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Atmospheric emission of nanoplastics from 
sewer pipe repairs
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Ryan C. Moffet    4, Swarup China5, Brian T. O’Callahan6, Patrick Z. El-Khoury    5, 
Andrew J. Whelton    2,7 and Alexander Laskin    1 

Nanoplastic particles are inadequately characterized environmental 
pollutants that have adverse effects on aquatic and atmospheric systems, 
causing detrimental effects to human health through inhalation, 
ingestion and skin penetration1–3. At present, it is explicitly assumed 
that environmental nanoplastics (EnvNPs) are weathering fragments 
of microplastic or larger plastic debris that have been discharged into 
terrestrial and aquatic environments, while atmospheric EnvNPs are 
attributed solely to aerosolization by wind and other mechanical forces. 
However, the sources and emissions of unintended EnvNPs are poorly 
understood and are therefore largely unaccounted for in various risk 
assessments4. Here we show that large quantities of EnvNPs may be directly 
emitted into the atmosphere as steam-laden waste components discharged 
from a technology commonly used to repair sewer pipes in urban areas. A 
comprehensive chemical analysis of the discharged waste condensate has 
revealed the abundant presence of insoluble colloids, which after drying 
form solid organic particles with a composition and viscosity consistent 
with EnvNPs. We suggest that airborne emissions of EnvNPs from these 
globally used sewer repair practices may be prevalent in highly populated 
urban areas5, and may have important implications for air quality and 
toxicological levels that need to be mitigated.

Environmental pollution by the degradation products of plastic 
materials is an emerging worldwide concern, with the majority of 
studies focusing on the occurrence, fate and effects of micro- and 
nanoplastics in marine and terrestrial environments6–9. At present, it 
is assumed that microplastics enter the environment as a result of the 
fragmentation of large plastic objects and synthetic textiles through 
photochemical, biotic and abiotic degradation processes, and by the 
direct emission of engineered nanometre-to-micrometre size plastic 

beads, such as those commonly used in cosmetic products. The contin-
uing degradation of microplastic beads (<5 mm) and fragments results 
in additional nanoscale plastics (<1 µm), which increases the diversity 
of environmental nanoplastics (EnvNPs)4. EnvNPs are considered a 
unique class of pollutants that can be distinguished from both micro-
plastics and engineered nanoparticles through their unique physical 
properties and chemical composition4. Because of their very small size 
and low degradation rate, EnvNPs pose threats to ecosystems6,10 and 
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the wet colloids detected in the condensate samples (Supplementary 
Note 3) and the aerosolized dry particles generated from the same 
samples (Supplementary Note 4). In all four samples, the sizes of the 
wet colloids and dry particles are in the submicrometre range: the 
mean sizes of the wet colloids and dry particles are ~1 and ~0.5 µm, 
respectively. The submicrometre particles remain airborne for days to 
weeks18, and therefore they need to be viewed as air pollutants emitted 
at CIPP installation sites. Quantitative assessment of the mass load-
ings of the condensed-phase organic material emitted as dry aerosol 
particles per litre of discharged waste condensate revealed values 
of between 0.01 and 3.24 mg l−1 for the four reported samples (Sup-
plementary Note 4). The highest mass loading of 1.65–3.24 mg l−1 was 
estimated for the CIPP installation site X1, where the highest concentra-
tions of gas-phase styrene (well-known polymerization component) 
were evident (Supplementary Table 1). This correlation between high 
levels of emitted styrene and particulates strongly suggests that the 
chemical composition of the dry particles is likely to show a close 
resemblance to the polymeric structure of the nanoplastics. Further-
more, molecular analysis of the solvent-dissolved components of 
the CIPP condensate from the X1 site showed a very complex mixture 
of chemical pollutants that can polymerize and partition between 
gaseous, aqueous and solid phases when water evaporates from the 
discharged steam-laden waste. Chemical characterization of this mix-
ture using liquid chromatography coupled to photodiode array and 
high-resolution mass detectors uncovered a wide range of molecular 
components with a broad variation in molecular weight, structure and 
degree of oxidation (Supplementary Note 5). Many of the identified 
compounds were polymer precursors and initiators, plausibly washed 
out from the surface of the uncured resin tube. Among them are vari-
ous hazardous air pollutants (phenol, dibutyl phthalate and styrene) 
controlled by the US Environmental Protection Agency19, known and 
suspected carcinogens (styrene, benzo[ghi]perylene and pyrene)20, 
endocrine-disrupting compounds (dibutyl phthalate and styrene)21 
and compounds with little toxicity data (bis(4-tert-butylcyclohexyl) 
peroxydicarbonate). The detection of polymer precursors and various 
low-volatility components in these mixtures prompts the hypothesis 
that the evaporation of water from microdroplets of discharged waste 
would result in the solidification of dry particles, and that their chemi-
cal composition and physical properties would resemble EnvNPs4. A 
mechanism describing the peroxide-initiated radical polymerization 
of CIPP monomer styrene is illustrated in Supplementary Scheme 1 
in Supplementary Note 6. However, it is also plausible that common 
environmental aqueous-phase oligomerization reactions22–28 (Sup-
plementary Scheme 2) will concurrently occur in the drying microdro-
plets, producing solid EnvNPs with variable composition.

Consistent with this hypothesis, spectromicroscopic analysis of 
the chemical composition, viscoelastic properties and internal and 
external mixing states of the dry particles generated from the waste 
condensate samples showed that their characteristics are very much 
consistent with EnvNPs. Figure 3a shows a representative scanning 
electron microscopy (SEM) image, acquired at a tilt angle of 75°, of 
dry particles generated from the X1 sample, deposited on an impactor 
substrate. Upon impact with the substrate, the particles deform and 
the extent of this deformation is used to estimate their viscosity (Sup-
plementary Note 7). The viscosity estimates shown in Fig. 3b indicate 
high fractions (40–80%, for the four samples) of solid particles with a 
viscosity of ≥1010 Pa s, similar to plastic materials29. Such high viscos-
ity indicates that they originate either from a partial disintegration of 
the resin tube material or from aqueous-phase polymerization of the 
soluble components of the waste as the aerosol mist dries out29.

Computer-controlled SEM with energy-dispersed X-ray microa-
nalysis (CCSEM–EDX) performed on over >2,000 particles in each of the 
four samples showed their predominantly carbonaceous composition, 
with only minor contributions from inorganic salts or mineral dust 
(Supplementary Note 9), consistent with the suggested designation 

are also considered of immediate (acute) toxicological concern as a 
result of direct inhalation and deposition in lungs4. Long-term (chronic) 
toxicological effects also occur through their bioaccumulation in 
food chains, which eventually leads to ingestion by humans, posing 
additional threats to human health2,3,11. Compared with the plethora 
of studies of microplastics in marine and terrestrial environments, 
reports on EnvNP particles, especially their airborne occurrences, are 
scarce. The observations reported here challenge our understanding 
of EnvNP formation and suggest that common municipal practices of 
sewer pipe repairs constitute a direct atmospheric emission source.

The cured-in-place-pipe (CIPP) installation of plastic pipes is the 
most popular, least expensive and most frequently used technology 
used to cure leaking sanitary and stormwater sewers through the inser-
tion of new plastic pipes inside the existing pipes (Fig. 1)5. Waste plumes 
discharged during CIPP manufacture are complex multiphase mixtures 
of volatile and semi-volatile organic compounds (VOC and SVOC, 
respectively), primary and secondary organic aerosols, and the fine 
debris of partially cured resin, all blown into the atmosphere at substan-
tial concentrations at worksites (Supplementary Video 1). Specifically, 
detected VOCs are reported12–14 to be at the level of 394–757 parts per 
million by volume, which is four to five orders of magnitude higher 
than the background VOC concentrations (<100 ppb) reported even 
in heavily polluted urban areas15. While dispersion model analysis and 
field measurements show notable dilution of the VOC concentrations 
down to sub-parts per million levels at distances of ~50 m downwind, 
local instances of degraded air quality have affected both indoor and 
outdoor environments in urban neighbourhoods and even prompted 
building evacuations13,16. Furthermore, recent field measurements16,17 
have shown that additional condensed-phase organic pollutants are 
also emitted into the atmosphere around CIPP installation sites, 
although their qualitative and quantitative characteristics are as yet 
largely unknown.

