (Virtanen 
et al. 2010). Highly viscous aerosol may serve as a sur
face for condensation of semi-volatile organic com
pounds during their atmospheric lifetime and 

transport (Shiraiwa et al. 2011). These newly formed 
EnvNP particles can act as nuclei for SOA formation 
and transport chemicals from the emission source to 
remote regions due to their long atmospheric life
times. Furthermore, EnvNP may have important 
implications for air quality and visibility, with long- 
term impacts on climate and human health.

Computer-controlled SEM imaging coupled to the 
energy dispersive X-ray spectroscopy (CCSEM-EDX) 
microanalysis of large ensembles of individual EnvNP 
particles reported in our previous work (Morales et al. 
2022), showed their predominantly carbonaceous com
position (>75% by particle count). In addition, carbon
aceous particles with contributions from mostly Na, Al 
and Si elements were also detected, which likely reflect 
inorganic additives of the pipe polymer composite, 
such as soda ash (Na2CO3) and aluminum silicate 
fibers (mixtures of Al2O3 and SiO2), used to maintain 
desired consistency and viscosity of the composite. In 
this study, we delve deeper into the specific chemical 
bonding of the EnvNP carbonaceous material using 
STM/NEXAFS, a technique that offers high lateral reso
lution. Figure 3 shows the carbon K-edge ‘maps’ of 
EnvNP particles acquired in STXM experiments. 
Individual pixels of particle images are colored by over
lapping spectral characteristics based on the applied 
threshold definitions (Moffet et al. 2010a) of ‘organic 
carbon’ – OC (green), ‘sp2 hybridized carbon’ (red), 
and ‘inorganic components’ – IN (blue). The inorganic 
components are likely metals present in the resin 
material (Morales et al. 2023; Peterson et al. 2023).

Particle maps shown in Figure 3 were utilized to 
compute the organic volume fractions (OVF) of 

Figure 2. Size, morphology, and viscosity characteristics of dry particles aerosolized from four samples of waste condensate. (a) 
SEM images (in the secondary electron mode) of particles imaged at 80� tilt angle. Particles with high viscosity remain spherical 
after impaction; liquid-like particles exhibit flat morphology. (b) Plot of particles observed heights (H) versus their width (W) 
observed for particles of this study in reference to standards with known viscosity. Values corresponding to occasional flat (low vis
cosity) particles, as those seen in X5 image, are not included in the plot for clarity. Viscosity characteristics of individual particles 
are inferred from comparison to the reference lines.
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individual particles, employing previously established 
methodology (Fraund et al. 2019) summarized in 
Supplementary Note 4. The OVF values are used to 
assess reactivity and hygroscopicity of particles, which 
also influence particle size, chemical composition, and 

internal distribution of components (Wu et al. 2016; 
Schill et al. 2015; Folkers, Mentel, and Wahner 2003; 
Worsnop et al. 2002). Figure 4 shows the size-resolved 
OVF values of EnvNP particles acquired from STXM/ 
NEXAFS maps. Across all four samples, the majority 

Figure 3. Representative carbon K-edge speciation maps recorded by X-ray spectro-microscopy. Colors correspond to experimen
tally defined basic chemical components: green – ‘organic carbon’; red – ‘sp2 carbon’ (indicative of p-bonds network); and blue – 
‘inorganic components’. The RGB layers are transparent and overlap.

Figure 4. STXM-derived organic volume fraction (OVF) of individual particles summarized as normalized histograms, size-resolved 
as 8 bins per decade.
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of particles exhibit organic components contributing 
to more than 50% of the total volume. Notably, par
ticles generated from the VE-based condensate (X2) 
have substantially higher fractions of particles with 
OVF >80%. This is plausibly a result of the VE-based 
resin composition, where the resin contains a higher 
concentration of lower volatility organic components 
than the S-based resin. This aligns with the molecular 
characterization of this sample, which demonstrated 
an increased presence of condensed organic materials 
discussed in a separate report (Morales et al. 2023).

