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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 penetration'”. 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
assessments®. Here we show that large quantities of EnvNPs may be directly
emitted into the atmosphere as steam-laden waste components discharged
fromatechnology commonly used to repair sewer pipesin urban areas. A
comprehensive chemical analysis of the discharged waste condensate has
revealed the abundant presence of insoluble colloids, which after drying
formsolid 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 areas’, 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 environments®™’. At present, it
isassumed that microplastics enter the environment as aresult 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 asthose commonly used in cosmetic products. The contin-
uing degradation of microplastic beads (<5 mm) and fragments results
inadditional nanoscale plastics (<1 um), which increases the diversity
of environmental nanoplastics (EnvNPs)*. 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 composition*. Because of their very smallsize
and low degradation rate, EnvNPs pose threats to ecosystems®'’ and
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Steam inflates tube
and cures resin

Fig.1| A schematic illustration of CIPP installation. A flexible
resin-impregnated tubeis firstinserted 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 steaminjected into the tube) or ultraviolet curing methods, and the waste
isdischarged 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.

are also considered of immediate (acute) toxicological concernas a
result of directinhalation and depositioninlungs*. 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 health**". Compared with the plethora
of studies of microplastics in marine and terrestrial environments,
reportson 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)°. 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, allblowninto the atmosphere at substan-
tial concentrations at worksites (Supplementary Video1). Specifically,
detected VOCs are reported™ ™ 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
inheavily polluted urban areas®. 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 inurban neighbourhoods and even prompted
building evacuations™®. Furthermore, recent field measurements'®"”
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 frommicrodro-
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 2illustrates the particle mass size distributions of both

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 pm,
respectively. The submicrometre particles remainairborne for days to
weeks'®, 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 ! for the four reported samples (Sup-
plementary Note 4). The highest mass loading of 1.65-3.24 mg 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 Table1). 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 withabroad variationin 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 Agency”, known and
suspected carcinogens (styrene, benzo[ghilperylene and pyrene)®,
endocrine-disrupting compounds (dibutyl phthalate and styrene)*
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 frommicrodroplets of discharged waste
wouldresultinthe solidification of dry particles, and that their chemi-
cal composition and physical properties would resemble EnvNPs*. 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 reactions?® (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 X1sample, deposited on animpactor
substrate. Upon impact with the substrate, the particles deform and
the extent of this deformationis 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 210 Pa s, similar to plastic materials®. Such high viscos-
ityindicates 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 out?.

Computer-controlled SEM with energy-dispersed X-ray microa-
nalysis (CCSEM-EDX) performed onover >2,000 particlesineach 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
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Fig.2|Particle masssize 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
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lines show bimodal lognormal datafits; the fitting parameters are tabulated in
Supplementary Table 2. D,, particle diameter; AM/Alog D,, mass concentration.
The mass concentration values are reported in units of milligrams of solid
material (colloids or particles) per litre of discharged condensate.

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,
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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.

Nature Nanotechnology | Volume 17 | November 2022 | 1171-1177

n73


http://www.nature.com/naturenanotechnology

Letter

https://doi.org/10.1038/s41565-022-01219-9

9,000 +
] X1
8,000 E"/Vk\ ~1-2 um
1 wa J lyophilized particles
7,000
6,000 ] \\"\
3 5000 i v ,MWVJ{ \A\N"\
8 5, B : :
> 1 Wi \W\J‘N\\
3 ] 1 a
E 4,000; ~1 um M|
= ] i aerosol particles
3,000 1 | i it e !
I /—/\T,\/\AQ\
2,000 {____U_l‘..-/ﬂ/&—i\ix_:\_
:_‘,_..._A__._»———%—-\_i\\
1,000 +—+—+ 4 B —
R i 1 um PS bead
Ol vy v
500 1,000 1,500 2,000 2,500 3,000 3,500

Wavenumber (cm™)

Fig.4 | SERS spectra ofindividual dry EnvNP particles from the X1sample

of CIPP waste condensate. Representative SERS spectra of single particles
from lyophilized residue (top two spectra) and individual dry airborne particles
collected on asubstrate. The dashed lines show the similarity between the
spectral characteristics of a subset of particles and a standard PS microbead
asreference. The apparent PS spectral features'®” are as follows: stretching
modes of aliphatic C-H at 2,931 cm™ (asym.) and 2,868 cm™ (sym.), stretching of
aromatic C-Hat 3,075 cm™and bending at 1,435 and 1,154 cm™, C=C vibration at
1,602 cm™, ‘breathing mode’ of the aromatic ring at 1,000 cm™, the combination
band of the CH out-of-plane bending modes from the ring and the CH, rocking
modes from the backbone at 852 cm™and C-C vibration at 614 cm™. The
dashed-dotted lines indicate additional spectral characteristics specific to
poly(styrene maleic anhydride)®, corresponding to C=0 stretching at 1,889 and
1,807 cm™, observed in some of the particles. a.u., arbitrary units.