Analysis of the discharged waste condensate collected at four CIPP 
operation sites (labelled X1, X2, X4 and X5 in Supplementary Note 1) 
revealed the abundant presence of colloidal material; this colloidal 
material forms airborne particles as water evaporates from microdro-
plets of the discharged waste. An array of complementary analytical 
measurements were used for the systematic characterization of both 
the colloidal material and the resulting dry particles (Supplementary 
Note 2). Figure 2 illustrates the particle mass size distributions of both 
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Fig. 1 | A schematic illustration of CIPP installation. A flexible 
resin-impregnated tube is first inserted into the damaged pipe. This tube is 
inflated against the damaged pipe wall by pumping ambient air, water and/or 
steam through the tube. Next, the tube is cured in place using either thermal 
(hot steam injected into the tube) or ultraviolet curing methods, and the waste 
is discharged into the environment. After curing, the newly installed plastic pipe 
is cooled by blowing forced ambient air through the tube, also resulting in the 
atmospheric discharge of waste laden with EnvNP particles.
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Fig. 2 | Particle mass size distributions of wet colloids and dry particles 
from CIPP waste. Particle mass size distributions of wet colloids in CIPP 
waste condensate samples and dry particles aerosolized from the same 
samples collected at four different operation sites (X1, X2, X4 and X5). The 

lines show bimodal lognormal data fits; the fitting parameters are tabulated in 
Supplementary Table 2. Dp, particle diameter; ΔM/Δlog Dp, mass concentration. 
The mass concentration values are reported in units of milligrams of solid 
material (colloids or particles) per litre of discharged condensate.
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Fig. 3 | Size, morphology and viscosity characteristics of dry particles 
aerosolized from four samples of CIPP waste condensate. a, SEM image (in 
secondary electron mode) of particles imaged at a tilt angle of 75°, showing the 
particle morphology after impact on a substrate. Particles with high viscosity 
remain spherical after impact; liquid-like particles exhibit a flat morphology. 
H, height; W, width. b, Plot of particle height versus their width after impact, 

referenced to particle standards of known viscosity (Supplementary Fig. 5). 
The viscosity characteristics of individual particles are inferred by comparison 
with the references (indicated by dashed lines). Circles correspond to spherical 
particles; vertical and horizontal line markers correspond to high-dome and flat 
particles, respectively.
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of these particles as EnvNPs. Furthermore, the vibrational spectra of 
individual particles recorded by surface-enhanced Raman spectros-
copy (SERS) show the spectroscopic features of common microplas-
tic materials (Supplementary Note 8). Figure 4 shows selected SERS 
spectra of relatively large (>1 µm) dry particles obtained from the 
waste condensates. These EnvNPs are likely polymers, with charac-
teristic features in the 3,000 cm−1 region. In particular, polystyrene 
(PS) resonances are evident in the spectra of some of the particles, 
revealed by comparison with a PS microbead standard. Furthermore, 
particles exhibiting SERS signatures of other polymer materials, such 
as poly(styrene maleic anhydride) and polydimethylsiloxane, are also 
noteworthy (Supplementary Fig. 6)30,31. The top two SERS spectra in Fig. 
4 were recorded for ~2 µm particles from lyophilized waste analyte from 
the X1 sample. These spectra show features similar to the PS standard. 
However, because of only minute quantities and the chemical complex-
ity of the analytes in EnvNP particles, the features are relatively broad 
and have very low intensities, which renders their analysis difficult. 
Moreover, the detection limit of SERS for organic particles is ~1 µm, 
which hinders the detection of submicrometre EnvNPs. The spectral 
data shown in Fig. 4 and Supplementary Fig. 6 demonstrate the need to 
identify the composition of dry EnvNPs from CIPP emissions at scales 
finer than those accessible by SERS.

Synchrotron-based scanning transmission X-ray microscopy 
(STXM) enables the imaging of carbon speciation, allowing differen-
tiation between different polymers distributed within internal particle 
structures with a lateral resolution of ~35 nm. Particle-specific ratios of 
the total carbon absorption to the particle diameter derived from STXM 
measurements were used to distinguish solid spherical EnvNPs from 
flat, domed particles having lower viscosity (Supplementary Note 10). 
Figure 5a shows the STXM images of selected solid EnvNP particles and 
their associated near-edge X-ray absorption fine structure (NEXAFS) 
spectra acquired at their carbon K-edge energy. The NEXAFS spectra 

of the EnvNP particles share similar characteristics with reported 
thin-film polymer standards32 (Supplementary Note 10), with differ-
ences arising due to their multicomponent composition. Because 
of the chemical complexity of the emissions discharged from CIPP 
installations, the NEXAFS spectra of the investigated EnvNP samples 
are best interpreted as a mixture of multiple polymers. The system-
atic differences between the NEXAFS spectra of the solid particles 
identified in the aerosolized samples generated from the four waste 
condensates indicate that the chemical composition of the EnvNPs 
varies substantially between worksites where different operating 
conditions are employed. Figure 5b shows the composition maps of 
individual solid particles generated in our experiments, indicating that 
their interiors are dominated by organic components. Unlike the typi-
cal particles of urban photochemical smog, where the components of 
secondary organic aerosol tend to coat the inorganic and black carbon 
inclusions from primary emissions33, the particles reported here show 
either organic-only composition or an inverted morphology of organic 
cores coated with inorganic components. This inverted morphology is 
consistent with the assumption that organic cores originate from the 
insoluble organic colloids present in the discharged waste condensate 
and are coated with thin layers of inorganic salts (probably carbon-
ates) formed by precipitation as the microdroplets of wet aerosol dry 
out. It is also expected that additional organic solid particles may be 
formed by the condensation of soluble organic components that have 
polymerized in drying microdroplets. A quantitative assessment of 
organic volume fractions (OVFs) in individual particles by X-ray spec-
tromicroscopy (Fig. 5c,d and Supplementary Note 10) showed overall 
minor contributions of inorganic salts in the observed particles. It is 
suggested that lateral chemical heterogeneity and the physical states 
of the atmospheric EnvNP particles from CIPP operations are likely 
influenced by both the resin material and specific curing conditions. 
Therefore, documenting the mass loading, composition and size of 
individual EnvNP particles collected at worksites and in systematic 
laboratory tests of CIPP emissions will allow source apportionment 
of this type of particle in real-world urban environments, prediction 
of their physical properties and evolution upon atmospheric ageing.

The deposits of white powder commonly observed on trees and 
other surfaces next to CIPP installation sites (Supplementary Note 
12) are likely to be micro- and nanoplastic particles emitted during 
the process17. While it may be surprising that EnvNP particles have 
not been explicitly reported in the assessments of CIPP emissions 
and in more general studies characterizing the urban aerosol, there 
are compelling reasons for their lack of observation. EnvNP particles 
are resistant to decomposition on heating up to 400 °C observed in 
high-resolution transmission electron microscopy (HRTEM) experi-
ments (Supplementary Note 11), suggesting that in situ particle analysis 
using thermoanalytical methods is unsuitable for their detection. 
Thus, if EnvNP particles were present in urban environments, common 
thermal desorption-based aerosol mass spectrometers would underes-
timate the organic particle concentration. Laser ablation single-particle 
mass spectrometry would detect EnvNP particles. However, extensive 
fragmentation of organic analyte on ablation would make it difficult 
to distinguish EnvNPs from other organic particles. Due to their solid, 
spherical morphology and polymer composition, off-line spectromi-
croscopy methods are likely to be advantageous for the detection and 
characterization of fine EnvNPs33.

Public records indicate that 61–454 tonnes of resin are used 
for each CIPP project in US urban areas, where multiple sewer pipes 
are typically repaired (Supplementary Note 13)16. Laboratory stud-
ies show that, during the CIPP process, ~9 wt% of the organic resin 
material is discharged into the air16, which translates into >5 tons 
of organic chemical waste released into atmospheric and aquatic 
environments as gas- and condensed-phase emissions for each CIPP 
project12,14,16,17,34,35. Based on a conservative estimate that the mass 
fraction of EnvNP particles is only ~5% of the total organic waste 
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collected on a substrate. The dashed lines show the similarity between the 
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1,602 cm−1, ‘breathing mode’ of the aromatic ring at 1,000 cm−1, the combination 
band of the CH out-of-plane bending modes from the ring and the CH2 rocking 
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poly(styrene maleic anhydride)31, corresponding to C=O stretching at 1,889 and 
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(Supplementary Table 1), their emission will be >0.25 tons per pro-
ject. This scale of urban pollution is not well documented. In fact, it 
may eclipse many other common sources of pollution in urban areas. 
Many recent studies have shown that emissions from CIPP technology 
pose serious health risks to workers and the nearby public17,36,37. Their 
results have led to US federal38,39, California and Florida state40,41, and 
industry actions, acknowledging the critical need to mitigate CIPP 
emissions due to human health effects and environmental impacts. 
However, all studies conducted so far have been limited to gas-phase 
and water-soluble chemical emissions, while emissions of EnvNP 
particles have not been considered.