The NEXAFS spectra of individual EnvNP particles 
extracted from STXM ‘stacks’ were used to investigate 
the chemical bonding environment of carbon. 
Figure 5 displays the NEXAFS spectra of selected indi
vidual particles and their associated STXM images, 
representative of EnvNP particles obtained from each 
of four condensate samples. Additional NEXAFS spec
tra of EnvNP particles retrieved from all ‘stacks’ data 

sets of this study are presented in Supplementary 
Note 4, Figure S4. The deconvolution fits of the aver
aged NEXAFS spectra for the four samples are pre
sented in Figure S5. If observed EnvNP particles were 
fragments of the polystyrene polymer composite from 
the S-based resin operation (X1,4,5), their spectra 
would exhibit dominant alkene features of C� ¼ C at 
284.9 eV. However, it’s noteworthy that the 284.9 eV 
feature is very weak compared to other carbon bond
ing features observed in these particles. Across all 
samples, the most abundant feature corresponds to 
the alcohol groups (C�-OH at 289.5 eV), accompanied 
by discernible features corresponding to carbonyl 
(C� ¼ O at 286.7 eV) and carboxylate (COOH at 
288.5 eV) groups. This profile suggests that the OC 
components of the EnvNP particles are significantly 
oxygenated hydrocarbons, plausibly oligomeric prod
ucts formed in drying microdroplets of the waste con
densates (Morales et al. 2022). Notably, there is 
variability between individual particles in the three S- 
based samples, likely resulting from uncontrolled 
multi-phase oligomeric reactions that occur in the 
emission plume (Morales et al. 2022; Herrmann et al. 
2015; Zhao et al. 2013; Nguyen et al. 2011; Ziemann 
2003; Kimura 1998). This observation aligns with our 
other report (Peterson et al. 2023), which indicated 
that these particles do not resemble the starting resin 
material or the intended cured composite compos
ition, implying uncontrolled reactions in the drying 
waste microdroplets.

The chemical composition of the individual aero
solized particles was also interrogated by miniSPLAT. 
In Supplementary Note 5, the average normalized 
mass spectra (Figure S6) and vacuum aerodynamic 
diameter PSDs for each of the four samples are pre
sented. The average mass spectra of the samples reveal 
23Naþ, 39/41Kþ, 81/83Na2Clþ ions that correspond to 
soluble inorganic components. The higher potassium 
content observed in samples X1 and X5 is consistent 
with the corresponding NEXAFS spectra (Figure S4). 
Inspection of mass spectral features related to organic 
fraction (Figure S7) points to the presence of fragment 
ions previously observed in the laboratory-generated 
styrene-based resin and composite microplastic par
ticles (Peterson et al. 2023), including 78C6H6þ, 
92C7H8

þ, 106C7H6Oþ, 42C3H6
þ. However, the VE- 

based sample (X2) stands out with an average mass 
spectrum distinct from those of the laboratory-gener
ated vinyl-based resin and composite microplastic par
ticles (Peterson et al. 2023). Notably, the vacuum 
aerodynamic diameter PSDs for the four waste con
densate samples (Figure S7) show that particles 

Figure 5. Carbon K-edge spectra of representative individual 
solid EnvNP particles shown in groups for each of four sam
ples. Areas in the corresponding individual particle maps indi
cate ‘organic carbon’ (green), ‘sp2 carbon’ (red), and ‘inorganic 
content’ (blue) that overlap for some particles. In each of the 
groups, particle spectra are offset along Y-axis for clarity. 
Dashed lines indicate absorption by various carbon-containing 
groups and potassium, as indicated by the legends.
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generated from X2 and X4 samples had the largest 
and smallest sizes, respectively, in line with the X-ray 
microscopy data presented in Figure 4.