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 um) dry particles obtained from the
waste condensates. These EnvNPs are likely polymers, with charac-
teristic features in the 3,000 cm™ 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)***'. The top two SERS spectra in Fig.
4 wererecorded for~2 umparticles fromlyophilized waste analyte from
the X1sample. These spectrashow features similar to the PS standard.
However, because of only minute quantities and the chemical complex-
ity of the analytesin 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 um,
which hinders the detection of submicrometre EnvNPs. The spectral
datashowninFig.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 withininternal particle
structures with alateral resolution of -35 nm. Particle-specific ratios of
thetotal carbonabsorptiontothe particle diameter derived from STXM
measurements were used to distinguish solid spherical EnvNPs from
flat, domed particles having lower viscosity (Supplementary Note 10).
Figure 5ashows the STXMimages 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 standards® (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
theirinteriors 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 emissions®, the particles reported here show
either organic-only composition or aninverted morphology of organic
cores coated withinorganic components. Thisinverted morphology is
consistent with the assumption that organic cores originate from the
insoluble organic colloids presentin 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) inindividual particles by X-ray spec-
tromicroscopy (Fig. 5¢,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 process”. 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 EnvNPs*,

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)'°. Laboratory stud-
ies show that, during the CIPP process, ~9 wt% of the organic resin
material is discharged into the air'®, which translates into >5 tons
of organic chemical waste released into atmospheric and aquatic
environments as gas- and condensed-phase emissions for each CIPP
project'>*1¢173435 Based on a conservative estimate that the mass
fraction of EnvNP particles is only ~5% of the total organic waste
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Fig. 5| Carbon chemical bonding and mixing states of the EnvNPs from

CIPP waste condensates. a, Carbon K-edge NEXAFS spectra of representative
individual solid EnvNP particles from the four samples X1, X2, X4 and X5 (left).
The corresponding individual particle maps show the organic carbon (green),
black carbon (red) and inorganic (blue) content, which overlap for some particles
(right). For each of the sample groups, the spectra are offset by incremental
optical density (AOD) values, indicated in the legends. The dashed lines indicate
the absorption of various carbon-containing groups. The characteristic peaks
of X1at 286.7 eV (C*=0), 287.7 eV (C*-H) and 288.5 eV (COOH) coincide with

the peak positions of poly(acrylonitrile) and poly(vinyl alcohol) materials'.

The single dominant spectral feature of X2 at 286.7 eV (C*=0) is indicative

300 310 320 0.5um

0.2
Area equivalent diameter (um)

0.5 1.0 2.0 5.0

of poly(vinyl methyl ketone), widely used in industry as a crosslinked film's,
Samples X4 and X5 show similar NEXAFS features at 284.9 eV (C*=C), 286.7 eV
(C*=0),287.7 eV (C*-H), 288.5 eV (COOH) and 290.4 eV (C*0,), which align with
poly(a-methylstyrene), polyether ether ketone and polystyrene (Supplementary
Note 9).* denotes the 1s > ¢* transitions. b, STXM composition maps for all
samples indicate particles dominated by organic carbon. ¢, 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.

(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 pollutioninurban areas.
Many recent studies have shown that emissions from CIPP technology
pose serious health risks to workers and the nearby public'’***. Their
results have led to US federal®®*’, California and Florida state***, 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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Methods

Samples of CIPP waste condensates

Aqueous condensates of the exhaust emissions discharged during four
CIPPinstallationsin Sacramento, California were collected”. 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.”. 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 chemicalimagingtechniques. 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 presentin the bulk condensates
and to estimate their volatility. Further details are included in Sup-
plementary Notes1and 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-performanceliquid 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
components*. Details of the HPLC-PDA-HRMS analysis are included
inSupplementary Note 5.

Chemical imaging of particles

Thedry particles from the aerosolization experiments deposited onto
solid substrates were imaged by microscopies that revealed both the
morphology and spectroscopically determined chemical composition.
ASEM microscope was used to image particle samples atatilt angle of
75°to distinguish betweensolid (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 compositions*. Additional details of viscosity meas-
urements by SEM and CCESM-EDX particle analysis are included in
Supplementary Notes 7and 9.

The vibrational spectra of individual solid organic particles were
recorded using SERS. At present, Raman spectral features are com-
monly used toidentify environmental microplastic particles and appor-
tion them to the most common polymer types*‘. 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 analysis* of submicrometre EnvNP particles. Particle
component maps*®were constructed on the basis of NEXAFS spectral
featuresindicative 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
addressedto A.L.
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