Therefore there is an urgent need to quantitatively character-
ize the emissions of EnvNPs produced during CIPP manufacture as 
their environmental discharge and human exposure continue to 
occur. At present, little is known about which specific manufactur-
ing conditions can be altered to reduce the emissions of EnvNPs and 
other pollutants. To provide evidence-based practical solutions for 
safer (less polluting) CIPP operation, systematic studies are needed 
to investigate how changing the resin, curing temperature, heating 
time, steam and other ingredient levels may affect the magnitude and 
composition of CIPP emissions, and to compare these with future 
field measurements.
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the peak positions of poly(acrylonitrile) and poly(vinyl alcohol) materials18. 
The single dominant spectral feature of X2 at 286.7 eV (C*=O) is indicative 

of poly(vinyl methyl ketone), widely used in industry as a crosslinked film18. 
Samples X4 and X5 show similar NEXAFS features at 284.9 eV (C*=C), 286.7 eV 
(C*=O), 287.7 eV (C*–H), 288.5 eV (COOH) and 290.4 eV (C*O3), which align with 
poly(α-methylstyrene), polyether ether ketone and polystyrene (Supplementary 
Note 9). * denotes the 1s → σ* transitions. b, STXM composition maps for all 
samples indicate particles dominated by organic carbon. c, OVF maps of the 
same particles derived from quantitative analysis of the NEXAFS spectra of the 
particles. d, Histogram of the OVF values determined for individual particles 
plotted as a function of particle size show only minor contributions from 
inorganic components.
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Methods
Samples of CIPP waste condensates
Aqueous condensates of the exhaust emissions discharged during four 
CIPP installations in Sacramento, California were collected17. One CIPP 
was manufactured with a non-styrene, low-volatile organic resin, and 
three were manufactured with a styrene-based resin. Stainless-steel 
air-sampling manifolds were used at each site to capture and condense 
airborne emissions, collected in Pyrex bottles as detailed by Sendesi 
et al.17. The samples obtained were sealed and refrigerated at −20 °C 
pending analysis. In this work the waste samples were aerosolized to 
evaluate the size distributions and mass loadings of plausible atmos-
pheric particle emissions. The particles obtained were also analysed 
using chemical imaging techniques. Further analyses were conducted 
to determine the size distributions and mass loadings of the colloids 
present in the original bulk samples, and to characterize the major 
solvent-soluble organic components present in the bulk condensates 
and to estimate their volatility. Further details are included in Sup-
plementary Notes 1 and 2.

Particle size distributions of colloids and particles
The colloidal material in the waste condensate samples was quantified 
by dynamic light scattering measurements using a Zetasizer Nano-S 
instrument (Malvern Panalytical). For quantitative data analysis, the 
dispersant was assumed to be water, and the optical properties and 
density of the colloidal material were assumed to be those of poly-
styrene. The difference between the total organic carbon and the 
dissolved organic carbon in the waste condensate samples was used 
to estimate the lower limit of mass loadings of the colloidal mate-
rial. The particle size distributions of dry aerosolized particles were 
measured using a scanning mobility particle sizer interfaced with 
a condensation particle counter (TSI, models 3081 and 3776). The 
volumes of the condensate samples consumed in the aerosolization 
experiments were recorded and used to relate the measured mass 
concentrations and particle size distributions of airborne dry particles 
to the volume of the waste condensate. The quantitative measure-
ments of colloids and dry airborne particles are presented here as 
milligrams of colloids (or dry airborne particles) per litre of waste 
condensate. Additional details of these experiments are included in  
Supplementary Notes 2–4.

Molecular characterization of waste condensates
The components of the waste condensates extracted in acetoni-
trile–dichloromethane–hexane (2:2:1, by volume) were separated by 
reversed-phase high-performance liquid chromatography (HPLC). The 
separated fractions were characterized by a photodiode array detector 
(PDA) and a high-resolution mass spectrometer (HRMS) interfaced 
with electrospray ionization and atmospheric pressure photochemi-
cal ionization sources to identify both polar and non-polar organic 
components42. Details of the HPLC–PDA–HRMS analysis are included 
in Supplementary Note 5.

Chemical imaging of particles
The dry particles from the aerosolization experiments deposited onto 
solid substrates were imaged by microscopies that revealed both the 
morphology and spectroscopically determined chemical composition. 
A SEM microscope was used to image particle samples at a tilt angle of 
75° to distinguish between solid (spherical) and liquid-like (flattened) 
particles. Their viscosities were then inferred from the observed par-
ticle height-to-width ratios by comparison with standards of known 
viscosity. The size and elemental composition of large ensembles of 
>2,000 particles per sample were analysed by CCSEM–EDX, provid-
ing statistically significant data on the particle-type populations and 
their elemental compositions43. Additional details of viscosity meas-
urements by SEM and CCESM-EDX particle analysis are included in 
Supplementary Notes 7 and 9.

The vibrational spectra of individual solid organic particles were 
recorded using SERS. At present, Raman spectral features are com-
monly used to identify environmental microplastic particles and appor-
tion them to the most common polymer types44. SERS was used for 
rapid screening of dry samples to identify the polymer characteristics 
of EnvNP particles. Specific details of the SERS analysis are included in 
Supplementary Note 8.

STXM–NEXAFS spectromicroscopy at the carbon K-edge energy 
was used to obtain information on the chemical bonding of carbon 
within individual particles at a lateral resolution of ~35 nm, sufficient 
for a detailed analysis45 of submicrometre EnvNP particles. Particle 
component maps46 were constructed on the basis of NEXAFS spectral 
features indicative of carbon-specific functional groups and chemical 
bonding. Combined, the CCSEM–EDX and STXM–NEXAFS datasets 
allowed the grouping and assessment of EnvNP particle types and their 
representative mixing states. Additional details of the STXM–NEXAFS 
analysis are included in Supplementary Note 10.

Data availability
The datasets generated and analysed in this work are available for 
download as a zip file from https://doi.org/10.4231/XR71-ZM27. 
Datasets are provided for Figs. 2–5 and Supplementary Figs. 3, 5 and 
7–10. Supplementary information is available in the online version 
of the paper. Correspondence and requests for materials should be 
addressed to A.L.
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Supplementary Note 1: Collection, Storage, and Use of the CIPP Discharged Steam Condensates.  40 

In August 2016, samples of discharged waste from CIPP installations were collected at 

outdoor locations in Sacramento, California as described in detail by Sendesi et al. (2017).1 At 

each sampling site, stainless steel air manifolds were set up at an exhaust point to capture and 

condense materials from the air. At the exhaust point, the air stream was condensed by ambient 

cooling and passage of the air stream through ice chest condensers and collected in Pyrex bottles.1 45 

All condensates were stored at –20 oC to prevent subsequent reactions after collection.  