To facilitate data interpretation, the miniSPLAT 
characterization provides chemical composition 
insights into thousands of individual particles, which 
were categorized by an unsupervised classification 
algorithm (Zelenyuk et al. 2015) into six distinct par
ticle classes based on the similarity of their mass spec
tra. Figure 6a shows the relative contribution of the 
six identified particle classes across the four samples. 
The average mass spectra of particles classified into 
these classes (Figure 6b) show that while particles 
from classes 2, 3, and 5 exhibit mass spectral features 
reminiscent of the laboratory-generated styrene-based 
resin and composite microplastic particles (Peterson 
et al. 2023), particles from classes 1, 4, and 6 have dis
tinctly dissimilar mass spectra. Furthermore, samples 
X1, X2 and X4 are dominated by particles from 
classes 2, 3, and 5. However, sample X5 contains the 
largest fraction of particles with mass spectra that do 
not exhibit signatures of microplastic, consistent with 
the higher fraction of inorganic content in the par
ticles observed in Figure 2a.

Conclusions and implications

The comprehensive multi-modal analytical approach 
implemented in this study offers a detailed chemical 
profiling of EnvNP particles. This approach can be 
adopted for future field studies of solid OA particles 
originated from discharged waste discussed here, as 
well as from natural aquatic environments such as ter
restrial and marine surface water containing dissolved 
and colloidal organic material (Cochran et al. 2017; 
Wang et al. 2016). The sizes and morphologies of col
loidal and dry airborne particles can be quantitatively 

investigated by combined measurements of oil immer
sion flow microscope and scanning mobility particle 
sizer (SMPS), reported as particles concentrations per 
volume of tested water. EnvNP particles investigated 
in this study were notably prevalent, with high circu
larity (>0.75). Presence of solid (highly viscous) OA 
particles and their fraction out of the total aerosol 
population can be detected and quantified in real time 
using field-deployable impactor apparatus that counts 
particles rebound (Bateman, Belassein, and Martin 
2014) between the stages. Alternatively, SEM imaging 
of impacted particles imaged at tilted angle can unveil 
their highly viscous, spherical nature. Offline STXM 
chemical imaging can uniquely identify individual 
solid OA particles out of larger particles ensembles 
based on their substantially higher optical depth and 
preserved spherical morphology (Morales et al. 2022; 
Fraund et al. 2020; Tomlin et al. 2020; Wang et al. 
2016). Their corresponding NEXAFS spectral features 
can be quantified to yield OVF values and particle 
mixing state metrics, as well as to evaluate chemical 
bonding environment of carbon and to compare those 
with known standard materials and previously 
observed ambient particles. In this study, the observed 
exhibited unexpectedly high OVF values and con
tained oxygenated functional groups, diverging from 
their intended polymer composition. While off-line 
chemical imaging by STXM/NEXAFS asserts unique 
analytical tenets for chemical characterization of solid 
OA particles, its practical application is constrained by 
low particle statistics and time-limited access to the 
synchrotron-based instrumentation. Nevertheless, 
chemical imaging of individual particles complements 
and enriches interpretation of data sets acquired by 
the high-throughput single particle mass spectrometry 
that can be employed for targeted analysis of solid 
OA particles in test laboratory experiments and at 

Figure 6. (a) miniSPLAT derived percent contributions of different particle classes based on the total number of particles detected 
for each sample. (b) Average normalized mass spectra of the six clustered particle classes. MS of individual particles classified in 
classes 2, 3, and 5 exhibit MS peaks previously observed for the laboratory-generated microplastic particles (e.g., 78C6H6þ, 
92C7H8

þ, 106C7H6Oþ, 42C3H6
þ).
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field sites located close to identified emission sources. 
Complementary results of these studies, including 
characteristic mass spectral signatures of microplastic 
particles identified by single particle mass spectrom
etry, create fingerprint records of solid OA particles 
that, in turn, will inform detection of these particles 
in other field observations, including targeted mining 
of data from numerous previous studies where large 
volume of data had been already generated by single 
particle mass spectrometry.
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