Sendesi et al. (2017)1 reported the chemical composition and toxicological significance of 

selected emitted materials identified by gas chromatography - mass spectrometry (GC-MS) and 

nuclear magnetic resonance (NMR) spectroscopy. Ra et al. (2019) further described air testing 

results from this site.2 The discharged waste emissions were determined to be a multi-phase 50 

chemical mixture of organic vapor, particulates, and liquid droplets, where particulates were 

hypothesized to be a mixture of condensable vapor and partially cured resin. This complex mixture 

was confirmed to contain hazardous air pollutants, known and suspected carcinogens, endocrine 

disrupting compounds, and uncured resin material.1 However, the composition of particulates was 

not investigated. 55 

Two types of resin were employed during CIPP operation at the investigated sites: a 

styrene-based resin and a low-volatility organic compound (VOC) non-styrene resin. Vipel® 

isophthalic based polyester resin was used for the styrene based CIPP installations (sites X1, X4, 

and X5) with 0.5% Trigonox® KSM and 1% di-(4-tert-butylcyclohexyl) peroxy dicarbonate 

initiators and contained 32.0% wt. of styrene.1 The low-VOC, non-styrene based installation (site 60 

X2) used EcoTekTM L040-TNVG-33 vinyl ester resin with 30% - 35% wt. 

dioxotetraoxatrimethylalkadiene, but the initiators were not disclosed.1,3  

Styrene concentration in condensates was characterized by GC-MS-TQ8040 (Shimadzu 

Co.). Quantification of samples was performed using 1 ppm of 1,4-dichlorobenzene-d4 (Supelco 

Inc.) as an internal standard. The total organic carbon (TOC) concentration was measured using a 65 

TNM-L ROHS (Shimadzu Co.) analyzer in accordance with USEPA method 415.1.4 The 

instrument was calibrated from 0 to 200 mg TOC per liter of sample using potassium hydrogen 

phthalate (R2=0.99). In order to measure the dissolved organic carbon level, the samples were 

filtrated by a 0.5 µm glass fiber filter (Fisher Scientific) and measured with the same method for 
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TOC. Styrene concentrations, total organic carbon, and dissolved organic carbon values are 70 

presented in Table S1.  

 

Table S1. Summary of CIPP condensates used in this study and the corresponding styrene 

concentrations, total organic carbon, and dissolved organic carbon values. Aerosol mass 

concentrations were determined by measurements in this study, discussed in Supplementary Note 75 

3. All mass concentrations are reported here in the units of milligram of solid material (colloids or 

particles) per liter of the discharged condensate. 

 

X1 X2 X4 X5

Styrene resin (Y/N) Yes No Yes Yes

Styrene Resin 
Concentration (ppm) 4329 ± 937 7.495 ± 0.6 1819 ± 504  2083 ± 35 

Total Organic Carbon 
(mg/L)

33.85 133.4 53.76 13.18

Dissolved Organic 
Carbon (mg/L)

30.96 127.2 50.47 12.71

Aerosol Mass 
Concentration Lower 

Limit (mg/L)
1.65 0.93 0.01 0.19

Aerosol Mass 
Concentration Upper 

Limit  (mg/L)
3.24 1.01 0.04 0.34
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Supplementary Note 2: Overview of the Chemical Analysis Methods. 80 

 The multi-phase chemical mixtures initially reported in Sendesi et al. (2017) were 

investigated using NMR and GC-MS,1 however the individual particle physicochemical properties 

found in these mixtures were not investigated. We employ a range of instrumentation in this study 

to determine the concentration of colloidal materials present in the CIPP discharged waste 

condensates and to investigate the chemical composition of their resulting dry residues. The 85 

combination of several techniques provides molecular-level analysis of the condensate mixtures, 

single-particle investigations of compositional variability, and estimations of emission rates of 

EnvNP (Figure S1).  

Quantitative in-situ measurements of the colloidal particle size distributions were 

conducted using dynamic light scattering (DLS) (Supplementary Note 3). Number concentrations 90 

and size distributions of the dry, aerosolized particles were determined using a scanning mobility 

particle sizer (SMPS). Estimations of the EnvNP emissions for each site were determined using 

the DLS and SMPS measurements and reported in units of milligram of solid material (colloids or 

particles) per liter of the discharged condensate (Supplementary Notes 3 and 4).   

Molecular-level analysis of the bulk CIPP waste condensates provides a quantitative 95 

assessment of the chemical composition and physical properties of emitted materials. Bulk analysis 

of the condensable materials was conducted using high-performance liquid chromatography 

(HPLC) equipped with a photodiode array (PDA) and high-resolution mass spectrometry (HRMS) 

(Supplementary Note 5). Solvent-soluble species were extracted in a mixture of organic solvents 

(acetonitrile/dichloromethane/hexane = 2:2:1 by volume) and separated using reversed-phase 100 

HPLC. Resin components and other hazardous materials were identified, and their corresponding 

volatilities were estimated. Molecular characteristics of the bulk residues were also investigated 

using surface enhanced Raman spectroscopy (SERS) after lyophilization of the condensates 

(Supplementary Note 7). SERS is a common technique used to identify micro- and nanoplastic 

materials in environmental (marine and terrestrial) samples, therefore all spectra obtained were 105 

compared to known plastic reference spectra.5 

Single-particle analysis of dried aerosol particles was achieved by nebulizing the 

condensates using nitrogen and drying the particles in drying tubes filled with calcium sulfate 

desiccant. Dried particles were collected in a micro-orifice uniform deposit impactor (MOUDI). 
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Particles collected on stage 6 (0.56-1.00 μm), stage 7 (0.32-0.56 μm) and stage 8 (0.18-0.32 μm) 110 

were investigated using several spectro-microscopic techniques.  

 Individual particles (>1 μm) were investigated using SERS and compared to plastic 

reference spectra. SERS measurements did not provide a fine enough lateral resolution necessary 

for investigating EnvNP (particles <1 μm). This limit is inherent to the diffraction-limited optical 

measurement. Moreover, smaller EnvNP particles in the sub-micron range develop plasmon 115 

resonances that lead to backgrounds associated with Raman scattering and photoluminescence 

from hot electrons.6 This obscures the spectroscopic detection of EnvNP. Therefore, computer-

controlled scanning electron microscopy with energy dispersed X-ray microanalysis (CCSEM-

EDX) and synchrotron-based scanning transmission X-ray microscopy (STXM) were also 

employed. CCSEM-EDX was employed to analyze the size, elemental composition, and viscosity 120 

of individual particles (Supplementary Notes 6 and 8). STXM complemented by Near Edge X-ray 

Absorption Fine Structure (NEXAFS) spectro-microscopy at the carbon K-edge energy was used 

to acquire quantitative information regarding chemical bonding and internal mixing of individual 

particles with a lateral resolution of ~20 nm (Supplementary Note 9). 

 125 

 

Figure S1. Diagram representing experimental methods employed for analysis of the discharged 
waste condensates.  
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Supplementary Note 3: Dynamic Light Scattering Measurements of Colloids.  

Colloidal components of the CIPP condensates were analyzed using DLS to investigate the 130 

particle number concentration and size distributions in situ. DLS experiments were performed 

using Zetasizer Nano-S (Malvern Panalytical). A volume of 1.5 mL was transferred from sample 

stock solutions to a quartz cuvette for measurements. The dispersant was assumed to be water and 

the material was assumed to be polystyrene (PS). The backscattering angle was 173° by default; 

water viscosity was set to 8.910-2 Pa·s; the equilibrium temperature was 25 °C; the refractive 135 

index of the PS material was set to RI = 1.590+i·0.010. DLS detects number of photons attenuated 

by colloids and reports measurements in the units of kilo counts per second (kcps), recorded in 

individual particle size bins (16 per decade). To acquire data over all 16 size bins, each 

measurement had a 30 second waiting time, and six measurements were taken for each DLS 

experiment to record Ii values. Obtained data was used to calculate the mass-based particle size 140 

distributions (PSD) of colloidal particles assuming that Ii values are proportional to the number of 

particles (Ni) detected within size bin i. 

∆𝑁𝑖 = 𝐶𝑜𝑛𝑠𝑡 × 𝐼𝑖        (E1) 

Then, mass PSD values corresponding to each of the bins i were calculated as 

    (E2) 145 

where particle density () was assumed 1 gr/cm3 and value of Const was set to stipulate assumption 

of 

 ∑ ∆𝑀𝑖 = 16
𝑖=1 [𝑇𝑂𝐶] − [𝐷𝑂𝐶]       (E3) 

where [TOC] and [DOC] are mass concentrations (mg/L) of total and dissolved organic carbon, 

respectively; measured for each of the waste condensates (Table S1)  150 

  

∆𝑀𝑖

∆ log 𝐷𝑝
=

𝜌
π
6 Dp,i

3∆𝑁𝑖

log 𝐷𝑝,𝑖 − log 𝐷𝑝,𝑖−1
=

𝜌
π
6 Dp,i

3 × 𝐶𝑜𝑛𝑠𝑡 × 𝐼𝑖

1/16
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Supplementary Note 4: Size Distribution Measurements and Mass Loadings of Aerosolized 

Particles  

To investigate the ability of colloids to become airborne particles, the CIPP condensates 

were nebulized to generate wet aerosol, which was conditioned in drying tubes and the resulting 155 

dry residuals were analyzed. A schematic of the experimental setup is shown in Figure S2. 

Condensates were aerosolized by loading 5 mL in a medical nebulizer cup and blowing 2.1 L min-

1 of dry nitrogen (N2) through the cup. The stream of aerosolized mist was then directed through 

two drying tubes loaded with calcium sulfate desiccant that resulted in relative humidity (RH) of 

18% at the exit from the second tube. Particle number concentrations (Ni, i is an individual size 160 

bin) of dry aerosol were measured 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 in low flow mode (sheath and aerosol 

flows are 3.1 L min-1 and 0.31 L min-1, respectively) at particle size resolution settings of 64 bins 

per decade. Prior to the measurement, the stream of dry aerosol was split between the SMPS-CPC 165 

and inlet and, an exhaust line to remove excess flow.  

 

Figure S2. Diagram representing the condensate nebulizing experiment, during flow diagram and 

detection/counting of dry aerosolized particles. 
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The SMPS-CPC detects number of particles (Ni) detected in individual size bins i (64 per 170 

decade). Airborne number concentrations were converted to mass PSD values using the following 

equation (assuming  =1.05 g/cm3 – density of polystyrene) 

∆𝑀𝑎𝑖𝑟,   𝑖

∆log𝐷𝑝,𝑖
=

𝜌
π

6
Dp,i

3∆𝑁𝑖

log 𝐷𝑝,𝑖−log 𝐷𝑝,𝑖−1
=

π

6
Dp,i

3∆𝑁𝑖

1/64
      (E4) 

Mass PSD values of ∆𝑀𝑎𝑖𝑟,   𝑖 ∆𝑙𝑜𝑔𝐷𝑝,𝑖⁄  (mg per L of air) were then scaled to obtained mass PSD 

values of ∆𝑀𝑖 ∆𝑙𝑜𝑔𝐷𝑝,𝑖⁄  (mg per L of waste condensate) using the conversion equation of  175 

∆𝑀𝑖

∆log𝐷𝑝,𝑖
= (

𝑄×𝑡

𝑉
) ×

∆𝑀𝑎𝑖𝑟,   𝑖

∆log𝐷𝑝,𝑖
         (E5) 

where Q is the N2 flow rate through the cup (2.1 L min-1), t (min) is the duration of experiment, V 

(L) is the volume of condensate nebulized during the experiment. 

Experimental data of Mi /logDp,i versus Dp,i obtained for colloidal (DLS measurement) 

and airborne (SMPS measurement) particles were fit with bimodal lognormal PSD functions using 180 

equations E6 and E7 for each of the modes.   

𝑑𝑀

𝑑 𝑙𝑜𝑔 𝐷
=

𝑀𝑇

√2𝜋𝑙𝑜𝑔 𝜎𝑔
𝑒𝑥𝑝 [−

(𝑙𝑜𝑔 𝐷 −𝑙𝑜𝑔𝐷̅𝑔𝑀
2

)

2(𝑙𝑜𝑔 𝜎𝑔)
2 ]       (E6) 

σ𝑔 = √
∑ (ymeas−yfit)2Nbins

i=1

Nbins−1
         (E7) 

where MT is the total mass of particles, σg is the standard deviation, D is the particle diameter, and 

𝐷̅g,M is the geometric mean particle diameter. Table S2 summarizes all fitting parameters of the 185 

PSD data.  
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Table S2. Fitting parameters used for bimodal DLS and SMPS mass size distributions 

presented in Figure 2 of the manuscript. 

 
SMPS DLS 

MT,1 

(mg/L) 

Dg,1 

(nm) 
σ1 

MT,2 

(mg/L) 

Dg,2 

(nm) 
σ2 

MT,1 

(mg/L) 

Dg,1 

(nm) 
σ2 

MT,2 

(mg/L) 

Dgg,2 

(nm) 
σ3 

X1 1.58 55 1.50 66.7 210 1.45 0.01 120 1.35 5.00 500 1.25 

X2 0.29 40 1.45 12.3 170 1.40 1.80 240 1.30 9.50 500 1.30 

X4 0.03 35 1.40 1.19 145 1.35 0.12 150 1.25 0.22 530 1.30 

X5 0.18 40 1.50 17.7 190 1.45 1.00 200 1.25 1.00 600 1.20 

 190 

 Quantitative assessment of the mass loadings of the condensed-phase organic material 

emitted as dry airborne particles per liter of condensate was determined using the SMPS-CPC data. 

The lower limit was determined assuming particle size range limited to SMPS experimental 

observations (i.e., PSD was integrated over 15-650 nm size range):  

 Lower limit:  𝑚𝑖𝑛 𝑀𝑇 = ∫ 𝑀(𝐷𝑝)𝑑𝐷𝑝
650 𝑛𝑚

15 𝑛𝑚
      (E8) 195 

The upper limit was then estimated by integrating the lognormal fit of the data over entire size 

range of particles: 

 Upper limit:  max 𝑀𝑇 = ∫ 𝑀(𝐷𝑝)𝑑𝐷𝑝
∞

0
       (E9) 

Notably, the size distributions of the dried aerosolized particles (Figure 2) show that they are 

well below <1 μm – the respirable size that can successfully penetrate the lungs and potentially 200 

enter the blood stream. Mass distributions of both colloids in situ and dried residuals (Figure 2 of 

the manuscript) revealed a substantial concentration of solid materials plausibly released at CIPP 

installation sites, between 0.01 and 3.24 mg L-1 among the four reported samples.  
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Supplementary Note 5: HPLC-PDA-HRMS Separation and Analysis of the Bulk Samples  205 

Molecular characterization of the CIPP condensates was conducted to investigate chemical 

composition their components. CIPP waste condensates were extracted using a mixture of organic 

solvents (acetonitrile/dichloromethane/hexane = 2:2:1 by volume; Optima LC/MS grade, Fisher 

Chemical) with broad polarity to extract. This organic mixture was selected based on literature 

reports indicating high extraction efficiency for functionalized organic compounds, ideal for 210 

EnvNP.7,8 The extraction mixture was vortexed for 30 seconds in triplicate at 3000 rpm to facilitate 

dissolution  of organic analyte. The extracts were then filtered using syringe filters with 0.20 μm 

PTFE membrane to remove insoluble residues. Filtered extracts were dried down to 100 μL using 

a Turbo Vap nitrogen blowdown vortex evaporation system (Biotage) and reconstituted in 100 μL 

of acetonitrile. Visible precipitates formed during the preconcentration procedure, so all samples 215 

were filtered again using syringe filters with 0.20 μm PTFE membrane to remove insoluble 

precipitates. 

Obtained extracts were analyzed using a high-performance liquid chromatography (HPLC) 

system (Vanquish) coupled with a photodiode array (PDA) detector and a high-resolution Orbitrap 

mass spectrometer (HRMS) Q Exactive HF-X (all from Thermo Scientific Inc). The 220 

chromatographic separation and HRMS detection of carbon-containing analytes was achieved 

using a reversed-phase column (Luna C18(2), 150 × 2 mm, 5 μm particles, 100 Å pores; 

Phenomenex Inc.) following an adapted version of separation protocol described in Lin et al. 

(2018) and Hettiyadura et al. (2021).8–10  HRMS detection of the LC-eluted analytes was 

performed using electrospray ionization (ESI) and dopant-assisted atmospheric pressure 225 

photoionization (APPI) sources operating in positive and negative modes, covering a broad range 

of the analyte components with different polarities.8,10 A mixture of 3-trifluoromethylanisole 

(TFMA; 98% purity, Alfa-Aesar) and chlorobenzene (1:99, v/v; anhydrous, 99.8% purity, Sigma-

Aldrich) was used as the dopant. Before entering the ionization source, the dopant was delivered 

to the LC outflow stream at a flow rate of 20 μL min–1 using a syringe pump (Thermos Inc.). It 230 

was found that the formic acid in the HPLC mobile phase contributed to substantial ion suppression 

in the APPI negative mode, therefore it has been omitted from this study. Details on the HPLC-

PDA-HRMS data acquisition and analysis can be found in Hettiyadura et al. (2021).10 
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The volatility of identified individual compounds are calculated using parameterization 

from Li et al. (2016)11: 235 

𝑙𝑜𝑔 𝐶0 = (𝑛𝐶
0 − 𝑛𝐶)𝑏𝐶 − 𝑛𝑂𝑏𝑂 − 2

𝑛𝐶𝑛𝑂

𝑛𝐶+𝑛𝑂
𝑏𝐶𝑂 − 𝑛𝑁𝑏𝑁 − 𝑛𝑆𝑏𝑆    (E10) 

where C0 is in the units of  μg m−3; nC, nO, nN and nS are numbers of carbon, oxygen, nitrogen and 

sulfur atoms in the molecule; the values of 𝑛𝐶
0 and b coefficients are those tabulated in Li et al. 

(2016)11 (Table 1) for CH, CHO, CHN, CHON, CHOS, and CHONS groups of species, 

respectively. 240 

Molecular analysis of the dissolved condensate components showed a very complex 

mixture of chemical pollutants that can partition between gas-, aqueous-, and solid-phases when 

water evaporates from the discharged steam. Figure S3 illustrates representative results of the 

chemical characterization of the X1 extract using a HPLC-PDA-HRMS. A wide range of species 

with broad variability in molecular weight, molecular structures, and oxidation extent were 245 

detected. Molecular structures in Figure S3a and Table S3 show those relevant to the CIPP resin 

composition (marked by green numbers) and PAH byproducts (marked by blue numbers) 

unambiguously identified in our analysis. Many of these compounds are likely hazardous air 

pollutants, known and suspected carcinogens, endocrine disrupting compounds, and compounds 

with little toxicity data, similar to what was found for the gas phase emissions.1 The background 250 

colors of panel C indicate the volatility basis set (VBS)12 ranges of organic compounds: volatile 

(VOC), intermediate volatility (IVOC), semi volatile (SVOC), low volatility (LVOC, light red) 

and extremely low volatility (ELVOC). SVOC and LVOC properties are estimated for majority of 

the chemical components present in CIPP condensate, which will create solid EnvNP upon 

dissipation (drying) of the CIPP discharged waste.  255 
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Figure S3. Molecular characteristics of individual components identified in the CIPP steam 

condensate. A) an HPLC PDA and B) HPLC HRMS (selected ions) chromatograms of the 

separated solvent-soluble species and C) Estimated volatility (logC0; μg m-3). 

  260 
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Table S3. Summary table of identified molecular components in the X1 waste condensate 

shown in Figure S3 with corresponding retention time, molecular formula, proposed 

structure, and relevant notes. 

I.D. 
# 

Retention 
time 
(min) 

Experimental 
m/z 

Error 
(ppm) 

Neutral 
Formula 

Proposed Structure Notes 

1 8.14 
219.1754 

ESI(-) 
-0.003 C15H24O 

 

Name: butylated 
hydroxytoluene 

Notes: previously 
identified1 

2 10.36 
93.0343 

ESI(-) 
-3.203 C6H6O 

 

Name: phenol 
Notes: oxidized product 

of styrene 

3 21.05 
121.0292 

ESI(-) 
2.574 

 
C7H6O2 

 

Name: benzoic acid 
Notes: oxidized product 

of styrene 

4 24.49 
399.2723 

ESI(+) 
-4.646 C22H38O6 

 

Name: di-(4-tert-
butylcyclohexyl) peroxy 

dicarbonate  
Notes: initiator 

5 39.41 
105.0698 
APPI(+) 

0.542 C8H8 

 

Name: styrene 
Notes: resin monomer 

6 42.61 
205.1015 
APPI(+) 

-1.526 C16H12  
Name: 

phenylnaphthalene 
Notes: PAH byproduct 

7 50.7 
301.1410 
279.1591 

ESI(+) 

0.033 
0.122 

C16H22O4 

 

Name: dibutyl 
phthalate 

Notes: phthalate ester  

8 60.14 
202.0775 
APPI(+) 

0.950 C16H10 

 

Name: pyrene 
Notes: PAH byproduct 

9 42.77 
301.1646 

ESI(+) 
-0.050 C15H24O6 

 

Name: tripropylene 
glycol diacrylate 

Notes: difunctional 
acrylic monomer 
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10 72.92 
276.0932 
APPI(+) 

0.551 C22H12 

 

Name: 
Benzo[ghi]perylene 

Notes: PAH byproduct 

 

265 



SI-16 
 

Supplementary Note 6: Polymerization and Oligomerization Mechanism  

CIPP technology utilizes peroxide initiators for free radical polymerization. At the field 

sites of this study, both a styrene (vinyl resin) and low-VOC non-styrene (vinyl ester resin) were 

employed for CIPP manufacture. For each resin type, the polymerization is initiated on the 

ethylene group of the monomer compound. Scheme S1 shows a peroxide initiator decomposes to 270 

form free radicals which break −bonds in the ethylene group, followed by radical propagation 

and termination reactions.13 Previously identified monomers of CIPP composite material include 

styrene as the main monomer, and additional monomers of ethylene glycol dimethacrylate, 

methacrylic acid, maleic anhydride, and 2-propenylbenzene.14–16  

Environmental oligomerization reactions of other coinciding compounds (e.g. aldehydes, 275 

ketones, carboxylic acids) also occur in the aqueous droplets (Scheme S2).17–22 For example, 

carboxylic acids undergo esterification to form a carbonyl ester oligomer byproduct.19 Evaporation 

of water from the microdroplets accelerates these oligomerization processes by confining the 

reaction volumes, which leads to compositional changes of the organic material in the drying 

microdroplets.23,24 The solubility of the organic material is reduced when it undergoes 280 

oligomerization, which allows for the formation of EnvNP.23 These newly formed EnvNP particles 

do not resemble the intended composition of the CIPP plastic (e.g. polystyrene), therefore their 

chemical composition differs from those of common microplastic particles.25  

 

Scheme S1. Polymerization mechanism of styrene with peroxide initiators adapted from Priddy 285 

(1994).13  
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Scheme S2. Plausible formation pathways of oligomers adapted from Kimura (1998), Ziemann 
(2003), Nguyen et al. (2011), Zhao et al. (2013), Laskin et al. (2014), and Herrmann et al. 
(2015). 17–22 290 
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Supplementary Note 7: SEM Imaging and Assessment of Particle Viscosity 

During collection of airborne particles using an impactor, particles experience deformation 

of their shape after impact, a behavior affected (between many other factors) by their viscosity.26–

28 Liquid-like particles become flat after colliding with the impactor plate, while highly viscous 

organic particles retain their spherical shape. Measurements of  height (H) and width (W) of 295 

particles imaged at tilted angle can be used to estimate particle viscosity based on the H/W ratio 

values.29  

 Figure S4 shows the height and diameter measurements (obtained with ImageJ software 

1.52a, National Institutes of Health) of standard saccharide particles with known viscosities 

imaged by SEM at tilted 75. Particulate saccharides with viscosities of  ≥1010 Pa s (raffinose, 300 

dried at 40% RH)29 were observed to fall on the 1:1 ratio line, suggesting a spherical (billiard ball) 

dominant morphology. An H/W ratio of ~1 is expected for highly viscous organic particles as their 

morphology is preserved. Particles with intermediate viscosities of 100-105 Pa s (100 Pa s: glucose, 

dried at 76% RH; 105 Pa s: glucose, dried at 40% RH)29  showed H/W ratios of 0.3-0.4, which are 

representative of particles with dome-like shapes. Particles with water-like viscosities (≤ 10-3 Pa 305 

s)29 flatten upon impaction, yielding H/W ratio of 0.1.26,28 
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Figure S4. Plot of observed height as a function of particle diameter after impact for individual 

particles of known viscosity. Dashed lines represent expected trends for highly viscous, spherical 310 

(billiard ball-like) particles (≥1010 Pa s), lower viscosity (low dome) particles (100 – 105 Pa s), and 

liquid-like particles (≤10-3 Pa s). 
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Supplementary Note 8: SERS micro-Spectroscopy of Individual Particles 

 Molecular characteristics of individual relatively large (>1 µm) particles were investigated 315 

using surface enhanced Raman spectroscopy (SERS). Spectra were obtained for particles 

generated from crushing bulk (lyophilized) residue and for individual particles deposited on 

substrates. SERS measurements were performed using a confocal Raman microscope.30 The SERS 

substrate consisted of a glass substrate sputtered-coated with 50 nm of Au with nanoscale 

roughness to provide local optical field enhancement to improve Raman sensitivity. The analyte 320 

was then deposited on this coated surface and scanned relative to a focused 633 nm HeNe laser to 

collect single particle hyperspectral Raman images. Acquisition times ranged from 1-10 s 

depending on signal levels. 

Spectral characteristics were identified using the Wiley KnowItAllTM Raman spectral 

database software and compared to current literature. The X1 site individual particles and 325 

lyophilized residue resembled polystyrene (PS) and styrene maleic anhydride (SMA) (Figure 4 

and Figure S5). The apparent PS features31,32 are: stretching modes of aliphatic C-H at 2931 cm-1 

(asym) and 2868 cm-1 (sym), stretching of aromatic C-H at 3075 cm-1 and bending at 1435 cm-1 

and 1154 cm-1, C=C vibration at 1602 cm-1
, ‘breathing mode’ of the aromatic ring at 1000 cm-1, C-

C vibration at 614 cm-1. Representative spectra of selected particles from all four samples are 330 

presented in Figure S5. The solid lines indicate the major PS features observed in the individual 

particles. The dashed line indicate additional spectral characteristics specific to poly(styrene 

maleic anhydride) (SMA) 31,32 of the C=O stretching at 1889 cm-1 and 1807 cm-1 (sites X1 and 

X2). The dashed-dotted lines show features of polydimethylsiloxane31,33 (PDMS) at 1077 cm-1 and 

2107 cm-1 (site X4). The dotted lines indicate peaks at 1528 cm-1 and 2024 cm-1 characteristic of 335 

2-ethyl-4-methylimidazole31 (EMD) which is commonly used as a cross-linker for epoxy resins 

and also as a curing agent (site X2). The particles in the X5 waste condensate were <1 µm, 

therefore the sensitivity was insufficient to identify spectral features in these particles. 



SI-21 
 

 

Figure S5. Surface enhanced Raman spectra of individual dry EnvNP particles aerosolized from 340 

four samples of CIPP waste condensate. Solid vertical lines indicate the major PS31,32 features 

observed for symmetric stretching of the aliphatic C-H at 2868 cm-1, stretching of aromatic C-H 

at 3075 cm-1 and bending at 1435 cm-1 and 1154 cm-1, C=C vibration at 1602 cm-1, and ‘breathing 

mode’ of the aromatic ring at 1000 cm-1. Dashed lines indicate additional spectral characteristics 

specific to SMA31,32 of the C=O stretching at 1889 cm-1 and 1807 cm-1. Dotted lines show features 345 

of PDMS31,33 at 1077 cm-1 and 2107 cm-1. Dashed-dotted lines indicate peaks at 1528 cm-1 and 

2024 cm-1 characteristic of EMD31. 
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Supplementary Note 9: CCSEM-EDX Particle Analysis 

The size and elemental composition of individual particles were analyzed using a 350 

computer-controlled scanning electron microscope equipped with energy dispersive X-ray 

spectroscopy operating at the accelerating voltage of 20 kV (CCSEM/EDX; FEI Quanta 3D, 

EDAX Genesis). During instrument operation, selected fields of view are systematically imaged 

in search for individual particles. In this work, particles with a diameter greater than >0.1 µm were 

measured followed by the acquisition of their EDX spectra.34 The elemental fractions of 14 basic 355 

elements (i.e., C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Mn and Fe) were quantified from EDX 

spectra. Furthermore, the square root of elemental fractions was utilized in the clustering analysis 

to allow for a larger weighing of trace elements.35 Particle lists from all four samples analyzed by 

CCSEM measurements were combined prior to the application of the k-means algorithm.36 k-

means clustering is an unsupervised machine learning algorithm with the purpose of grouping 360 

different n components into k clusters based on the nearest mean (i.e., cluster centers or centroids),  

while minimizing within cluster variances.36 However, the user must initialize the algorithm by 

defining the initial number of k clusters and allow the algorithm to converge until the assignments 

of the data sets remains unchanged. Of note, the number of clusters was chosen based on traditional 

methods for identifying optimal number of k clusters such as the elbow method and the silhouette 365 

method. In addition, a sophisticated analysis tool, the NbClust function of the R statistical 

software, was also implemented to identify the best number of k clusters based on the “majority 

rule” of more than 30 indices varying the combinations of the number of clusters, aggregation 

schemes, and distance measures.37 Following Figure S6, the calculated optimal number of k 

clusters using elbow, silhouette, and NbClust function were 3, 2, and 3, respectively. As a result, 370 

the optimal number of k clusters used for the CCSEM/EDX measurements was identified to be 3. 

 

Figure S6. Determining the optimal number of k. A) Elbow method; B) Silhouette method; C) 

NbClust function of R statistical software.  
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 A total of ~11,600 individual particles were analyzed with data generated by EDX analysis 375 

providing individual elemental composition. Reported particle size is based on the projected area 

equivalent diameter (AED, µm). Three major clusters were identified based on the mean elemental 

contribution: (1) “Inorganic Salt,” (2) “Organics,” (3) “Mineral Dust,” as shown in Figure S7. The 

mean particle sizes these clusters are well below <1 µm, where “Organics” is the dominant 

particle-type followed by the “Inorganic Salts” and “Mineral Dust” types which reflect internal 380 

mixing of particles with inorganic components. Overall, “Organics” were found to be 75.1% of 

the total particles analyzed by CCSEM/EDX. Figure S8 shows the individual particle composition 

as a stacked bar plot with the distribution of the identified particle-types among airborne particles 

generated from the CIPP waste condensate 

 385 

Figure S7. Particle-type population obtained from CCSEM/EDX analysis and identified by k-

means clustering. A) Normalized particle-type size distributions of shown as a 16 bin/decade 

histogram representative of particle ensembles aerosolized from each CIPP waste condensate. B) 

Calculated mean composition of particles corresponding to three major k clusters (elemental 

fractions are plotted in logarithmic scale). 390 
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Figure S8. Elemental contribution bar plot of individual particles aerosolized from CIPP waste 

condensate derived from CCSEM/EDX measurements. The color of each component in the bar 

indicates the elemental composition of a single particle. The particles are grouped into three 395 

distinct clusters identified by k-means clustering, separated by the vertical black lines. A) X1 

sample; B) X2 sample; C) X4 sample; D) X5 sample. 
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Supplementary Note 10: Chemical Imaging of Individual EnvNP Particles Using STXM 

 Scanning Transmission X-ray Microscopy (STXM) coupled with Near Edge X-ray 400 

Absorption Fine Structure Spectroscopy (NEXAFS) were used to spatially resolve the chemical 

bonding and oxidation state of carbon in individual EnvNP particles.38 The STXM/NEXAFS is a 

synchrotron based technique where monochromatic X-ray light energy is directed to the STXM 

beamline and focused using a Fresnel zone plate, where the sample with particles is raster scanned 

at the focal point.39  An Order Sorting Aperture (OSA) is placed between the zone plate and sample 405 

to filter higher-order diffracted light and allow predominantly first-order diffracted light to be 

delivered to the sample.39   

At each X-ray energy, spatially resolved transmission images of the sample are recorded. 

The transmitted light is then reconstructed into optical density (ODE) based on the Beer-Lambert’s 

Law with the intensity of transmitted light I0(E) over areas without particles compared against the 410 

transmitted light I(E) recorded through projected region of particles. 

ODE = – ln(
𝐼(𝐸)

𝐼0(𝐸)
) = µρt           (E11) 

where µ is the mass absorption coefficient, ρ is the mass density, and t is the thickness of the 

sample.40 A series of STXM images is acquired as a function of energy to generate a three-

dimensional “stack” data set providing spectral information from individual pixels of detected 415 

particles at the carbon absorption edge (~96 energies between 278 to 320 eV, 35 nm spatial 

resolution, 1 ms dwell time). Figures 5A and S10 illustrate representative NEXAFS spectra of 

individual EnvNP particles generated from the CIPP waste condensates. Additional 

STXM/NEXAFS data was acquired in “spectral maps” mode40 to accumulate greater statistics 

among analyzed particles by utilizing a faster data acquisition of STXM images at four key 420 

energies at 278 eV (pre-edge), 285.4 eV (C=C), 288.5 eV (-COOH), and 320 eV (post-edge) 

(15x15 μm, 35 nm spatial resolution, 1 ms dwell time) as shown in Figure 5B. For data analysis, 

we employed established image processing and spectral analysis methods as reported in our 

previous studies.26,40–43 Briefly, pixel resolved components among individual particles were 

classified based on three defined thresholds.  “Organic Carbon” (OC) is classified as the difference 425 

between the OD of the carboxylic acid peak (288.5 eV) and the carbon pre-edge peak (278 eV) is 

greater than 0 (i.e., OD288.5eV – OD278eV > 0). “Elemental Carbon/Soot” (EC) regions are defined 
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as the ratio of the intensity of sp2 C=C peak (285.4 eV) to the total carbon (TC) (i.e., OD320eV – 

OD278eV) ratioed to the highly oriented pyrolytic graphite (HOPG) standard as defined below44:  

𝑂𝐷285.4 𝑒𝑉
𝑆𝑎𝑚𝑝𝑙𝑒

𝑂𝐷320 𝑒𝑉
𝑆𝑎𝑚𝑝𝑙𝑒

−𝑂𝐷278 𝑒𝑉
𝑆𝑎𝑚𝑝𝑙𝑒 ´

𝑂𝐷320 𝑒𝑉
𝐻𝑂𝑃𝐺 −𝑂𝐷278 𝑒𝑉

𝐻𝑂𝑃𝐺

𝑂𝐷285.4 𝑒𝑉
𝐻𝑂𝑃𝐺  > 0.35         (E1) 430 

This definition considers the sp2 bonding of carbon being analogous to a highly graphitic-like 

structure.44 Finally, “Inorganics” (IN) regions are those where OD278eV/OD320eV > 0.5. 

Approximately 336 particles were analyzed across all four samples. 

The assessment of particle viscosity can be additionally derived from STXM/NEXAFS 

measurements. Particles deform upon impact with the substrate, as described in Supplementary 435 

Note 6. The extent of deformation depends on the particle viscosity, which can be inferred from 

the total carbon absorption (TCA) measured as the difference between OD at the post-edge and at 

the pre-edge energies:27 

𝑇𝐶𝐴 =  𝑂𝐷320 𝑒𝑉 −  𝑂𝐷278 𝑒𝑉                  (E2) 

Assuming similar µ and ρ among the particle population, we can relate the measured TCA to the 440 

height of the impacted particle since it is proportional to extent at which the light traverse through 

the particle.38 Therefore, larger TCA values per unit of particle 2D-projected area (TCA/Dp) 

indicate tall viscous particles. Based on our previous studies values of TCA/Dp > 0.7 are those that 

denote either spherical or tall dome-like particles.26,27,45 Figure S9 compares the averaged 

NEXAFS spectra of spherical EnvNP particles (TCA/Dp > 0.7, shown in Figure 5 of the 445 

manuscript) to the NEXAFS spectra of common polymers.46,47 Notably,  spectra of the EnvNP 

particles do not precisely match those of  the listed polymer standards. However, the EnvNP 

spectra still share absorbance features that could potentially be a combination of various polymer 

components, which is consistent with the assumption that these particles are generated in an 

irregular polymerization process from residues of a very complex material used for CIPP 450 

installation.  
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Figure S9. Average carbon K-edge NEXAFS spectra of spherical EnvNP particles (Figure 5 of 

the manuscript) generated from each of the CIPP waste condensates (colored lines), compared 

against thin film standards of common polymers46 (grey lines). Dashed grey lines correspond to 455 

carbon K-edge spectral features: 285.4 eV (C*=C), 286.7 eV (C*=O), 287.7 eV (C*–H), 288.3 eV 

(R-NH(C*=O)R), 288.5 eV (R(C*=O)OH), 289.5 eV (RC*–OH), 290.0 eV (C edge step), and 

290.4 eV (C*O3).  
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Figure S10 shows the NEXAFS spectra corresponding to flat-like particles with TCA/Dp << 0.7. 

Their spectral features are overall consistent with their spherical counterparts from the same 460 

samples, suggesting that particle polymerization does not occur uniformly.  

 

Figure S10. STXM/NEXAFS spectra of individual flat-like particles characterized by TCA/Dp < 

0.7 values. Dashed grey lines correspond to carbon K-edge spectral features: 285.4 eV (C*=C), 

286.7 eV (C*=O), 287.7 eV (C*–H), 288.3 eV (R-NH(C*=O)R), 288.5 eV (R(C*=O)OH), 289.5 465 

eV (RC*–OH), 290.0 eV (C edge step), and 290.4 eV (C*O3).  
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 The organic volume fractions (OVF) of individual particles were calculated from STXM 

spectral maps following method described in Fraund et al. (2019).42 Briefly, the optical density 

(OD) at the pre-edge (278 eV) is related to the IN mass while the post-edge (320 eV) is correlated 

to the total mass of the IN and OC components. The OD values at these energies depend on OC 470 

and IN components according to the equations introduced in previous works:42,48 

OD278 = µ278
𝐼𝑁 𝜌𝐼𝑁𝑡𝐼𝑁 + µ278

𝑂𝐶 𝜌𝑂𝐶𝑡𝑂𝐶                                       (E3) 

OD320 = µ320
𝐼𝑁 𝜌𝐼𝑁𝑡𝐼𝑁 + µ320

𝑂𝐶 𝜌𝑂𝐶𝑡𝑂𝐶        (E4) 

Based on this relationship, we can express the equations to solve for the optical thickness of IN 

and OC assuming values for the µ and ρ for both OC and IN.42 OVF can then be calculated at each 475 

pixel of the particle image based on the ratio of the optical thickness of the organic constituent 

(tOC) to the total optical thickness (tOC + tIN) as shown in Figure 5C and 5D. This approach for 

determining OVF is dependent on the assumption used for the organic and inorganic constituents49 

as it slightly affects the values of both µ and ρ. For this work, we modeled the inorganic fraction 

as (NH4)SO4 while the organic fraction was approximated as a single component composed of 480 

sucrose, glucose, adipic acid, or oxalic acid. These organics were chosen based on previously 

reported literature for STXM-derived OVF calculations.42,49,50 Figure 5D shows the size-resolved 

average OVF values with approximately a 5-10% difference in OVF when varying the organic 

component among the four species. 

  485 
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Supplementary Note 11: TEM images showing changes in EnvNP particles after heating.  

Transmission electron microscopy (TEM) images were obtained with an FEI Titan 

environmental transmission electron microscope (FEI, Hillsboro, OR) coupled with a single tilt 

heating holder operated at 300 kV. Each sample was heated for 5 minutes using a heating stage at 

each set temperature and images were acquired after the sample was cooled down back to 25°C.  490 

 

Figure S11. A) Collages of individual EnvNP particles as a function of heating temperature. The 

scale bar in each image is 1 µm. B) Averaged relative changes in the volume of particles as a 
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function of heating temperature. Particle volumes were calculated using area equivalent 

diameters derived from 2D particle projection areas.   495 



SI-32 
 

Supplementary Note 12: Visual Observation of the Condensed-Phase White Powder Deposits 

at the Field Cite of CIPP Installation.  

Occurrence of white chemical plumes and their movement due to local environmental 

conditions and passage by nearby vehicles were video recorded at the CIPP installation cites 

(Videos S1-S3 in Sendesi et al 2017).1 Figure S11 also illustrates a photograph from the site 500 

showing deposits of white powder on surface of the leaves from trees nearby. Chemical 

composition of this white material was unidentifiable by monitoring equipment deployed at the 

site.  

  

Figure S12. Photograph from an CIPP installation cite of an oak tree leaf directly above the 505 

exhaust hose shows deposits of white powder particles, which were absent from unexposed 

leaves. A video of the discharged waste plume adjacent to the oak tree is included as 

Supplementary Video S1. 
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Supplementary Note 13: Summary of the public records indicating total mass of resin materials 510 

used in selected CIPP projects performed in U.S. urban areas and the experimentally determined 

mass of resin lost into atmosphere during CIPP manufacture are compiled in the SI file (Table S2 

and references therein) of  Teimouri Sendesi et al, 2020.16   
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